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Introduction

INTRODUCTION
AND AIM OF THE WORK

The Soil Framework Directive, discussed by the Baesm Council of

Ministers and the European Parliament, and in |tdhe Legislative Decree
152/2006, affirm the centrality of Risk Assessmént long-term exposure of
humans in order to identify contaminated sites Hradr remediation target limits
(Chapter 1).
Exposure pathways often involve inhalation of Vilda©rganic Compounds (VOCSs)
(Chapter 2). These compounds, which partition gasib air (Chapter 3), are major
soil and groundwater contaminants at many pollsiees. To evaluate exposure to
them, assessments or measurements of their coattentin air are necessary.

Traditional approaches involve application of tr@o$ modelling tools
starting from concentrations in the secondary sowrcin soil gas, but their results
are not very representative because they are l@asewbn site-specific hypotheses
and simplified conceptual models. Both analyticadl aumerical transport models
are available in literature (Chapter 3). Anothemowmon approach is sampling
ambient air, bypassing the modelling step, whichvéwer may be affected by
background values, local sources, wind speed fodoos measurements, and air
conditioning/heating for indoor measurements. Fynal more recent approach is the
measuring of emission flow at ground surface, bus still generally used only at
experimental scale for VOC applications.

Consolidated micro-meteorological techniques agetiele only for extensive
sites and are often not valid at ground surfacelosare devices, therefore, such as
flux chambers (FC) or wind tunnels, seem to beptaer methods (Chapter 4).
They measure the vapour flux emitted through thié tewvards the atmosphere,
isolating a volume of air layering over the surfagehout causing perturbations; this
gives the input term for dispersion models to defimpour concentration in air
required by Risk Analysis.

Flux measurements allow all the contributions freor to be evaluated without
needing prior deep knowledge of soil; however, tlvaynot be applied indoors
where critical permeable zones (cracks, conductllswjunctions/corners) are
difficult to enclose within the covered structuiiéherefore, FC application is still
controversial and requests further studies in orterdefine proper device
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configuration and monitoring protocols. Availablentmercial FCs are often built
without a detailed study on critical issues.

The experimental part of the work of this Ph.D.sfikestarted thanks to a
research grant given by Politecnico di Milano dmel Region of Lombardy (“Human
Health Risk Assessment: site characterization, todng and modelling of
subsurface contaminant vapour emissions from si butdoors and into enclosed
spaces”). It entailed the project and the executidlests to study a dynamic FC with
the aim to obtain an ideal FC setup to monitor siorss of volatile compounds from
contaminated soils. A number of tests were perfdrrae DIIAR Laboratory of
Politecnico di Milano, both on a commercial appasatnd a new arranged setup, to
evaluate the FC technical characteristics and rogerative parameters, such as
mixing conditions, purge duration and inertness rmfterial (Chapter 5).
Furthermore, a system to treat environmental aisvasep gas, sampling line and
proper analytical methods were defined.

This defined configuration was used to carry out rR€asurements at a site
located in the North of Italy potentially contamied by petroleum hydrocarbons.
Three seasonal campaigns were performed, and fdap@owndwater, soil gas, and
ambient air monitoring were also provided thanksdtaboration with the regional
environmental Agency. The field activity (Chaptey @§ave the opportunity to
compare results from different approaches used vialuate vapour inhalation
pathway for Risk Assessment: air concentrationsessexl from both FC
measurements fluxes and modelled fluxes (by usamgentrations in groundwater
and soil gas), and air measurements.

Finally, a non-conventional remediation technigaetreat soil contaminated
with  VOCs was assessed through laboratory testdorpeed at Civil and
Environmental Laboratory of Newcastle University K-U(Chapter 7). Biochar-
amended soil was compared to natural soil (bothdigh and column tests) to study
the effects on vapour transport, in particularasals biodegradation and adsorption
were concerned. A numerical code was written in ldbatto describe vapour
transport in the test-specific conditions and geoyneand to interpret the
experimental results.



Chapter 1: sanitary risk assessment

1

SANITARY RISK ASSESSMENT

1.1 Law aspects

Soil contamination is a hazard which may be a sowt risk if toxic
substances reach receptors by various pathwaygu$ar et al., 1998). Risk
assessment (RA) is a tool promising a rational smentific basis for priority setting
and decision-making. Technical standards for thpliegtion of human health
environmental RA at contaminated sites have beeailadle at US and EU level
since early '90s and were subsequently improvedgile et al., 2008).

Risk-based methodology to define cleanup levelguielines has officially entered

in thirty-two states of the USA (Liptak et al., 9among which Alabama, Alaska,

Arkansas, California, Florida, Indiana, Massackigsé&New Jersey have their own
guidance. Other states use the federal guidancgher state guidance documents,
such as Hawaii, Idaho and Washington, WisconsiRQT2008).

In Europe, the policy to preserve soil qualityirskéd to a draft of the Soil
Framework Directive, discussed by the European €ibohMinisters and European
Parliament in September 2006, without having redcheommon agreement until
now. This document, derived from the Sixth Commurinvironment Action
Program and amending the previous Directive 200B35aims to protect natural
resources and promote a sustainable use of sestayplishing common actions.

Considering the principle according to which thdlyer has to pay and
following the indications for remedying environmaintdamages, this decision
underlines the importance of following a coherentl protection regime. The
document restates the centrality of risk concept ased to define a contaminated
site as a place “where there is a confirmed preseraused by man, of dangerous
substances of such a level that Member statesdmmisiey pose a significant risk to
human health or the environment” (Chapter Ill, #ecbne, Article 10). It admits
that different RA methodologies are currently beimgplied in Member states,
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leading to their homogenization and to a furtheprovement of risk assessment
based on eco-toxicological methodologies (CECOMG0

The main criticisms of the draft Directive that kaslowed down its issue are
that it would impose strong administrative and cbstrdens on both public
authorities and businesses, and that it is unnapess it duplicates soil protection
already provided under existing EU and nationairemvnental legislation.

Section V “Reclamation of contaminated sites”, GbapFour of the
Legislative Decree (L.D.) nr. 152 that substituties Ministerial Decree 471/99 on
“Regulations containing criteria, procedures anddatities for the environmental
security, reclamation and recovery of pollutedssiteas been in force in Italy since
29 April 2006. The new normative uses the samendiein as the European draft
guide and indicates a polluted site if the con@itns of contaminants in different
soil matrices give risk for a potential receptortba site.

The technical procedure for the application of hnrhaalth RA was issued
by the National Environmental Agency and TechniBaivices (APAT) of Italy, in
collaboration with many lItalian scientific instiag (ISS, ISPESL and ICRAM) and
with several Italian Regional Environmental Agesc{&RPA), on the basis of the
ASTM (American Society for Testing and Materialppeoach, and was summarized
in the manual “Methodological criteria for the ajpption of absolute risk analysis at
contaminated sites” (APAT, 2008a).

1.2 Risk analysis

Risk analysis is preliminary based on health-baseeistigation levels (HILSs)
that are the first considerations in assessingdential for health effects from sites
contaminated through the use of exposure assessmedels (Schmidt et al.,
1998b). According to D.L. 152/2006 these threshmdtamination concentrations
are called CSC (“Concentrazione Soglia di Contamore”).

The highly influential report on the definition BfA structure was processed
by the US National Research Council (NRC) descglmur distinct stages in the
procedure (NRC, 1983). Official risk-based guidekjch are most followed today,
were developed by the ASTM; they are called GuibesRisk-Based Corrective
Action (RBCA) at Petroleum Release Sites, compadedthree-tiered approach (see
Fig. 1.1), aiming to incorporate RA into the cotree action process (ASTM 1739,
ASTM PS-104, ASTM, 2004).

The first stage is hazard identification, thaths tefinition of the preliminary
site conceptual model (SCM), and consists in a dégpacterization of the source,
by acquiring historical information, and by perfong investigation (to define
geology, hydrogeology and meteorological data), @eng, chemical analysis and
quality control. It involves the selection of thentaminant agents that may cause
adverse effects, based on their physical-chemicgdgsties, and the definition of the
source geometry (that may be in surface soil, de#pand/or groundwater) giving,
at last, the connection between source-pathwayptecelements.
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The second step is the definition of dose-respoakionships to estimate
the link between exposures (or doses) and advelfeete using laboratory
experiments or epidemiological studies. In Italyedd values are reported in
ISS/ISPESL! Italian Institutes database (DB) (ISS/ISPESL, 2010

The third step is the exposure analysis that ie filocess of estimating or
measuring the magnitude, frequency, and duratioexpbsure to an agent, along
with the number and characteristics of the popmtatexposed” (IPCS, 2004),
depending on context and site specific featurelythng several physical
parameters). The pollutants originally presentim ¢ontamination source may reach
potential receptors through different migrationhpedys, based on the transport and
fate of contaminants in surface soil, vadose andraed zone, indoor and outdoor
air and surface water.

The final step is the risk characterization: theadigtion of the distribution of
risk in exposed population derived from the presisteps (NRC, 1983; ITRC, 2008)
considering all the contaminants and ways of exyggsas dermal contact, accidental
ingestion, dust inhalation in outdoor or indoor ag@aand vapour outdoor or indoor
inhalation.

For a long time volatilisation has received compeedy little attention in
scientific literature, probably due to the gendralief that it was not a significant
transport process relative to other processesnfaill et al., 2004), but now it is
recognized that, apart from direct ingestion oftaaminated groundwater, inhalation
is often the dominant exposure and the most seagi@thway for human intake of
volatile contaminants arising from underground sesrand capable of entering
dwellings (Lowell et al., 2004, Turczynowicz et, &007).

Vapour intrusion is a controversial current toprmdaa problem of rising
public concern (Pasteris et al., 200Zhis theme has direct health, social and
therefore political implications. Until the early¥990s, the most discussed themes
concerned radon and methane; more recently thetiatichas been posed on volatile
organic compounds (VOCs), semi-volatile organic poonds (SVOCs), and in
some cases metals (e.g., mercury) (Pennel et08l9)2

Fig. 1.1 is a sketch of the tier-level approachppsed by the ASTM, which
is a useful instrument to guide remediation stiate@nd the basis of decision
supporting systems to define priority sites. Inadlsf Fig. 1.1 gives indication about
RA procedure followed for inhalation risk specifiase. It underlines the dependence
of risk on the specific use (residential/recreatloor industrial) of the site; if this
prevents receptor exposure (in Italy if concentrai are lower than CSCs), no
further investigation is needed, otherwise a tieseteening assessment has to be
conducted. This step starts with obtaining knowéedfjchemicals present at the site,
in order to determine whether they are sufficientblatile and toxic to pose a
potential threat. A generic screening prediction aif concentration with
conservative default algorithm assumptions is tperformed by using values of
secondary source concentrations (Lowell et al.420@Iman et al., 2005).

1SS is the Italian Institute for Public Health ahtygiene; ISPESL is the lItalian Institute for
prevention and safety on working places
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Conceptual Site Tier 1 — screening assessment Tier 2 — confirmation Tier 3 — mitigation &
Model & evaluation model monitoring

. | . n Develop Evaluate
Make CSM Gener}c | Site spe‘cmc il | sampling mitigation options
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Design mitigation
measures
Potential site Default Site specific Candyct e
: i sampling Install mitigation
use assumptions : assumptions
[ program measures
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effectiveness
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Potential . Potential ™ g
Pathway f Exposure Yes-
7 ?

No further action

No further action

No further action

No further action

Meet client objective / Negotiate with regulators / Community relations

Fig. 1.1: general sketch to manage Risk-Site Assessmargefdon inhalation risk;
CSM: conceptual site model, TCA: tolerable concardn in the air (Provoost et
al., 2009Db).

The following step, tier 2 assessment, aims to ioonthe exceeding of
tolerable concentration in air. Due to the uncettaiassociated with models for
volatilisation pathway, direct field sampling istaf required to validate model
predictions (Hers et al., 2001). Sampling may beied out in the soil air and/or
directly collecting air at ground level to detelse tconcentrations at exposure point.
Sampling should take into account spatial and teaip@riation. A further step, tier
3, includes mitigations and monitoring activitiekat prevent exposure to
contaminants of concern or involves numerical sgeeific model simulations
(Provoost et al., 2009a, Provoost et al., 2009b).

1.3 Exposure and vapour concentration in air

The impact of vapour inhalation is directly proponal to the pollutant
concentration in the air inhaled indoors;,Jr outdoors (Gu); this evaluation is
performable through four different approaches (acated in Fig. 1.2), requiring
different monitoring techniques and often also #épplication of specific models
based on chemical analyses of soil/ groundwaterofmqhrameters due to the local
conditions (Roffman et al., 1995; Rinklebe et 2D10). Nowadays the use of only
models for site-screening purposes is diminishirgaose the poor correlation
between measured and model predicted concentrdimmbeen seen, especially for
chlorinated hydrocarbon sites, which is why Envimemtal Agencies more often
request site specific measurements (Lahvis, 2010).
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Fig. 1.2: different approaches applied to estimate pollaitain concentration for risk
assessment (Puricelli et al., 2010).

The first approach is based on the pollutant comaBon measurement in the
secondary source (vadose or saturated zone) andréoggires the application of
analytical repartition laws between different ptsasé soil matrix, transport in the
unsaturated soil, up to the ground surface or mgltbundations. Then, the flux (the
amount of pollutant emitted per unit area and time) is mixed with the ambient air
(outdoors or indoors), and dispersion models amiegp to calculate & or Cout
(Schmidt et al., 1998b). Soil, building cracks ardbient air are usually described
by simplifying assumptions and approximations, lesy in not very representative
models (ASTM, 1998). Values for many input paramsetee, in fact, not measured
at the site, so that site-specific values are oguleby default values from literature,
resulting in conservative estimates (regardingaup4-160 times the direct measured
fluxes (Schmidt et al., 1998b)). Critical conditsoryreatly affecting vapour transport
are: the thickness of the capillary fringe, thd reaisture content in soil throughout
most of the vadose zone, the presence of prefatgmdih and lateral diffusion of
vapours in the subsurface (Schmidt et al., 1998bhef et al., 1996). Another
problem is the definition of the biodegradationgmaeter that often is not included in
RA guidelines following precautionary principles.

The second approach implies the direct measuremérgoil potential
contaminant as vapour in the soil gas, cuttingfitisé step of repartition modelling.
This measurement is not affected by the uncer&srdue to the partitioning model,
but it is strongly affected by the choice of propeil profile features (Schmidt et al.,
1998a; Schmidt et al., 1998b; Hutchinson et al0220and environmental factors
such as soil moisture, temperature, and atmosppeggsure (DTSC, 2004; MDNR,
2005).
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The third approach implies direct measurementsapiour flux evaporated
from the ground surface, and requires only disparsnodels (Lonati, 2010) to
obtain the concentration at the receptor point g8dhet al., 1998a), such as box
model for outdoor air taken from the American Stcief Testing and Materials
(ASTM, 2002). In this way fewer uncertainties amgdlved in parameter definition
and fluxes from all sources underlying the surface considered, such as soil and
groundwater; furthermore it does not require anyatlgesis on the depth from which
flux occurs (Carlsen et al., 2010). As a resultedi soil flux measurements more
realistically represent true VOC flux but as far esloor measurements are
concerned, some problems arise in locating paveoraoks (USEPA, 1986; DTSC,
2004).

The last option, finally, is the direct samplingtbe ambient air, bypassing
completely the modelling tools. In this case, resuiay be affected by background
values, local sources not ascribable to the secgrstairces below ground surface,
wind speed and presence or absence of small csirrehtair for outdoor
measurements, and air conditioning/heating for anadoeasurements (Schmidt et al.,
1998b; Hers et al., 2001; Davidson et al., 2002;sH# al., 2003; McHugh et al.,
2004).
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2

BEHAVIOUR OF CHEMICAL COMPOUNDS
IN THE ENVIRONMENT

2.1 Volatile compounds

Contaminants of concern in vapour transport areéjly VOCs and SVOCs
respectively, although vapours emanating from iaoig sources such as mercury
vapour may be involved as well.

There are different definitions of VOC in literaguidt is defined as an organic
compound having a vapour pressure (8 2.2.2) grelater 0.1 Torr (0.013 kPa) at
25°C (298 K) and 760 mm Hg (101.3 kPa) (USEPA, 1999 on the basis of its
Henry constant (§ 2.2.3), that has to be highen th&® atm n? mol* with a
molecular weight lower than 200 g foOEHHA, 2004; Tillman et al., 2005; NPI,
2006). For Italian law, eventually, it is an organbmpound with pressure higher or
equal to 0.01 kPa at a temperature of 293.15 K (%G8, Chapter One, Section V of
L.D. 152/2006).

VOCs represent all the compounds tending to easiyaporate at
environmental conditions. Examples of VOCs, relatedmpacted environmental
systems, include chlorinated solvents such as oarbtetrachloride,
tetrachloroethylene, and trichloroethylene (TCH) #éheir degradation compounds,
solvents, fuel aromatic hydrocarbons such as benzmtuene, ethylbenzene and
orto (0), meta (m), para (p)-xylenes (called altbge BTEXs), alcohols (as ethanoal,
propanol, butanol), esters, ketons and aldehydesget as volatile pesticides such as
chlordane, aldrin and lindane.

The U.S. Environmental Protection Agency has draywma list of 107 compounds
whose toxicity and volatility produce a potentialipacceptable inhalation risk to
receptors (USEPA, 2004). In fact there is evidetizat volatilization towards
atmosphere is one of the major loss processes lhWOCs may reach receptors at
soil surface (Gao et al., 1997).

Inorganic compounds, are also involved into sait@dphere interchanges,
such as carbon dioxide (GQnitrous oxide (NO) and some metals (Hg), and also
sulfur dioxide, hydrogen sulfide, fluorine, chloginbromine, and iodine (McCarthy,
1972).
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In particular CQ is due to metabolic activity of soil microbes godnt root zone
and plays a relevant role into terrestrial carbgeiec(Lund et al., 1999).

N2O is given by the nitrogen fertilization in landf@ing that evaporates increasing
greenhouse effect and reducing stratospheric ozayee (Matthias et al., 1980).
Mercury is present in different oxidation forms tthehange over time due to
anthropic processes or geological transformatidhs. dominant form of mercury in
the atmosphere (~ 98%) (Poissant et al., 1998aseaus elemental mercury (hg
(Lindberg et al., 1995; Lindberg et al., 1999), ingwelatively high vapour pressure
at environmental temperature (0.26 Pa) and higmeaasional Henry constant value
(4.67 10" (ISS/ISPESL, 2010). These features explain thelarcy of H§ to
migrate from water or soil to air phase, becomingeaous problem for human
health because of its strong toxicity (Roffmanlet995).

Anthropogenic substances may enter the soil duactiddental chemical
spills, chemical waste burials, leaking storageksar(in particular leaking
underground storage tanks —LUSTs-) or improperaserfpplications, generally as a
separate phase. During their movement into undatlisoil, a fraction of their mass
is trapped in porosity due to capillary forces,abhihg a residual saturation of about
2-20 % v/v of the vacuum space (Falta et al., 1988y et al., 1990, Karapanagioti et
al., 2003). Some of these contaminated locationg ecoatain considerable chemical
mass, which may potentially volatilize for years.

The behaviour of a volatile compound in the unsd&d zone depends on its
physical and chemical properties and on the chenatts of the matrix. In
particular, its fate is due to its degree of evafion and transport in the aqueous
phase, and to possible chemical or biological reast which determines its
presence in the soil as a separate phase, as adsodterial to the organic matter, as
dissolve phase into water inside porosities of goés gas phase in equilibrium with
all the previous phases. The transported vapoulstl@ia aqueous phase may also
reach the saturated zone where they dissolve indangwater (Provoost et al.,
2009b).

Knowing gas-phase transport processes and/or mimgtsoil gases fluxes
are main points to detect contaminant plumes anantify potential risks of
exposure pathways due to vapours flowing toward swiface and groundwater
(USEPA, 1986; Nazaroff et al., 1987; Batterman let 2095; Choi et al., 2002;
Pennel et al., 2009). At landfill and land treatingites, they are detected to define
the path of a toxic constituent in soil gas towatsiselease to the atmosphere and to
estimate basic parameters necessary in biodegragabcesses (like Gr O,), or
for polluted sites to monitor remediation technigjt® remove VOCSs, such as natural
remediation or extraction/ venting strategies. Galhe in fact, VOCs constitute
health hazards and at certain petroleum hydrocasiies, they may give cases of
fires and explosions, and noxious odours (Mosetegl.e 1992; Little et al., 1992;
Turner et al., 2005).

In conclusion, due to both public health concernd @aotential financial
liability, a better understanding of how vapoursgrate from source is required
today supported by systematic scientific investaygtin order to remove uncertainty
from the policy debate (Ririe et al., 2002). Knowiprecisely both the properties of
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these compounds ardéscription of soil aspects, at the basisvapou transport,
becomes therefore neces:.

2.2 Principlesof volatile compoundsbehaviour

A contaminant maype present in the soil in three different phasesFig. 2.1):

- as solute dissolved in liquid pte present as interstitialater (w

- as adsorbed layer attached to solid pha:

- as gas phase (g) in free por
In particular conditioa some compounds may be present as aqueous phas
liquid form, called generally as NAF

_/ free phase

adsorbed

Fig. 2.1: sketch of thdéour possible forms in which a chemical compounpresen:
in soil (Sbaffoni, 2007).

The behaviounf a compound in the environmeis primarily controlled by
its chemical and physical properties going its partitioning between differel
phases preséeim the soil (water, solid and air) and in genetslflow and transpor
Fig. 2.2is a sketch with the relationships between differenil phases anthe
properties linkinghem, as described in the followiparagraphs.

dispersion in a

|

aas phas

NAPL

Ky

S, Ky

ndwate

Fig. 2.2: relationships between environmental compartméntshich contaminant
are spread and symbols of physical laws descritiiegn Sbaffoni, 200, modified).
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All the above described properties depend on teatyes; they are generally
indicated for room temperature and some thermodimamations, containing
empirical variables, are used to calculate theitues for soil temperature,
(Karapanagioti et al., 2003).

2.2.1 Solubility

Solubility (S, for the compound i) is the maximum quantity of anpound,
called solute, that may dissolve in a certain gtyaaf solvent (for environmental
scopes it is almost always water) giving a homogasesolution; it therefore
represents the specific compound concentration wheaches dynamic equilibrium
in liquid phase. It depends on the nature of theteptemperature (an increase in the
temperature of the solution increases generallygthéability of a solid/liquid solute),
pressure (especially for gaseous solute) and ttee alamixing between different
components (Schwarzenbach et al., 1993). The meseh a mass of a liquid
compound higher than the maximum soluble in wattemnines the presence of a
NAPL phase.

2.2.2 Vapour pressure

Volatilization is the transfer process of a compbénom liquid to gas phase.
Vapour pressure or partial pressure is the measiutee pressure of a vapour in
thermodynamic equilibrium with its pure liquid pleais a closed system ). The
maximum reachable value is the saturation vapoessure (B <) that is an
indication of the tendency of a liquid to evapoyateis the higher the value is and
the more volatile the substance is. This propestgffective for NAPL phase, it is
strongly dependent on temperature according tontrelinear Clausius-Clapeyron
relation and it represents the maximum gas phaseeobtration at a given
temperature (Schwarzenbach et al., 1993).

Pollutants are commonly not present as pure congsbnt as mixtures of
different compounds and this has an effect on tladability of previous properties
because of reciprocal competition, especially asattsorption (Yaron et al., 1996).
Partial vapour pressure of each component, i is, in this case, described by
Raoult’s law. Rsatiin @ mixture is proportional to saturated vaporgsgure of pure
component at that temperature according to its rfraletion in the mixture (¥,
expressed by:

Psati= X * I:)Ov,sat,i (2.1)
where

n.
X =Sn, (2.2)
25N
=)
n; being the mole number and tthe number of the compounds in the solution.
Fig. 2.3.a presents ranges of value &f & for various classes of organic
compounds (according to classification at § 2.2.6).

12
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2.2.3 Henry’s law

Henry’'s law describes the relationship betweenvéqgour pressure of a gas
above its aqueous solution and the concentrati@olution. It is valid under typical
field moisture conditions and for dilute conceritras (i.e. mole fraction less than
0.001) (Evans et al., 2002).

The air to water partitioning, of the generic caupd i, is generally
expressed by the constantikidicated as [(ML 39 (Mi L wate) '] and expressed by
the relationship:

Cig = Hi * Ciw (2.3)
where Gy and G, are respectively the concentrations of i as gasep[M/Le’gas] and
liquid phase [ML3,ate]

In other cases the same expression is written as:

Ciw = H'i * Cig (2.4)
where H;is H™ [ (Mi L uate) (Mi L3529,

Concentration into the gas phase is sometimes &sgueas a pressure considering
perfect gas law and therefore H may be expressgeyagM; L °yate) .

Henry’'s law constants may be generally estimatemmfrthe ratio of
contaminant vapour pressure to its aqueous sdlbdr, experimentally, by
measuring the vapour pressure and/or solubilityafeystem in equilibrium.

This relationship is also available between satdratapour density and the
compound solubility, and therefore for a wide ramjeconcentrations (Jury et al.,
1983).

There are only a few peer-reviewed papers compapireglicted values
reached from Henry’'s law and measured gas condemsa but it has been
suggested that there is a poor correlation betwidem; this is due to both
difficulties in proper gas investigation inside Isoand the unlikelihood that soil,
water and gas phases reach equilibrium between tineinterconnected pores
(Fischer et al., 1996; Roggemans et al., 2001hak been quantified that this
approach gives estimations of gas concentrationstitees higher than directly
measurable values (Jeffries et al., 2008).

Fig. 2.3.b presents ranges of value of H for variclasses of organic compounds
(according to classification at § 2.2.6).
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Fig. 2.3: range of values ot saturated vapour pressureafa dimensional Henry’s
constant (b) and for different families of orgamiempound (Schwarzenbach et al.,
1993).

2.2.4 Adsorption

Soil grains are assumed always to be covered witindnuous film of water
and therefore only partitioning between water aolidsphase is assumed, without
admitting direct transformation between gas anddsmhes (Mendoza et al., 1990).
Partitioning depends on chemical features, temperand soil properties (such as
mineralogical composition, texture, pH, organic en@ content, moisture).
Adsorption of neutral, non-polar molecules (like sSh&¥ OCs) onto soil surfaces is
influenced by soil moisture: at low moisture cont®t®©Cs are highly adsorbed to
soil whereas, when soil moisture content increa8€x;s are displaced from their
adsorption sites due to competition with polar watelecules on the polar mineral
surface (Poe et al., 1988).

The relationship between solid properties and &mthshape is given by the
mass of chemical i adsorbed per unit mass of €gi[M; M s, and Gy.

Various theories describing adsorption have beandan literature, but it is
still not perfectly understood (Farrel et al. 199%he most complete ones imply
nonlinear desorption processes and also take ctouat slow desorption kinetics,
and/or mass transfer limitations, thus fitting lediory and field data better. One of
them is BET equation (Brauner, Emmett and Telléheory), that is a function
dependent on: number of adsorbed layers existintp@surface, heat of adsorption
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and liquefaction of vapour, pressure, saturati@sgure and as well as a monolayer
adsorption capacity (Poe et al., 1988). For a sifgyer it may be reduced to a
modified Langmuir isotherm. The latter is based thie concept of constant
adsorption energy, characterized by a “b” coefficieand a maximum sorption
capacity, G o, following the expression:

Cis = (Gis,0 *b* Ciw)/ (1+b* Gy) (2.5)
It presents linear adsorption at low surface cayerébut becomes nonlinear as
adsorption sites approach saturation.

Another famous model, that of Freundlich, is based the theory of
adsorption energies resulting from surface heteregjes: adsorption preferentially
occurs in the highest energy sites, and as sudawerage is increased, lower energy
sites become successively occupied. This law isessgd by a nonlinear isotherm:

Cis = K&* C " (2.6)
where K- is related to the sorption capacity and n to enehgtribution of the
adsorption sites.

These models seem particularly suitable for soikh Wow organic content
(Farrel et al., 1994). In general, however, loaplibrium conditions are expressed
as linear adsorption isotherms (Waitz et al., 19B6¥ed on a linear sorption model
between dissolved and solid phases, that may lieddrom (2.6) by posing n=1:

= Ka,i* Ciw (2.7)

Kg; is the distribution coefficient given by partitiog into any natural organic
matter [(M M) (M; L3yae)™] which does not take in consideration the adsorpti
onto mineral surfaces. However, it seems insigaificsince non-polar compounds
correlate mostly with natural organic matter. Aresthinear expression found in
literature is (Jury et al., 1980):

Cs=a*Ciy+ B (2.8)
wherea andp are two empirical constants.

The relationship betweengkand the organic content (oc) of the sail, (8
3.2.2.4), defines the organic matter partitioningféicient Koc[L 3yater M *od,

Koc = Kg*f oc_l (2.9)
It expresses the tendency of a compound to be lkgolid matrix as an inner
molecular property, and may be derived by the adtamater partition coefficient
Kow- Tab. 2.1 indicates ranges of values gfflir different behaviours of mobility of
chemicals in soil.

Tab. 2.1: mobility into soil of chemicals as a functionarfjanic matter partitioning
coefficient K¢(Teggi, 2008).

Mobility in soil | Ko [l kg™
very high 0-50
high 50-150
middle 150-500
low 500-2,000
very low 2,000-5,000
immobile > 5,000
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On the contrary, sorption from gas phase to thigl gtlase is important only
at very low moisture contents and for compound$ Vawv solubility (Karapanagioti
et al., 2003).

2.2 .5 Diffusion

Molecular diffusion is the spreading out of compdsinfrom random
collisions resulting from thermal motion of atomBhese collisions may occur
between the molecules themselves or between meteanid their surroundings. It is
a slow process, dependent on chemical gradientperture and viscosity of
transport medium (Jeffries et al., 2008).

It is described by diffusion coefficient (D) whigha factor of proportionality
representing the amount of substance diffusingsscio unit area through a unit
concentration gradient in unit time, assuming coumgb and medium-specific
values.

Diffusion transport mechanism is particularly img@ot for volatile
compounds, considering that D for the gas phas® ®in the order of 16 - 10"
(cn? s*) compared to diffusivity in the aqueous phase @) that is in the order of
10°-10* (cn? s (Karapanagioti et al., 2003). This is due to shrengths that keep
liquid molecules closer to each other, limiting rement among them.

D depends only on temperature and viscosity of thil f3, and is typically
measured at 2&. Increased temperature T (in K) produces an aszré free-air
diffusion coefficient, leading to a greater rateddfusion relative to the same system
at lower temperature, which may be calculated byd(8t al., 1960):

Dif = Digsoc® * (T/298)+° (2.10)
For most petroleum compound$ Eanges from 0.05 to 0.1 érs* (Johnson et al.,
1998).

2.2.6 Indications for common volatile pollutant corpounds

As a general prompt, aliphatic hydrocarbons depemdhe carbon chain
length that determines their molecular weight: ingher it is, the less volatile and
soluble they are, while they become more absorbdhley are subdivided into three
different classes by Massachusetts Department ofirddmmental Protection
(MADEP): from 5 to 8 atoms of carbon (group C5-@8gy present poor leaching
and strong volatilization behaviour; group C9-C&&oth poor soluble and volatile
and heavier ones (C19-C36) are stable and mot®\@a8DEP, 2002)

As for BTEX they present high solubility, volatjitand biodegradation,
whereas polycyclic aromatic hydrocarbons (PAHspeemlly among group C11-
C22, have low volatility, solubility and tend tagtmore adsorbed to solid phase by
adsorption. Heters are generally very volatile antlible in water and methyl-tert
butyl heter (MTBE) is the best known, whereas pteaoe well soluble in water,
biodegradable, and may be dissociated.

As for aliphatic and aromatic chloride compoundi®irt behaviour depends
on the number of Cl atoms they contain, and asumlbhrule, the higher the
chlorination is, the lower their volatility, soldiby and aerobic biodegradation are,
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whereas adsorption and anaerobic biodegradatioease (as happens for PCBs)
(Bonomo, 2005).

Behaviour of inorganic compounds depends on théienmscal form,
influencing their environmental mobility. The magtdespread and troublesome one,
mercury, in particular, may be present both as rgaroc form (dimethylmercury)
and as an inorganic one, giving mercuric sulfideg$l very stable, or/and the
volatile elemental HYy

The DB of reference in Italy containing physicalashemical properties, is
that of ISS/ISPESL (ISS/ISPESL, 2010). Propertiésswbstances that are not
included in the document are available in a sumzimayi document prepared by
Politecnico di Milano and ARPA (Politecnico di Mila et al., 2010).
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3

VOLATILISATION OF
VOLATILE COMPOUNDS

3.1 General concepts

Emissions of contaminated vapours at ground level rot determined by
mixed planetary boundary layer due to pressure andlensity-driven advection
(Livington et al., 1995); they are influenced byeml factors: vapour source type
(e.g., soil or groundwater), its concentration, tdegind position (and in the case of
indoor intrusion its proximity to the building) (BRarman et al., 1995); chemical
behaviour of the contaminant and in particular bisdegradability; many site
properties like physical characteristics of thd ¢thie most important of which are
air permeability, moisture and porosity) (Hers lat 2003; Koblizkova et al., 2009;
Provoost et al, 2009a), its homogeneity and isgtrgmundwater level (Kliest et al.,
1989), fluctuations in the water table -called “ming effect’- (Kreamer et al.,
1988); distribution and concentration of oxygerihia soil (Roggemans et al., 2001);
environmental parameters, such as atmosphericyseefiactuations (Thortestenson
et al., 1989; Massmann et al., 1992; Chen et @851Lindberg et al., 1995; Choi et
al., 2002; Tillman et al., 2001), that may also selhorizontal transport in
heterogeneous systems (Massmann et al., 1992)oraktgical conditions (Roffman
et al., 1995), such as temperature, speed of wandieg surface wind turbulence,
with high-frequency pressure fluctuations (Livingstet al., 1995) and finally
precipitation (Koblizkova et al., 2009; USEPA, 1986ffries et al., 2008).

For indoor intrusiod also building construction and foundation chanasties
are meaningful, such as the building air excharge, indoor-outdoor temperature
difference (causing stack effect) and the presearickeating, ventilation, and air-
conditioning —HVAC- systems (Jury et al., 1980; #iet al., 2001; Abreu et al.,
2005; Tillman et al., 2005). Different building druction techniqgues may have
different impacts and behave in different way: seemvious concrete (e.g.,
basement, slab-on-grade), foundation with crawtspaentilation, foundation
bedding layer, foundation cracks and openings)yThay actually influence vapour

2 “vapour intrusion” is the gas migration of the atle compounds from the subsurface into
overlying buildings (ITRC, 2007).
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intrusion: buildings with basements generally henare surface area through which
vapours may move inside and they stay closer tewstdce sources than slab-on-
grade ones (Hers et al., 2001; Provoost et al 91200

Mathematical description of vapour movement ingde requires a flux and
a transport model. This may be quite complicatezhbse transport phenomena must
be coupled with phase change and reaction proce3e#s liquid phases inside soil
are involved: gas and water ones which are expdefge multiphase theory.
According to it air and water are assumed to fleraaontinuum in soil and relative
permeability of each soil phase depends on itsedegf saturation in soil (EOLBNL,
1999).

Flux model governs vapour-phase pressure distabutito the soil and thus

provides soil gas velocity field. This equationcsupled with a chemical transport
equation describing different chemical-physical mdreena as diffusion and/or
advection, and/or biodegradation.
Solution of the systems joining them, gives threeehsional pressure field, soil gas
velocity, and chemical concentration fields. Tmérmation is used to derive the
soil gas flow rate at ground surface, or into/otithee building in case of indoor
vapour intrusion and, from a transport point ofwji¢he emission rate of chemicals
(Abreu et al., 2005).

Dissertations on modelling determination gf &xd Gy (§8 1.3) of chemical
pollutants are often treated separately in litemtuFor both cases however
volatilisation is originated by the same phenomamé their transport from subsoil to
the surface follows the same processes; differaaeesists in transport from the
surface to receptor’s position (Jeffries et alQ@0

The following paragraphs present the most import@actors influencing
volatilisation from soil: soil features, positiorf the source and environmental
variables (Steinberg et al., 1993).

3.2 Soil system

3.2.1 Degree of saturation and soil pressure

A soil system is composed of three phg3esolid @3 =s), liquid @ = w, the
wetting phase) and gaB € g, the non-wetting phase). The degree of saturaf
the mobile phasesg %], is defined as the fraction between ph@sslume, \4, and
vacuum volume, ¥

_ Vs
S, = v, (3.1)
Along a vertical soil profile direction, at equitibm, a static distribution ofgSs
noticeable:

- water table that is by definition the locus of geirat which water is at
atmospheric pressure: under it soil is saturateregare fully occupied by liquid
phase and liquid pressurg, M L™ t?] increases with depth because of the
weight of water column above it;
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- an unsaturated zone, called vadose zone, where paegartially filled by water
and partially by air;

- an intermediate zone of transition, called capilfainge (with thickness §ap[L]
of about a few centimetres for coarse sands torakeveeters for clays
(Narasimhan et al., 1977; Berkowitz et al., 200here § <1 and R, is below
the air pressuregRiue the interfacial forces pushing water througrep (called
suction pressure) (Corey, 1986).

As a general indication the following constitutretation applies:

S+ Su=1 (3.2)

Some values ofg3are noteworthy:

- Swsand Ssare respectively saturated liquid and gas saturatio

- Swris residual liquid saturation defined ag & which “water is immobile or
water flow is negligible on the time scale of imamrce for the evaluation of
flow properties” (Moseley et al., 1996; Cornelisaét 2005; Byrnes, 2010) or the
value at which the gradient (g% dh) becomes zero (Van Genuchten, 1980). It
happens because connecting films become so thin lidnaid phase stays
adsorbed to solid phase and it does not followisndorces (Luckner et al.,
1989);

- Sy is residual gas saturation that represents thesgasation below which the
gas phase is discontinuous and then it flows noenfbuckner et al., 1989;
Moseley et al., 1996). Experimentally it is detered as gas saturation found
when a threshold pressure achieves first detectgsdlow.

The reciprocal relationships of previous definisoare indicated in Fig. 3.1,
expressed as volumetric phase content:

0 =" 3.3)
where f denotes soil total porosity [-], that is
f= Vf/Vtot (34)

and it usually varies from 0.3 to 0.5 (Sanderd.et1l897).

The effective porosity.f is lower than f, as is defined as the ratio ef plart
of Vi where water may drain by gravity, from a saturagaohple of the soil, to
(Argonne, 2010).

As for capillary fringe, close relations exist beem liquid volumetric
content Qu,cap Or saturation (wcay and capillary pressure head.gh called soil-
water characteristic curve, or soil-water retentarve.
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g
£=0,+6, |

Fig. 3.1: distribution of two immiscible phases, expressedater or gas volumetri
phase content, in a porous med.

3.2.250il properties affecting volatilization

3.2.2.1 Water content

The level of wetness of the simay also be xpressed as soil moisture
[%]:

w = My/Ms*100 (3.5)

The water content in soil is generally highly vateg both spatially due f
soil heterogeneity and temporally due to rainfit changes, in factor precipitation
and percolating, that directly affect transportgiysically moving air in soil bot
vertically and laterally; this causes temporally disordered displacement
contaminants, thus givinthemlocal and transient sources or sinks.

It acts indirectly toc: it influences unsaturated zone vap&@nsport sinc
the presence of water determines the ratio «filled porosity to total porosity il
soil, and moreover ichangesvapour partitioning with soiwater. Wetting soill
reduces its readffective diffusionDg (8 3.3.2) thus rapidly precluding advecti
transport and reducing molecular diffusicFarmer et al., 1980Q;ivingston et al.
1995; Gan et al., 1996).

Moisture content is particular meaningful acrthe capillary zone of sand
soils, where it maysharply change along the depth, giving effectivBusion
coefficients that mayary by several orders (Choi et al., 2002; Heral .e2003)

In fine solils, wetting reduces the continuity betwepore spaces with a r:
higher thanthe reduction of discontinuous gas phase (FocHi2)l gas transport
therefore diminishes significantly long before é&lle 8; reachesBy. In coarse-
textured solil, on the contrary, wetting affein a minor waygas transport becau
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continuity between pore spaces is persistent ovarge range o06,, (Livingston et
al., 1995).

As for transport forces in general, for very lowisture contents, like desert
areas (w less than 2%), there is the direct interadetween soil surface and the
contaminant, reducing the effective contaminantouagpressure and therefore the
vapour transport too. For moist soils (w betweean?l 4%) the competition for
adsorption sites increases as water molecules #otayer on mineral and organic
surfaces; in contrast, VOC adsorption in wet s@ilshigher than 4%) mostly occurs
on the organic matter due to the hydrophobic behavf many organic compounds
(Sanders et al., 1997; USEPA, 1996b).

Another important effect is on the microbial adivi The optimal soil
moisture content should be between 75 to 90% d&d fiapacity, whereas if it falls
below 50% of field capacity biological processexpdEvans et al., 2002).

3.2.2.2 Gaseous permeability

For the generic phagkthe scalar value of the permeability in faphase, k
is given by:
ke = kp*K (3.6)
where k [L7] is the intrinsic permeability of soil and.Kkis the relative} phase
permeability [-] (EOLBNL, 1999; Rannaud et al.,02). The relative permeability
of water (k) and air (kg) is generally calculated by Van Genuchten-Mualeaueh
(Van Genuchten, 1980):

1- @ah) "+ ah) [
L+ (@h) "
kr’g: 1 - K"| (38)

whereo, n and m are numerical parameters and h [L] igthesure head.
kg in particular varies by several orders of magretuatcording to dimensions,
shapes, direction and water content of soil pospages.

This parameter defines the air movement in soil giv@és indications of
potential effect of pressure changes in soil (Gaalge 1998) and also of oxygen

availability in the unsaturated zone, directly ugfhcing the biodegradation of
potentially biodegradable compound (Davis et &09.

K, () =

(3.7)

3.2.2.3 Bulk density
Bulk density,p, [M L] is defined as:

Md V4, (3.9)
and is linked to total porosity of soil f througblig densityps:
f=1-pu/ps (3.10)

so lower isp, and higher free space is available among thensatitix (Farmer et al.,
1980; Sanders et al., 1997).
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3.2.2.4 QOrganic matter content

The organic matter of soil is generally expressed,a the ratio of organic
carbon to total dry solid phase. Due to its dir@otolvement in adsorption
phenomenon (8 2.2.4), the higher it is, the lower free vapour phase of the
contaminant, while adsorption increases (Glotfettgl., 1984; Dupont et al., 1986).

Soils with high organic carbon content may alsouesj higher amount of
oxygen only because of natural soil respiratiom, #als may represent a critical sink
which is antagonistic to contaminant biodegrada@aVaull, 2007).

3.2.2.5 Vegetative transport

Vegetation heavily influences gas exchange acrbssground-atmosphere
layer by phenomena of gas production, consumpti@hteansport across roots and
leaves. In particular rhizospheric environment &asicrobial communities giving
biodegradation transformations (Livingston et 2995).

3.3 Flux and transport volatilisation processes

3.3.1 Flux equations

Flux model requires three equations: i) an equatiomotion; ii) an equation
of state and iii) a continuity equation (Massmat®89). Their solution results in air
pressure fand air saturationg3n soil, both dependent on space and time.

As for equation of motion i), in general flow of g due to pressure
gradients is different from flow of liquids becautte velocity at the pore walls
cannot generally be assumed to be zero; anothargskould be added, called “slip
flow" or "drift flow”, in Darcy's law (3.11) whichgoverns the flow of liquids in
porous media. This term depends on average pongsradd is meaningful only for
pore radii greater than approximately®1énm, such as in clay materials. For
transport in silt, sand, and gravel soils, underiter flow conditions for both fluids,
this term is negligible and the equation of motiongas flow has the same form as
Darcy's law (Dullien, 1979).

q; = _k;LLk(DPB —pﬁgez) (3.11)
B

where not above mentioned symbols denqggt t™] is Darcy velocity of phas,
us[M L™ t7] is its viscosity k is Il rank tensor of k intrinsic permeability (§£23.2),
ande; is an unitary vector in z direction of a Cartestaordinate system originating
at the bottom of the domain and increasing upwards.

The equation of state ii) is required to convesteptials into pressures.
Water density may be assumed as a constant vahereas the gas phase may be
modelled as an ideal gas dependent only upon peeéSalta et al., 1989; Massman,
1989) due to the range of pressures and tempesatwelved in soil theory (both in
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unperturbed conditions and with vapour extractigrstems). The relationship
between pressure and density for an ideal gavéndiy the Boyle-Mariotte law:

P, =LoRT (3.12)
(,Og
wherew, [M mol™] is gas molecular weight, R [M*Lt “mol*T™] is the universal
gas constant and T is the temperature.
The continuity equation iii), that expresses thessnaeonservation, may be

written as:

olf Kk
(F;isﬁ):m,[%“: (op, —pﬁgez)}rﬁ (3.13)

wherel g [M Lt"] are sinks or sources.

3.3.2 Transport equations

Each chemical i is assumed to be in equilibriunwieen all three phases: g,

w and s, according to the relationship (Jury etl#180; Jury et al., 1990):
C= eg Cig + 08y Cw + Gs Pob (3-14)

Linear expressions are commonly used to relateesurations between the
three phases, following relations (8 2.2.3 and &842. This hypothesis is always
posed, but statistical analysis showed that inreatinere is lack of equilibrium in
repartition (Kliest et al., 1989). During transpohtemicals will continue to partition
between different phases, and over time they wahdt to reach equilibrium
concentrations in all of them (Davis et al., 2009).

The transport of a chemical i inside an unsaturatebis generically given
by:

oC

“ 4R +E =0 (3.15)
ot | |

where G is the total concentration in the soil i[M3soi|], Fi is the mass flux vector
[Mi L?eat ], and=; is the net loss rate of chemical i due to readiin. > t].

F is the sum of all the aspects of transport involtread cause the movement
of chemical i. It is provided by (Jury et al., 198®reu et al., 2005):

Fi =25 Cip * Gip + 2 Fip_ait (3.16)

where[3 are obviously just the mobile phases g and w.

The first addendum of (3.16) explains fluxes duadwection and the second
flux due to diffusion, that are linearly added tthge (Provoost et al., 2009b).
The term gis calculated from (3.11). This component, whiclofen neglected, is
actually very important because ever weak atmosppegssure changes may induce
gas flow in the unsaturated zone (Choi et al., 2088d the flux linked to this
phenomenon may be greater than diffusion (Massnenal., 1992). Barometric
pressure changes usually have an inverse influemcerolatile transport: when
pressure decreases, volatile flux from the soiheoatmosphere increases because of
air-pumping and vice-versa (Chen et al., 1995ndalh et al., 2004).
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Advection is the most important driving force fasilsgas intrusion into buildings
because building under-pressurizations may vamn floto 50 Pa (Nazafpet al.,
1985), with typical values ranging among 2-10 Paif@/et al., 1996, Hers et al.,
2001, Olson et al., 2001). It depends also ontsaiperature as expressed through
(3.12): an increase in temperature gives a fast@rement of vapours because of
expansion of soil gas, causing a higié#t and therefore an advection movement
(Rannaud et al., 2009).

Gas phase advection may also be due to gas dépgXygradients too. They
occur in the presence of dense vapours (like atdbed solvents) (Sleep et al., 1989,
Mendoza et al., 1990a) or in general because thsitggeof a gas in contact with the
liquid is different from ambient soil gas; this ates a gradient which, under certain
conditions, may become the most dominant aspecamsport (Falta et al., 1989).
In this specific case the Darcy velocity for gasigd gqiS given by an expression
similar to (3.11):

k. k k. kgP
Uga =~ :g (Pi,g_pair)z_ :QR?I' (“)i,g_“)air) (3.17)

The density-driven gas flow may be upwacaly(< wui) or downward @ g > Wai),
due to molecular weight of the evaporating chemical

Diffusion is, instead, the most important compdnamen there is any
suction forcing gas movement; in the unsaturatewezob is much greater than in
groundwater owing to the larger diffusion coeffitig8 2.2.5) (Choi et al., 2002;
Pasteris et al., 2002). As a general indicationstwl with higher gas permeability/
porosity or well-drained, advection transport doatés gas transport, reaching
values several times higher than diffusion; in saséth k; low (such as for fine-
textured soils), the opposite is true (Livingstomle 1995).

Diffusion is due to a concentration gradient (Anta@t al., 1995; Webb et al.,
2003), causing net movement of molecules from Highlow concentration. It
includes two components.
One, called Knudsen flow, describes situations lmctv gas molecules collide more
frequently with flow boundaries than with other gamlecules. It is therefore
relevant in situations involving very small lengitales and/or very low gas density,
when the mean free path of gas molecules is ot#nee order as the characteristic
length scale of the flow field (Thortestenson ef 4B89; Massmann et al., 1992;
Fuel Cell Knowledge, 2010).
The second component is molecular diffusion prgosbgch explains that molecules
can collide only with other gas molecules, and depeonly on molecular weights
and temperatures of the gases.
In presence of common soil pore sizes and permabi{nudsen diffusion, is
negligible (Kreamer et al., 1988; Choi et al., 2088d molecular diffusion prevails.
Numerically flux due to diffusion for th@ phase, F_dir, is generically explained by
Fick's first law:

Fe ar = —Dip * UC;, (3.18)
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where DOy [L? t!] is the effective porous media diffusion coeffitier diffusivity in
soil, that is derived from the molecular diffusiocoefficient of i inf3 phase (8 2.2.5,
Diﬁ). Dy is generally estimated by Millington and Quirkatnship (Millington et
al., 1961):

Dig :Diﬁ* T8 (3.19)
where the corrective factog is equal to (with symbols indicated in § 3.2.1):
Tp = f* 0pH3* 5p" (3.20)
or to the equivalent form
5 =050/ 2 (3.21)

It considers the reduced cross-sectional flow aed increased path length of
diffusing gas molecules (Jury et al., 1983; Jurglgt1984).

Some researchers have found that this relationstign underestimates chemical
diffusivity, especially in the presence of highlsmioisture content (Evans et al.,
2002).

Another expression used in literature, only for défsisivity, is (Kliest et al., 1989):

D _=D9*-¢ (3.22)

ig i \/é

In both these ways the diffusion coefficient doed mary either according to
concentration or over time.

Especially for effective gas-phase diffusivity, Wer et al. (2004) presented
a deep analysis of several different models prapasditerature and defined that in
situ measurements should be conducted, since d@ngsreter depends deeply on soil
and chemical properties. As a useful indication |dvligp's relation was considered
the best predictor for several tested soils (Weeneat., 2004):

Diy = D;%* 02° /f (3.23)

Another relationship derives from Fick's first lamnd a mass balance
describing how diffusion causes the concentratiefd fto change over time. It is
Fick's second law expressed as:

oC
a_tl =D, *0°C, (3.24)

The validity of both above laws (3.18) and (3.2d¢ms valid only in open
spaces, not in porous media. Other ways to desdifhesion are Stefan—Maxwell
equations which are considered extensions of Fitdwéss for a multi-component
mixture. Recently new interpretations have beesgmted. One of them is the dusty-
gas model (DGM) including effect of the porous naeds a dusty gas' component,
an ensemble of large molecules, within gas mixtilihes allows the coupling effects
between diffusion and advection to be assessed finéxperimental data better
(Thortestenson et al., 1989; Webb et al., 2003).

It does not appear opportune to enter into detaithis point, since none of
the models presented below (8 3.4) implementsiieisry.
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As a general consideration, diffusion in the aqgephase is negligible as
compared with that in the gaseous one, especialiyhighly volatile compounds
(Mendoza et al., 1990), whereas gas dispersioneigible due to its weak
velocities (Massmann et al., 1992; Batterman ¢tl8ab5).

Fick’s first law generally gives (3.18) reasonahlycurate results for steady
state fluxes (excluding stagnant gases such z@antl Ag),whereas it is not well
understood if Fick’'s second law (3.24) is validhcg it employs diffusion
coefficients that are constant over time (Juryl.etl&80; Thortestenson et al., 1989).

Diffusion is not an instantaneous process bukiésasome time depending on
the compound distance from the soil surface. Tloeegft initial conditions, for deep
sources under a clean shallow layer, the initiglowa flux through the surface can be
null. Since equilibrium in the matrix is reacheddastationary conditions achieved,
vapour flux is constant over time till the sour@pkbtion (USEPA, 1986).

As an example, Jury et al. followed the evaluatbbenzene vapours, spread
in a 30 cm thick source layer, varying the boundaogdition of the amount of soil
covering the source. They used a thickness ofdheagver varying from 0 to 1.5 m
and monitored gas volatilization for 1000 days raftee beginning of the test (Fig.
3.2). The thicker the cover, the less vapours preasl; considering for example the
maximum clean layer, only a small amount of benZzemiffused after 100 days and
only 30% of source mass reaches the surface ad@0d tlays (Jury et al. 1990),
because of adsorption and biodegradation phenomena.

Attention has to be paid in case of contaminatal sswface, because this
alters the gradient of concentration along depth.
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Fig. 3.2: volatilization of benzene in sandy soil, dependingime and thickness of
the clean cover on the source (Jury et al. 1990).
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The other term in (3.15j;, is the component considering possible reduction

of the mass of the component i due to biodegraddtyobiomass present in soil.
This term may be described by different kinds afiekic expressions (including
zero-order, first-order or Monod), depending on le&aviour of degradation of the
specific chemical.

In detail, the zero-order kinetic is given by:

Ei = Ko’i * ew (326)
the first-order kinetics by :
Ej =Ky, "0y *Ciy (3.27)
the Monod kinetic by:
E =K _..*0 s Cw (3.28)

I maxj w )\i +Ciw

where Ky iis the zero-order reaction ratei[l\'/’r L'Swateil, Ky, is the first-order reaction
rate [tY], Kmax,iis the maximum contaminant utilization rate; [ L3,ae], Ai is the
half-saturation constant [M.>,ae], all chemical i -specificDegradation constants
are difficult to determine and influenced by sipesific factors, therefore
biodegradation tests should be carried out (Lal2d40)

Biodegradation has been proved to be a signifipantess, in particular at
sites with low-level concentrations in soil and @ndwater (Davis, 2009). Literature
reports that, where oxygen content is higher th&3% by volume, the microbial
transformation is rapid (Roggemans et al., 2008 @ncentrations decrease rapidly
(till to several orders of magnitude) over relatyvshort vertical distances (lower
than 1 m) (Fischer et al., 1996; Hers et al., 2@&;is, 2006; Patterson et al., 2009).

Substituting eq.s (3.14), (3.16) and (3.19) into (8qL5) yields to the overall
transport equation a function of the variablg C

6Cig . Cig .
a‘iT:_DmCig qg)_E| H_qw +DmDiDCig)_:‘i (329)
where
0,  Kofop
. =| 0 +-—W 4 _—ocockb 3.30
o) 00

a expresses the gas-phase retardation coefficiaatt ititreases with water and
organic contents of soil.

The hypothesis subdued to all above mentionedrdiifeal equations are that
gas density does not depend upon gas pressure.isThidikely condition if the
maximum pressure difference between any two pamtbe flow field is less than
approximately 0.5 atm. Equations become therefioieat and the same equations
used to model groundwater flow may be used (Masamaf89). As a note, in
general, the soil propertiég f, p, andf,c are also assumed to be constant in space
and time (Jury et al., 1990).

Tab 3.1 presents a summary of common assumptidmued to modelling
used to represent vapour transport, with refereteclmitations of application field.
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Tab.3.1: General assumptions and limitations at the bas$eflwx and transport
models (Massmann, 1989, modified).

Assumption Limitation
The equation of motion for gas transport | Valid approximation for flow in not fine-grained
is ascribable to an equation similar [tonaterials, like sands and gravels
Darcy's law
Vapour behaves as ideal gas Valid approximationefimperature and
pressure conditions typical of environmental
conditions (also for vapour extraction systems)
Constant and uniform porosity In real world potpshanges over time and
with location due especially to temporal
and spatial variations in moisture content
Molecular weight is uniform Molecular weight chasg with reactions
happening on gas; variations are generally
small for organic vapour
Gravitational effects are negligible Valid assuimpt quite always for common
VOC (not for chlorinates ones)
Compressibility of the porous media is Valid assumption quite always valid
negligible
Gas transport may be modelled using the| Valid assumption for pressure variations
equation for incompressible flow on order of 0.5 atm
There is no immiscible phase Not available nearcboundary

When the emission of vapours from the subsoil te turface is
acknowledged, models calculating transport of cleaisiinside an indoor space may
be applied. They are based on a steady state raksgb inside the enclosed space,

giving indoor air concentratiogj?" as:
Es+Vb*Aex*Ciamb (3 31)
Vb * Aex * Qs

indoor _—
C =

where:

Qs is the soil gas flow rate entering into the enatbspace [E t*], dependent on
cr?ck length and the soil gas flow rate per umigth of crack (@, [L°gas t*
L)

Vy is the enclosed space/building volumé|{L

Aex s the enclosed space air exchange rde [t

Ciamp IS thegconcentration of compound i in ambient ateang the enclosed space
[ML™];

Es is the emission of chemical i into enclosed sfat¢™], dependent on crack

width, foundation thickness and effective diffusiomefficient for transport into the

crack [L2 t1].

Fig. 3.3 is a sketch explaining the processes wain vapour flux from a
source and transport through soil, including theeaaf transport in indoor spaces.
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Vapour concentrations in indoor air are assumedllimodels, to be uniform
and well mixed, but field measurements have showat they may be strongly
variable both within a room and throughout a budpg{ECA, 1989; USEPA, 2008).

Graphic - modified
r Paul Johnson

/7/\ sfter Paul Joh

l e (e -  Air exchange

Building

[well mixed] E* 1@ Adveetion:-
——e —Q@l P Diffusion +
™| Biodegradation
Soil processes \ l
|diffusion dominated| Vapour

migration

Partitioning
P — [soil to air; NAPL to
Source air; G/water to air|
|finite or infinite]

Fig. 3.3: simplified sketch of zones of interest for vapdluix and transport,
including vapour intrusion (Davis et al., 2009).

The solution of eq.s (3.29) and (3.30), also desayi situation of Fig. 3.3, in
a domain Q) depends on: i) the initial conditions (i.c.), whidefine the values for
the variables at time t = O i2; ii) the boundary conditions (b.c.), specifyingeth
values for the variables aloifigy boundary (Dirichlet b.c.) or the air, water andssa
flow rates througl2 boundary (Neumann b.c.).

No presence of the chemical i is posed as boundamgition at the ground surface

for solutions of almost all models found in litaras (presented in § 3.4). This

implies that the concentration in the layer abonmigd surface has a thickness equal
to zero, and thus maximizes the rate of mass warisf the atmosphere due to

diffusion.

In short, during most of modelling approaches,pnesence of immiscible
phase, like NAPL (8 2.2), withi is assumed (even if in reality it could exist near
the source), but this hypothesis is coherent with tise of modelling for RA.
According to indications of Italian Regulatory Onggm, ISPRA (ex-APAT), in fact,
RA has to be applied only for secondary sourcesumse all primary sources (like
NAPL) are supposed to be removed immediately toves@mergencies (APAT,
2008(a); APAT, 2008(b)). A long-lasting source, maap of residual chemicals,
should otherwise be considered, giving a three-@kgstem (including an air-water-
oil phases) and partitioning of VOCs between a#inth gas-aqueous, gas-NAPL,
aqueous-NAPL, gas-solid, and aqueous-solid. Contglaeg inside the fact that
concentrations of each component moving from thePNAource depend on their
mole fraction in the NAPL phase (according to R#subw, § 2.2.2); these last
change over time and depend on all the other comgmiiKarapanagioti et al.,
2003). Moreover, moisture inside porosities is aamhated because of phase
partitioning, and may be transported towards growaidr for precipitations or
groundwater fluctuations, and this makes the sysiecome extremely complicated
(Mendoza et al., 1990a).
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3.4 Models

Mathematical bases of vapour models came from msagleteloped to study
radon vapour intrusion within the subsurface degwetbsince 1980s (Abreu et al.,
2005) with simple diffusive and/or pressure-driienv analytical models (Nazaroff,
1985; Nazaroff, 1987). New volatile compounds med#ffer from previous ones
for a localized source and they often include clratbiological reactions.

There are two kinds of available models: analytasad numerical ones.

Analytical models, often describing only one-dimenal transport, are
suitable instruments to define a site-screening && to help in definitions of
remedial decisions (USEPA, 2002; USEPA 2004). Tleee useful if their
application is preceded by deep understanding @f tmypothesis, limits, field of
application and knowledge of uncertainties. In moases they have been used
improperly or with non site-specific key parametensd therefore many Regulatory
Agencies have now limited their use only to siteeeaing purposes, imposing the
use of default parameters to obtain conservatigalt® In many American states,
Regulators have chosen to deepen analysis by fuabsessment (COMEOEA,
2002; MADEP, 2009; NYSDOH, 2006; NJDEP, 2005; NJDE®O9). In fact these
simplified tools describe only a part of all theements that play a role in
determining whether vapour intrusion does or daggnose a risk at a particular site,
and cannot adequately accommodate site-specifiditomms (Choi et al., 1995).

Previous models have led to the development of nuomaplicated and
exhaustive computational fluid dynamic (CFD) modelseful to predict the effects
of various site features on vapour transport. Themplexity, necessary to describe
site-specific transport in soil properly, requiresmerical solution. They belong to an
ongoing research area, because they are still heildpated and need to be applied
to different cases in order to increase their pr@wel realistic description of vapour
transport complexity (Abreu et al., 2005). Till nomo model in current commercial
use has been completely field verified and modglthrerefore is considered only as
a theoretical guide or a screening tool to define hecessity of additional site
investigations (Turczynowicz et al., 2007; Pennellg 2010).

As for model geometry, in general 1-D models arepér to understand,
require less memory effort, may be solved simplydamnot capture the full range of
effects happening in real vapour transfer. Theyprediminaryindications before a
3-D analysis. In general they tend to over-pregmpour transport, especially for
indoor intrusion, because they neglect dilutioreet$ related to lateral air movement
flow (Hers et al, 2002). They are potentially usedore, during, and after vapour
investigations (for example to inform sampling plaketails), also after the
application of a remediation technology or as denisupport tool to define future
modifications in site features (Pennel et al., 2010

Particular attention has to be paid to:
- field validation of all input parameters;
- presence of biodegradation and aerobic degradation;
- diffusion, advection, and preferential pathways;
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- influence of water tables;

- partitioning characteristics of phase-separatedduoatbons;

- soil heterogeneity

- as for indoor migration, linking of subsurface spart pathways to above
ground dwellings and dwelling influences in gendéffalrczynowicz et al., 2007).
Literature presents several papers about the cosopaoetween different models

(Evans et al., 2002; Tillman et al., 2005; Wald2005; Turczynowicz et al., 2007;

Davis et al., 2009; Provoost et al., 2009; Pennedle 2010; Lahvis, 2010) and

generally achieved conclusions affirm that vapoonoentrations at ground level

could differ by more than an order (Evans et @02 (up to three orders (Walden,

2005)) of magnitude for equivalent applications amaldel input. Defining the best

choice is difficult, because none of the modelsdemonstrated to be more accurate

than any other. Attention is therefore placed odaustanding limits and hypothesis

of most common simulators.

3.4.1 Numerical models

The use of numerical codes as tools for gainingetdeb understanding of
vapour pathway began with studies on radon, staktith two-dimensional, steady
state models; they were based on theory of fluaflthrough porous media,
developed by both finite element (Garbesi et 889) and finite difference theory
(Mowris et al., 1988 in Abreu, 2005). Three-dimensil models were also produced,
as for example Loureiro’s steady state finite-déffecee one, coupling soil gas flow
equation with that of transport, and describinghbaliffusive and convective
transport processes through the use of an inteeactide (Loureiro et al. 1990) or its
reformulation to cylindrical coordinates (Revzarakt 1991). These two models, in
particular, left free choice in an irregular subsion of spatial grid. Another
numerical model, created to study radon transpoidars, was based on CFD theory
and simulated the effects on transport of fan sysfevarious pressure gradients,
changes in temperature and wind speed/directiom@/éd al., 2002). As a general
consideration, implementing these 3-D models showeat the quantitative
prediction of a gaseous compound requires accayfina multitude of effects and
variables, and, especially for indoor intrusiongngoconsiderable sophistication in
geometry modelling (Pennel et al., 2009).

3.4.1.1 Basic models

One of the simplest models used for VOC is thaiwf (Jury et al., 1982)
(created to study D emissions in a 2-D field) that uses a very siminohée
difference method (alternating direction impli@t)ly to solve gas diffusion, without
any advection, both for open and closed cover bawyndondition at the top of the
column of soil.

Another model considering diffusion in the gas ghasd aqueous-phase
mechanical dispersion in a one-dimensional domaising finite difference
technique, is that of McCarthy (1992). It descriloedy one compound and omits
biodegradation processes. Gas concentrations anesed as variables, but have to
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be calculated from the aqueous phase concentratigput and (2.3). The author
verified model results with data from a set of lattory tests and, furthermore, he
compared it with a 2-D advection-diffusion modekéd on random walk theory: he
obtained that simple 1-D approximation offered aodjcestimation of vertical
transport across the capillary fringe (McCharthglet1993).

Another simple numerical model, for 1-D field, cmesing both gas
diffusion (but no dispersion) and advection, netjtec transfer between soil and
water and biodegradation, is that of Choi (writ,eFORTRAN). Pressure gradient
along vertical direction in (3.11) is solved thrbug linearized flow equation. It
consists of two parts: the first simulates gas flokile the other simulates
contaminant transport solved using a finite differe scheme. As i.c. the model has a
linear concentration gradient (starting with zeedue at land surface) and as b.c. no
chemical presence above the soil surfagge(fial to zero at the top boundary) (Choi
et al., 2002).

As regards indoor intrusion, Olson and Corsi fothrat many models contain
numerous parameters needing idoneous fitting, steéoiléo meaningful uncertainty.
They created a new two-compartment model: the upperincluding the space from
the basement to the first floor, and the bottom oom fthe source to the ground

level. They observed in fact that gas pressufiemince between soil and basement
may be significantly lower than that between theebant and ambient (Olson et al.,
2001). The model is based on a mass balance giyea bystem of ordinary
differential equations solved numerically; solutisntime dependent because of the
transient nature of most indoor sources. Varioasgport phenomena are included,
such as advection for ventilation system, diffusibrough cracks in the foundation
or through the foundation itself, volatilizatiorofn water (involving gas-liquid mass
transfer), chemical and physical reactions (e.gogation and desorption) (Olson et
al., 2002), and, as in Ferguson’s analytical drerduson et al., 1995), contribution
of other indoor materials.

Another simple numerical model, used as screeniggrithms by Dutch
Environmental Agencies, is CSoil (8§ 3.4.1.3). Itswaieated by National Institute of
Public Health and the Environment (RIVM) and isdxhsn equilibrium partitioning
and stationary transport equations, consideringowegp due to diffusion into a
homogeneous vadose zone according to Jury’s ti@ary, 1984b). It may estimate
vapour concentration both outdoors (consideringitidih by aeration flux as in
SOILRISK approach) and indoors, especially for ¢gbi Dutch single-family
dwelling, with crawl space floor (Van den Berg, 4991t also contains an algorithm
to calculate human exposure to soil pollutants anduser-friendly version of this
model is available as Risc-Human (version 3.1) (\@HRB010). However, it does not
include biological degradation and only considersxhaustible source (Rikken et
al., 2001; Provoost et al., 2009a).

3.4.1.2 Improved models

One of the first complete numerical models was VIHEA an one-
dimensional finite difference code derived from decased to predict water contents
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and fluxes (LEACHP). It considers a non equilibrigpartitioning of one VOC in
different soil phases and describes only the vadasee-leaching; it simulates
vertical advection and dispersion in the aqueouss@hand only diffusion of the
gaseous components, neglecting biodegradation ggodde domain is subdivided
into numerous cells that may differ in soil propest recharge rate, and depth of the
water table. Constant concentration, no-flow coadgiand finite sources can be
chosen to describe the two b.c.s (Chen et al., ;1BEEPA, 1996a; Ravi et al.,
1997).

Talimcioglu and Korfiatis created a 2-D numericalodel, Integrated
Moisture Plus Contaminant Transport (IMPACT), tmslate the effect of day-to-
day and seasonal variations in soil moisture cdnéed advection, in particular
inside unsaturated zone on the volatilization pathwilt assumes equilibrium
partitioning, diffusion, biodegradation only in thquid phase (according (3.27)), as
well as hydrodynamic dispersion too, giving an émumain terms of aqueous
concentration, solved through a fully implicit difence technique (Sanders et al.,
1997).

Another well-known code used to simulate outdooindoor intrusion is that
of Turczynowicz and Robinson, involving the cougliof VOC migration in the soil
to the crawl space (through a thin stagnant boynidger at the soil surface) and a
1-D well-mixed box model, dependent on dwellingtfeas to define fluxes in closed
spaces. The source may be indicated in whateveretiisspace interval inside the
soil, and defined as finite in time to avoid undweaservatism. From the original 1-D
diffusion modelling version (Turczynowicz et alQ® in Robinson et al., 2005), the
authors derived a 3-D code, but maintained the I#iegh assumption of no VOC
variations along the horizontal planes. Thus mehasthe potential house overlaps
the source completely and that the model works nnagisymmetric restrictive
geometry. The model does not involve NAPL, considbiodegradation (using
(3.27), both in soil and in crawl-space), homogeisesoil, gas advection and
diffusion as described by (3.29), and aqueous dmvedut it neglects the influence
of vertical waver of the water table (Davis et @&009). The equations are solved
imposing an initial distribution of VOC inside adwn buried layer and, as b.c., on
the top, a stagnant boundary layer of air. Abowthete is either no house or a house
with a crawl space. In the former case VOC conedioim in air is zero, whereas in
the latter, two differing flux conditions are poséak, both crawl and for dwelling
spaces transportation (Robinson et al., 2005).

The absolutely new evolution of numerical modelensidering specific
features of organic compounds, was introduced yedland Johnson who created a
3-D numerical code for multi-component transieahsport. It simultaneously solves
equations for diffusion, advection and biodegramgtand also transport into indoor
environments through foundation cracks.

As for E; term, it makes it possible to choose between geraf biodegradation
kinetic expressions, (3.26), (3.27) and (3.28) alsb a dual-Monod considering
dependence also on another dissolved reactant. spaee geometry is non-
symmetrical and it is therefore suitable for studyilateral transport towards a
building. It is able to simulate heterogeneous $ithblogy, transient indoor and
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atmospheric pressure (P) variations and it allowsspatially distributed foundation

cracks (Abreu et al., 2005; Abreu et al., 2006)inRyarticular, is allowed to change
over time and follows a periodic function; the sgéls flow rate flowing through the

cracks in the foundations is given by the samebaifge expressions used in some
models for Radon (Loureiro et al. 1990).

As regards the determination of the indoor conegiatn, the model assumes rapid
mixing of the indoor air, no indoor emission sow,cao indoor reactions and no
entrance of i-compound from the ambient air.

Another computation 3-D fluid dynamic is that ofriRel et al., which is
based on a commercially available package, Comsitiphysics; it is characterized
by a user-friendly approach and uses finite elemeatowing more flexibility in
choosing complex geometries and also treating singglological heterogeneities
(Bozkurt et al., 2009). This model considers difbasin both liquid and gas phase,
but advection only for gas phase, spig|= 0. It deals with indoor intrusion too,
assessing the chemical transport across buildingdations dependent on an user-
defined disturbance P at the foundation-soil iatesf The model implements a
domain with a boundary far enough from the striectoot to have perdurbed b.c.,
and therefore uses no-flow boundary conditionshat édges of the domain. The
lower horizontal domain boundary is given by watmnsidered as a no-soil gas-
flow and as an infinite contaminant source; at thy of the domain a reference
pressure is imposed and the contaminant concariratidefined as null (although
this value may be changed to simulate elevated sheyic concentrations).
However, by changing boundary conditions, this nhedech is a numerical code, is
able to follow diminishing sources, periodic pressiluctuations, other transient and
spatially variable conditions and biodegradatiarksi As usual the model solves soil
gas continuity equation in advance and then couplesth the chemical transport
equation (since the contaminant species represgynacmall fraction of the soil gas
concentration) (Bozkurt et al., 2009; Pennel et24109; Pennel et al., 2010).

All the models presented so far do not considereetiin due to density
gradient.

The first model that considered advection due t@7Bis that of Sleep and
Sykes (Sleep, 1998), in two dimensions and solkealigh finite elements. It shows
the real importance of this aspect for chlorinatetvents. Another important model,
considering all gas transport components, is tliaFadta, who used a modified
version of TOUGH (Transport of unsaturated groundwand heat) (EOLBNL,
1999), a 3-D numerical code using an integral didiifference method, to follow the
behaviour of a VOC in liquid and gas phases. Thelehases some simplifying
assumptions for water: it is immobile and presenlty cas a liquid phase. Other
impositions (homogenous and isotropic soil, unif@woil properties, immobile liquid
VOC phase, 2-D geometry, no VOC gas phase at grtevad) were given by the
authors only for the purposes of their runningg,dan adapted to other site-specific
conditions (Falta et al., 1989).

Falta et al. indicated that considering the effetctdensity-driven flow is
necessary for chlorinated compounds and benzenereat for others, such as
ethylbenzene, toluene, xylene, napthalene, phembthlorobenzene it is negligible.
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They underlined the interdependence between diffuand density-driven flow that
cannot be isolated by using numerical models.

3.4.1.3 Models also considering NAPL

In literature models describing the presence andsame cases, also the
transport, of non-aqueous phase liquid which inspliegh levels of VOCs are
available too.

The simplest application of a NAPL phase in a mdgetsent as a flowing
layer over water table) was performed by Baehr dérived a numerical solution for
a radially symmetric geometry, considering the quesence of different
compounds, as an extension of the analytical foan{8133). The model employs
both paved surface and free layer as b.c. at ttiacg] it gives the solution of (3.29),
when g and =; are null, by an algorithm reapplied for each cduostit inside the

VOC mixture. At each interior spatial node and eaiche step, differences to
approximate the derivatives are used in the matigig. (3.29), following a two-step
procedure: a first-order approximation followed &y iterative refinement (Baehr,
1987).

Another model, considering multi-component NAPL @hais Park’s, a
steady state screening numerical model specifictdtal petroleum hydrocarbons
(TPH). It is based on instantaneous, reversibleg Bmear equilibrium between
contaminants in the four possible phases: NAPL ewatir, and soil (adsorbed) (8§
2.2). Laws ruling the equilibrium are (2.3) andl{2.The equilibrated mole fraction
of each i-compound is obtained by solving a sedésnass balance equations
simultaneously; an iterative spreadsheet routiné bu MS EXCEL™ Solver is
employed for this purpose. The physical processeslved in gas transport towards
indoor spaces are advection and diffusion, usingpdified J&E model (Johnson et
al., 1991) as well as temperature adjustment, both(for equilibrium partitioning
and diffusion coefficient). The results are gives atenuation coefficients (Park,
1999).

Mendoza’s model is more complex and was creatddlimv the behaviour
of high vapour pressure and molecular weight pafitd (like dichloromethane,
chloroform and in general chlorinated compoundsgohsiders, in the unsaturated
zone, repartition between different soil phasesutng to linear equilibrium, and
various transport processes such as diffusion,cidvedue to both density gradients
and vapour mass released by vaporization of theesdbeing therefore a function of
soil moisture content due to relative gas permdgbierm as in eq.(3.11)),
infiltration towards groundwater, not diffusion ithe aqueous phase neither
biodegradation depletion. The top of the domain tayepresented as a stagnant air
layer by a concentration-dependent mass transeraposed by Jury et al (1983). It
is written in axisymmetric coordinates (to followet spreading of the vapour in all
directions from the source), uses triangular fielfiements and solves interdependent
and nonlinear flow and transport equations (Mendstzal., 1990a; Mendoza et al.,
1990b).
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Another very common model, used by the Dutch Publealth and the
Environment Agency, is VolaSoil, the evolution oSal (8 3.4.1.1), which was
developed by RIVM and also contains RA module. frtealel considers equilibrium
between different contaminant phases, diffusive @otivective transport, the
presence of a limiting stagnant layer; it may atsHe-specific data to define the
source, including contaminant concentrations irugdwater, both dissolved and as
NAPL, solid or soil gas, and follows gas behaviauside the vertical capillary
boundary profile. A sketch of vapour transportndicated in Fig. 3.4. As for indoor
transport, it describes vapour intrusion througfiedent kinds of compartments:
crawl space, concrete basement and slab-on-graelgar®& model limitations, it
does not consider gas advection and has the saahede as CSoil: exclusion of
biological degradation, infinite source, homogeresoil and no consideration of
lateral transport or leaching (Waitz et al., 1996n Wijnen et al., 2006; Provoost et
al., 2009a).

Air House

JO

Total flux Conc.

Conc.
fo atmosphers indoor = 0.1* crawl

space
Boundory layer
+0005m d=——=—pFr=mcmlbad e —————
J 2 Boundory flux

Soil
surface J 1 Total flux to

- 1,25 m

Fig. 3.4. sketch of transport fluxes of volatile compourmhsidered by VolaSaill,
from soil compartment to both outdoors and indq@v&itz et al., 1996).

A more complex and complete model is VENT2D (atérdifference code),
that considers multi-phase (vapour, dissolved, @t NAPL) distribution of a
multi-component (up to 60 constituents), and NARilycas a contaminant source,
without considering its flux. The code considersyorapour as mobile phase and
describes (in unsaturated soil and in a two dinmeradi domain) vapour phase
diffusion and also advection due to a pressureigmnidas well as to a soil vapour
extraction plant. It contains utility programs tséating SURFER grids to ASCII
maps and vice-versa for fast contouring. As boundanditions it imposes constant
pressure and zero concentration (Benson, 1994).

Another model considering only NAPL and not iswlis R-UNSAT, coded
by the US Geological Survey and of public domaims b finite difference algorithm,
for 1 or 2 dimensional axisymmetric domains, ddsog transport in unsaturated
soil (without a saturated zone at the bottom of twmnain). It is written in
FORTRAN and now there is a Visual Basic code the#sua Microsoft Excel
application for data entry and output processor.
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The model follows up to seven components, which m@yexpressed as constant
concentrations at one of the boundaries or as miefsource zone inside the
domain. The transport processes dealt with are: diffission, aqueous vertical

advection and dispersion, sorption and biodegradafconsidering zero, first or

Monod kinetics, as well as oxygen limited degramtgti Calculations are performed
regarding the gas phase. It has been largely wsgdantify the biodegradation and
volatilization rates at a gasoline spill site arsd useful for natural attenuation
estimation (Lahvis e al., 1998).

A complete public domain American model, MOFAT, dmped by Katyal et
al., describes a multiphase flow and multi-compomemtsport, including three fluid
phases (w, NAPL, and g) and treats up to five dkfié compounds. It is a two-
dimensional (with planar or radially vertical symme geometry) finite element
program (with linear rectangular elements). NAPLneglected if it is not present,
while either equilibrium or kinetically controllethass transfer between different
phases are considered at the source. It is a ctenpnsport model, including
advection, dispersion, diffusion, sorption and leigihdation (only using (3.27)) in
all phases, both in unsaturated and saturated zongsan availability of several
steady or transient boundary conditions, and freedo defining spatially variable
soil properties. The governing equations are sglwedspace, using an efficient
upstream-weighed finite element scheme, whereaknean time integration in the
flow analysis is handled using a Newton-Raphsorhow(Katyal et al., 1991).

Another public domain EPA model, able to describ& &ind transport in 1, 2
and 3 dimensions and regarding transport in sa&dyatapillary fringe and
unsaturated zones is NAPL, written in FORTRAN 71elLthe previous one, it
considers three fluid phases (w, NAPL, and g), belgaaccording to a rate-limited
partition law, but it includes only one constitu@mside NAPL. Flow equations are
written for all three phases and those regardirgsiort include processes of
diffusion, sorption into the solid phase (only fthe water phase dissolved
contaminants) and biodegradation in both watergasdphase (according to (3.27)).
Only constant-property boundary conditions are vadld. The set of partial
differential balance equations, describing the aboentioned physical phenomena
in space and time, is numerically solved using maplicit-in-time finite element
method to generate the systems of algebraic eaqusaticluding nonlinear terms. The
code is also available with a commercially graphicser interface to help output
understanding (Guarnaccia et al., 1997).

3.4.2 Analytical models

Analytical modelling has been developed largelycsithe early 1990s and
has been applied by Control Institutions to defiegulatory screening criteria and
decide site-specific target levels for remediatama mitigation, especially for cases
with few available data. Nowadays its benefits questioned because experience
has shown poor correlation between their resultd areasured data, due to:
application of simple mathematical algorithms tdveocomplex space-temporal
phenomena; use of over simplified approaches, $ikeple parameter reference
tables (Johnson, 2002b); inadequate or limited finealedation; uncertainties in the
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conceptual model or model parameters/inputs; poowkedge of model attributes
and uncertainty (Hers et al., 2003); exclusion @bdbgradation in transport
modelling as for biodegradable compounds (as prtrolhydrocarbons) (Ririe et al.,
2002; Davis, 2006; Davis, 2009). Literature presemiodels considering a wide
range of transport conditions, including steadytestar time-dependent transport,
finite sources, variable soil types and moistureéurséions, unsaturated-zone
transport processes, and different types of bugldionstruction. Some of them also
include simultaneous sorption and biodegradationtahvis et al., 2010).

3.4.2.1 Only gas diffusion

A famous analytical model for diffusion is that®&ehr (Baehr, 1987), in 1-
D field described by spatial coordinate x. It coess, for one only substance,
transient gas diffusion with phase partitioningedtty inside (3.24) (joined with
(3.19) and (3.21)), by dividing it for the gas phastardation factor ftlerived from
(3.30):
R, =al, (3.32)

It considers a semi-infinite case with an infinsteurce located at the bottom of the
column and as for initial time, the rest of the @amis clean.

Another well-known model considering both diffussomnd only liquid
advection is that of Jury, in a 1-D domain and daty one substance (Jury et al.,
1980). The model solves equation (3.29) wherargl R are null. l.c. is a uniform
distribution of G throughout the domain, and b.c.s are represengednbinfinite
source at the bottom of the soil and by paCthe top of soil.

As for evaluation in indoor spaces, Little et atermined a transient solution
for the diffusion of a volatile organic compounddhgh an adsorbing unsaturated
porous medium in a building. The cases they consitle/ere two: an infinite plane
source placed at a finite distance (inside cledhfsom a building (using a series of
transient terms) and a limited source with a paarea over it (Little et al., 1992).

3.4.2.2 Gas advection, diffusion and biodegradability

One of the most wide-spread models, suggestedtigiteg USEPA, is RTI
model, developed by Clark Allen of Research Trianigistitute (USEPA, 1994). It
was initially created to follow emissions from lammdatment operations, but it is also
available for diffusion of VOCs from the surface pbrous media due to a
contamination in shallow soil.

It is based on Fick's second law of diffusion (3.2¢plied to a flat slab (Crank,
1970), and considers an overall mass transfer iceaft from the surface to wind,
depending on molecular diffusion characteristic¥®IC, size of contamination and
wind-speed (McKay et al., 1973), including bothistsce of the soil and the
resistance at the wind-porous solid interface. Thgven by:

- a term considering partitioning of volatile cahstnts between the vapour space,
adsorbent solids and liquids in the solil, in thepdthesis of reached water-gas
equilibrium at all times, following (3.14);
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- effective diffusion coefficient (calculated as19));
- a gas-mass transfer coefficieng [k t™Y, function of D,%);

- (3.27) to estimate biological degradation in ilveal surfaces.

It contains both a complete solution for long-tegmissions, and a simpler one valid
for short-term ones. This model does not considgrfarm of advection transport,
imposes that chemical concentration in gas phaseiksurface is much lower than
that in soil and follows only upward diffusion, negting diffusion into the soil
beneath the contaminated zone.

Another famous analytical model, Jury's (for onheaompound), is used to
assess gaseous and liquid diffusion, convectivexefluand also first-order
biological/chemical degradation (3.27), but doestake hydrodynamic dispersion
into account (Farmer et al., 1980; Jury et al.,319Riry et al., 1984; Jury et al.,
1990). This model was born as a screening procewuctassify different types of
pesticides. The volatilization towards the atmosphat ground level, is assumed to
occur for diffusion through a stagnant air boundager of thickness d; above which
chemical concentration is zero. A low value of dresponds to a well-mixed surface
condition, due to high wind velocity, that increasiepletion of contaminants from
the soil (Jury et al., 1983).

The authors obtained solutions for both a case witmiform source placed from
surface down to depth L, and one with chemicalsonporated at uniform
concentration in a finite buried layer covered lojesn soil stratum.

Generally speaking, this model explains why valadtion flux decreases as
water content, organic carbon fraction and evapmrancrease (Jury et al., 1984).

One of the simplest models considering depletiosonfrce via volatilization
and degradation (using (3.27)) is that of Sandeds&tern, derived from a modified
Jury’s model (Jury et al., 1983) with a finite #kmess of contaminated soil and
extended to allow calculation of time-dependentuisibn into indoor spaces, using a
rate of diffusion into zone of influence of the lolimg. This model directly calculates
dose of exposure of target populations and defthescleanup criteria to protect
them (Sanders et al., 1994).

Labieniec et al. (1996) developed a transient, adgatmnally efficient,
analytical screening model. Using integration dfedent modules, it simulates a
uniformly contaminated layer in the unsaturatedezowver a shallow, horizontal, and
unconfined aquifer. The first module, the unsatdatone one, based on Jury model
(Jury et al.,, 1983; Jury et al., 1990), consider® lvertical contaminant
concentration profile over time and long-term dépte of contaminant mass due to
volatilization towards the atmosphere through grsaat boundary, leaching into the
saturated zone and degradation causes. The unsdtacme is assumed uniform and
homogeneous with steady state infiltration. It igai@ble for both buried
contaminated layers, and for contamination up twgd surface.

The other modules, 2-D saturated zone (assumirtgotize the contaminant mass
has moved below water level it is instantaneouslyedh into the groundwater), air

dilution/dispersion (by respectively box and a difrggl Gaussian models) and dust
generation ones (following EPA indications), previdng-term average contaminant
concentrations in environmental media.
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There are also exposure and risk modules to estinchtonic exposure and
carcinogenic risk directly. Together these packagescalled SoilRisk, which is one
of the first RA models (Labieniec et al., 1996).

Lin and Hildemann developed a 1-D non-steady statalytical model
predicting VOC emissions from hazardous or sanitangfills, and considering gas
and aqueous diffusion, leachate flow downward aadical gas advection, first
order degradation of the chemicals into other camps, and mass transfer
limitations through the top soil cover. As top btke model assumes that, at the
bottom, the concentration drops to zero. The comtation is supposed to begin with
a contaminated layer thick from the ground surfaca known depth, or to be due to
an instantaneous release from a plane source. Thatios uses Laplace
transformation and gives analytical solution foncentration at whatever time and
depth as a function of the concentration gradigtitiwvthe landfill (Lin et al., 1995).

Jeng et al. (1996) developed a series of time-ddpendiffusion models to
determine the diffusive vapour flux moving through homogeneous geology
between a hydrocarbon and source a building, alsduding a first-order
degradation applied to the agqueous phase (Turcagap®997; Hers, 2002).

Other models find steady state solutions directly.

The Johnson and Ettinger (J&E) model is currentiy tmost-known and
referenced model, suggested also as a screenirlgbtodJ.S. Environmental
Protection Agency (USEPA, 1996a; USEPA, 1996b; USEP002a) and it is
available as a Microsoft Excel™ spreadsheet prephye USEPA itself (Johnson,
2005). It has been developed for heuristic purpasethe basis of Nazaroff model
(Nazaroff et al., 1987) and has been officially gad as predictive and quite
conservative model, but in the original versionra@nconsider any temporal feature
changes or VOC degradation because it is a stdatyy model. It couples diffusion
from an infinite planar source (dissolved in growater or as soil gas) to vapour
intrusion into basements (through cracks in thendation/floor) of buildings
(located at an arbitrary distance from it) via adien and diffusion processes.
Diffusion (within vapour and soil moisture phaseés)onsidered dominant in soll
whereas advection due to pressure differentialggigewithin close proximity of the
foundation. The hypotheses of this 1-D model acendgeneous soil, instantaneous
and linear equilibrium between different phasesng8.14), advection described by
(3.11), diffusion due to (3.18), and the consemaatassumptions of absence of
chemical or biological reactions. All vapours onigiing directly below the basement
will enter it, unless the floor and walls are petfeapour barriers. In general,
however, the unsaturated soil zone may be compofkéiktinct soil layers which
give an overall diffusivity calculated similarly t@sistors linked in series. A crack
area is needed to determine the building contanieatry rate (Q., generally
ranging from 1 to 10 | mih for houses on coarse-grained soils (Hers et @03)
using a mass transport balance approach; a fustbady state mass balance is used
to produce an expression for indoor air concemmatin order to be precautionary,
the model, presumes that the building structurdinsctly above the source and is
small relative to the source extension (Devaulklet2002). It is suitable for both a
constant and infinite source and a depleting orfesrevthe concentration decreases
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initially near the layers closest to the buildingof and walls, thus reaching, in that
case, a quasi-steady state solution (Johnson &08ll).

Field validation of the J&E model by assessmenatténuation factors (predicted
versus measured levels of volatiles in soil gas iaddor air expressed as a ratio)
was undertaken by various investigators (Fitzplatecal., 2002; Roggemans et al.,
2001; Devaull et al., 2002; Johnson et al., 2002¢xs at al., 2003), finding over-
prediction by models of several orders of magnittaebiodegradable compounds,
whereas the model seems to fit well when biodegi@uas insignificant (Johnson et
al., 2002a).

The model has, in fact, been changed over timehkbyauthors to include
biodegradation too. Initially a first order biodadation process was introduced,
describing reactions occurring in soil moisture,d abased on soil column
experiments, then a “dominant layer model” was gmésd, where biodegradation is
confined into a layer bordered by two zones witheaictions (Johnson et al., 1998).
Then Devaull added (for a multi-component mixtufeV@Cs) a limited oxygen
availability, based on a set of conservation eguati including diffusion and
oxidation reaction of chemicals due to oxygen. Trhizdel is solved by iteratively
varying the aerobic depth of a sort of “dominanyeld to match oxygen demand to
oxygen supply (Devaull, 2007). Another evolutiortioé model contains a sensibility
analysis package based on Mo@&rlo technique in order to place certainty bounds
on the model results (Mills et al., 2007).

Various kinds of software for RA contain J&E trandgpmodel. The most
famous commercial softwares are RISC (RISC, 2018) &BCA, both by
GroundwaterSoftware.com. The former joins multiglailable applications of J&E
model, as described in Tab.3.2.

Tab.3.2: different J&E model versions available in RISGt®are (from Davis et al.,
2009).

Assumption/fate
and transport
processes

Vapour model
without
degradation

Vapour model
from
groundwater

Dominant layer
model

Oxygen-limited
model

Source term

Soil gas or soil

Soil gas or soil

Soil gas or soil

Groundwater

Layering/
heterogeneity

May have two
layers

May have three
layers

Homogeneous

May have two
layers plus cap.
fringe

Degradation

No

Yes, in middle
layer

Yes, if oxygen
conc. high
enough

No

Model oxygen

No

Yes

No

conc.

Considers
pressure driven Yes Yes Yes No
flow by building

in the United Kingdom, Ferguson et al. developeaihgple screening steady
state analytical model of vapour intrusion from iafinite soil source directly
beneath the dwelling in the case of a typical seetached house. The model is
based on contaminant equilibrium partitioning it soil-vapour phase (3.14),
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diffusion (3.18), involved also in indoor intrusiobiodegradation by (3.27), suction
flow using (3.11), and building ventilation as an€tion of ingoing and outgoing air

fluxes through holes, cracks and open doors andlaws. It may also take into

account air contaminant contributions from othaurses (e.g. stack emissions, road
traffic, smoking in the living space and volatiliwa of certain domestic chemicals
inside the house). The model considers both howstBsground-bearing concrete

slabs (called also slabs-on-ground) (Ferguson.etl@B5) and ones with subfloor

voids with a structure available also for monottlmoncrete raft foundations and
clean cover systems (Krylov et al., 1998).

Ririe et al. evaluated gas diffusion from a slick amntaminated soil
considering biodegradation. Its kinetic was cali@daconsidering that oxygen
replenishment is the limiting factor controllingethate of the biodegradation reaction
and that oxygen concentration gradient can be atedufor steady state conditions.
Thus they calculated am factor, relating attenuation and diffusive trarm$pdo
adjust 1-D Orange County Health Care Agency (OCHEApour Diffusion Model
which had only considered diffusion before (Ririak, 2002).

Parker presented a complex model to simulate eopmigsivards indoor space
from contaminated soil, groundwater or NAPL finseurces. In the last case, initial
vapour concentration near the source is given partition and Raoult’s laws (8
2.2.2). Transport phenomena are described by afieddl&E model, considering
advection for pressure variations, vertical difeusi biodegradation including an
oxygen-limited kinetic (due to limiting oxygen difive-dispersive or advective
transports towards the building) (Parker, 2003).

A further step in the analytical approach to untderg vapour intrusion is
given by Lowell et Eklund model, that evaluates ¢fiect of the distance from the
side of the house to the contamination source,idensg only diffusive transport.
The simple solution is based on a Fourier seriggogeh and is expressed as a
decreasing exponential function (Lowell et al., 200

Tab. 3.3 presents a summary of the features oftrdresport model cited
above, as what gas phase is concerned. Anotheul uabfe with information only
on analytical and semi-analytical models is avédaib Lahvis (2010).
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Tab. 3.3: summary (in alphabetical order) of comparisonvibe¢n numerical and
analytical models cited in 8§ 3.4; num-fd: numericl finite difference; num-fe:

numerical at finite elements; an: analytical; NAP&lready implemented for cases

with NAPL; y: yes; n: not; *: advection due to gdensity is considered, to&;
contribution of other indoor materias considered, too.

q') 1
— = S| @ .5 S - 2 o Q
2 2 | 2 |258/53/25|2%| 8 |2 S
3 2 | 5 |°£|22/88=% 2|2 3
S | S|8§|8°|TF S ?
Abreu and Abreu et al., 2005
Johnson | MuUMTd 3D Fy Yy Ly YN ey e al., 2006
Baehr num-fd| 2D y N n y n |y Baehr, 1987
Baehr an 1D y N n y n |n Baehr, 1987
Choi num-fd| 1D y Y n y n | n| Choietal, 2002
Bozkurt et al.,
Comsol 2009; Pennel et al
Multiphysics num-fe| 3D y Y y y y | n 2009; Pennel et al
2010
Csoil of RIVM | num-fd| 1D y N n y y | n Van den Berg,
1994
Dominant layer d
model an 1D y Y y n y | n |Johnson etal., 199
1/2/3 Guarnaccia et al.,
EPA-97 num-fe D y Y y y n |y 1997
Ferguson et al.,
Fergusonetal| an 1D y Y y n y | n | 1995; Krylov et al.
1998
IMPACT num-fd| 2D y y y n | n | Sanders et al., 199
Turczynowicz,
Jeng an | 1D |y Y | Y | Y | ™| 1997; Hers, 2002
Johnson and d
Ettinger -91 an 1D y n n y | n |Johnson et al., 199
Jury num-fd| 2D y N y n | Juryetal., 1982
Jury -80 an 1D y N y Jury et al., 1980
Farmer et al., 1980);
Jury et al., 1983;
Jury-83 an Dy Yy by [ ngn Jury et al., 1984;
Jury et al., 1990
Lin and .
Hildemann an 1D y y y n |n Lin et al., 1995
Little an 1D y n y y | n | Little etal., 1992
Lowell et
Eklund an 2D y N n n y | n | Lowell et al., 2004
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Tab. 3.3: continued.

McCarthy num-fd| 1D y n n y n | n McCharthy etal.,
1993
Mendoza et al.,
Mendoza num-fe| 2D y | y* n y n | y | 1990a; Mendoza €
al., 1990b
MOFAT num-fe| 2D y y y y n |y | Katyal etal., 1991
Olson and Cors| num-fd| 2D y y y y | y# | n | Olsonetal.,, 2001
oxygen limited
layer an 1D y y y n y | n Devaull, 2007
Park num-fd| 1D y y n y y |y Park, 1999
Parker an 1D y y y y y |y Parker, 2003
Ririe an 1D y n y n n | n | Ririe etal., 2002
RTI an 1D y n y y n | n USEPA, 1994
R-UNSAT num-fd| 1/2D | y y y y n | y | Lahvise al., 1998
Sanders and
Stern an 1D y n y y y | n | Sanders and Ster
Sleep and Sykel num-fe| 2D y | y* y y y | n Sleep, 1998
- Labieniec et al.,
SoilRisk an 1D y n y y n | n 1996
- Labieniec et al.,
SoilRisk an 2D y n y y n | n 1996
TOUGH num-fd| 3D y | y* y y n | n EOLBNL, 1999
Turczynowicz } Turczynowicz et
and Robinson | "™ fd| 3D y y y y y | n al., 2001
VENT2D num-fd| 2D y y n y y |y Benson, 1994
Chen et al., 1995;
VLEACH num-fd| 1D y n n y n | n USEPA, 19963a;
Ravi et al., 1997
Waitz et al., 1996;
VolaSaoil of num-fd| 2D n Van Wijnen et al.,
RIVM y y y yoy 2006; Provoost et

al., 2009a

46



Chapter 4: volatilization flux determination

A

VOLATILISATION
FLUX DETERMINATION

4.1 Techniques of measurements

Protocols for air sampling are not widely used aftén limited to soil gas
acquisition, whereas an effort must be made toldpuweniform guidelines based on
information reached from previous field tests (Hetral. 2001).

As 8 1.3 has already presented, direct measuremagsbe influenced by
environmental back values or local point sourcdsenr® problems of accuracy and
representativeness may arise. The direct quariditaof volatilization flux
determinations is most of all suggested, especfallyoutdoor spaces (where there
are no local preferential paths or sources locatedg vertical walls) (Politecnico di
Milano et al., 2010), even if it may sometimes bpensive and time-consuming
(Lin et al., 1995). With this approach backgroundaentrations are taken off and no
transport model, with its uncertainty and poor-specific description, is necessary.

As for vapour intrusion, indoor air direct measuests and sub-slab
foundation field measurements are the only propethods to perform (Hartman,
2004). There are, however, still problems, linked these techniques, due to
background sources and/or spatiotemporal variglitiers et al., 2001; Tillman et
al., 2005; Folkes et al., 2009).

The present dissertation will only focus on outdooseasurements, which
may be managed by aerodynamic or closed chambé¢hodse

4.1.1 Aerodynamic methods

Micrometeorological (called also aerodynamic) meganclude several
technigues used to quantify vapour flux. They aaseld on the theory that the
transfer of any conservative entity from a surfaxé¢he atmosphere is governed by
atmospheric turbulence, which is due to wind mowrgr the surface. The vertical
fluxes may be expressed as flux gradient equatmisvind, temperature, and
contaminant concentrations in the air above thie(8bang et al., 2002).

These methods are advantageous because the soffamission is not
influenced directly by measurements, provide laaggal average of fluxes, and do
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not require any dispersion model to be appliednatieds (Lindberg et al., 1995;
Rayment et al., 1997).
All fluxes are characterized by equations (Chealgt1995, Majewski et al., 1990)
and the best known ones are:

- aerodynamic (AD) vertical profile technique;

- energy balance-Bowen ratio (EB);

- eddy correlation (EC) method;

- integrated horizontal flux (IHF) method;

- theoretical profile shape (TPS) method basedaotrajectory simulation;
- concentration-profile (C-P) technique ;

- transect technique.

- model of turbulent dispersion.

4.1.1.1 Aerodynamic method

Aerodynamic (AD) method is based on ThornthwaitdzH@mn theory,
containing the hypothesis of logarithmic wind veatiprofile. The contaminant flux
F emitted from the soll is given by:

2 % *
Fo k“* AC* Au 4.1)

2

¢m*¢c*(m§jj
where k is a constant (generally posed equal th @ [M L™] andAu [L t7] are
respectively average differences of gas conceatrsitand horizontal wind speeds
between heightsi;zand z [L], ¢ is the stability correction function for the vapour
momentum ¢,) and the compoundpf) obtained by empirical expressions, which
depend on ambient temperature T and vertical gnadieT and v (Majewski et al.,
1990).

The theory of this method is well documented (&ibyfet al., 1984) and has
been used for years; it needs relatively simplérunsentation but requires a large
and uniform surfaced area, an upwind distancel{(feitat least 100 times the height
of the instruments, ensuring in this way that thuxds are constant at that height
(Yates et al., 1997). Furthermore it requires dfiggree of accuracy in the gradient
measurements and may fail during low-wind situaiddesides k is very difficult to
define well.

4.1.1.2 Energy Balance method

Energy Balance (EB) method, called also Bowen Rawdhod, is based on
an energy balance, between the net radiatigh) {Re soil heat flux (G), the sensible
heat flux (H) and the latent heat flux (LE):

R+ G+H+LE=0. (4.2)
Rn and G are measured directly; the ratio H/LE (chB®wen ratio), is proportional
to the ratio of sensible to latent heat flux andatotemperature and water vapour
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pressure gradients along vertical direction. Hagwkd from (4.2), and using dT/dz,
the specific heat of dry air at constant press@g &and the air densitypf), the
turbulent exchange coefficient for sensible heaj) (K achieved with:

Ky = H/[pa* Cq * (dT/d2)] (4.3)
and finally F is obtained as:

F=-Ky* (dC/dz) (4)
where the negative sign indicates vapour movemewvayafrom the surface
(Majewski et al., 1990).

A modified Bowen Ratio is used too; based on theumption that the
transport characteristics for heat and scalarequal, it therefore uses temperature
and a trace gas vertical gradient (such as wajgowraor carbon dioxide) to define
the flux of the interested chemical (Lindberg et 4995; Meyers et al., 1996;
Poissant et al., 1998). It is suitable for the sameditions of AD method, but is
applicable for any surface roughness and also sescavith low wind because the
horizontal wind speed is not a critical measurement

Problems sometimes arise when measurements arerrped in the
afternoon/evening with the minimum evaporation, and general, for fluxes
measured downwind that are actually influenced Hey 40il contamination outside
the examined area.

4.1.1.3 Eddy correlation method

Eddy correlation or covariance (EC) method is basedhe theory that, due
to atmospheric turbulence, all measured param@tgrlave fluctuations (w’) as for

their mean valuew).
The mean vertical flux F is proportional to the ¢haveraged mean of product
between the instantaneous deviations of verticaldwvelocity (u’) and of the
contaminant volumetric gas concentration (C’):
F=p, *uC' (4.5)

The difficulty linked to this method is due to thecessity to collect C data
with a very high frequency, with fast-response eesisand it is only suitable for
vapour fluxes at some height above the groundc#yi 1-2 m (Norman et al., 1997,
Poissant et al., 1999).

4.1.1.4 Integrated Horizontal Flux method

Integrated Horizontal Flux method (IH§ based on a time-averaged mass

balance technique, and the flux is calculated as:
*
xjo u*Cdz . B

where X is the upwind distance to the leading exfdke source, and and C are the
averaged wind speed and air concentration at h&ight

This method neither requires atmospheric stabddgrections, and neither a
long fetch, it requires only single-point measuratrterefore reducing the numbers
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of samples and the analysis time, but it is notable in very low wind conditions,
and it is limited to bare surfaces (Yates et &97).

4.1.1.5 Concentration-profile

The concentration-profile (C-P) technique was depetl by Thibodeaux and
predicts F upon experimental measurements of wietbcity and direction,
temperature profile above the involved site, VOGaanmtration (located in six
logarithmic intervals and requiring very low detent limit for dilution in the
atmosphere), water temperature and its samplingrding to the relationship:

F:[ b° J S,SK* 4.7)

Do (Pﬁqsc
where D, is the molecular diffusivity in air of water vapout is a constant, s
the logarithmic slope of the air velocity profile,is exponent diffusivity ratio, S is
the logarithmic slope of the contaminant concermaprofile, ¢, is wind shear
parameter, Sis turbulent Schmidt number, and the productshef tivo last terms

represent a correction factor influenced by atmesphstability (Balfour et al.,
1987).

4.1.1.6 Transect technique

The transect technique uses horizontal and veracays of samplers to
define i-concentrations within the effective creestion of the fugitive emission
plume emitted from areal and line sources.

It is based on the integration of the measured ewmnations over the
assumed plume area, the surface area of emittingcesdA), u, C (corrected for
upwind background) at each point (h, w) inside ¢ffective cross-sectional area of
plume (A), that extends along h and w directions, accortbrhe relationship:

u_[_[Ci(h,w)dhdw
AP
F A (4.8)

During the sampling period also meteorological peeters are monitored

(Balfour et al., 1987).

4.1.1.7 Theoretical profile shape method

Theoretical profile shape (TPS) technique does meguire many
experimental data and it is based on a two-dimeas$itrajectory simulation model
describing a contaminant flux from a circular s@réd single measurement of
horizontal u and C taken above the centre of thecgoplot is enough. The flux is
given by the ratio between measured data and namlahorizontal flux predicted
by the model (Majewski et al., 1990).
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4.1.2 Enclosure methods

Although micrometeorological techniques allow nek gexchange rates to be
guantified, there are many sites and logisticabatspto consider where they are not
appropriate (Livingston et al., 1995). They in face: elective for extensive sites,
often not valid at ground surface, dependent oesraf exchange from the soil to
atmosphere and therefore highly variable in spawk tane. They generally have
poor resolution and furthermore need suitable ssn@osampling mechanisms that
are often not available or too costly (Woodrow akt 1991; Rayment et al., 1997,
Hutchinson et al., 2002; Reichman et al., 2002).

F is therefore more often evaluated using a namsinte closed method like flux
chamber or wind tunnel (Reinhart et al., 1992) tiaate been applied to measure soll
respiration for many decades, starting with preliany applications in the ‘30s
(Davidson et al., 2002). As a note, wind tunnetéssaamilar to chambers, but i) have a
completely horizontal development of air flowingite the tunnel, ii) require higher
sweeping air (generally above 1800 | Mimiving a velocity between 0.7 and 1.3 m
sec! and iii) are mostly applied to odour monitoring; fact, due to dilution given
from these flow rates they would necessitate teo dmalytical detection limits for
VOC application (Jiang et al., 1996; Capelli et 2009).

The aim of enclosure methods is to isolate a velwh air layering over a
surface (ground or liquid) without perturbing eitlilee natural F across that surface,
or consumption or transport of the analyzed sulssr{Batterman et al., 1992).
Any net emission or uptake inside the enclosedesysinay be measured as a
concentration change.

To sum up, flux measurement provides a direct ntefbo obtaining the input
term needed in dispersion models (such as box md&dldl.3), and is therefore
indicated in different points of RA, such as assgsthe extent of subsurface
contamination during characterization phase or toang the behaviour of remedial
actions (Batterman et al., 1992; Bohme et al., 2008is technique is relatively low-
cost, simple to operate, versatile (Schwartzkop¥8), requests minimal manpower
as compared to methods in 8 4.1.1, possessesigmeasic sensitivity (if coupled
with proper sampling/analytical techniques, 8§ 4,208rmits simple data elaboration,
is less affected by environmental factors than oretegical techniques and
provides discrete information on different spacd ame scales (Eklund et al., 1985,
USEPA, 1986; Xiao et al., 1991; Reinhart et al9ZXim et al., 1995; Livingston
et al., 1995; Hutchinson et al., 2002).

Enclosure techniques are not applicable in albsibms because of their inherent
limitations (Trevitt et al., 1988; Baldocchi et,d991) and offer both advantages and
disadvantages for dealing with spatial heteroggraditiluxes. Where site variation is
known, they may be displaced to measure the impoetaof specific variability
(Allaire et al., 2002); on the other hand, sinceniifying heterogeneity is very hard,
proper decision on how many chambers are needadeguately estimate the mean
and variance of vapour fluxes (8 4.2.3) is difftdal define (Yates et al., 1996; Wang
et al, 1997; Davidson et al., 2002; Reichman e2802). In particular, they may not
be applied in closed spaces, where flux criticalm@able zones (cracks, conducts,
walls junctions/corners) are difficult to close hycovered structure. Furthermore
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they are unsuitable in basements or any other sahtan enclosures, because the
lateral underground surfaces (that are not objéche@asurements) could also be a
source of vapour flux.

Their use to predict fluxes in future structureinsdiscussion too: on the one
hand, the measured flux could be over-estimatedausec there is no building
foundation preventing the flux, whereas, on theeothand, it could be under-
estimated, for example for the lack of pressureidmt advective flow (Hartman,
2003).

However enclosure methods represent a cost-efeetdighnique suitable for
many different survey objectives, on many spatia temporal scales.

4.2 Flux chamber

Flux chamber (FC) instrument was designed origynt| calculate emissions
of biogenic inorganic gases (Mosier et al., 19%luid, 1992) in the oceanographic,
soil science, and natural resource explorationt(hian, 2003). In the early 80’s U.S.
Environmental Protection Agency, in collaboratiothaRadian Corporation, started
to look at this apparatus to measure F over comiaied soils from different kinds of
sources. U.S.EPA identified the flux chamber asc@mmended method to apply on
Superfund sites (Eklund, 1992) and elaborated &opob (that has no value as
regulatory guidance) useful in designing, buildiagd using this instrument. A
parallel branch of research implemented its aptinaover liquid surfaces and
produced a specific monitoring guide (Eklund, 1992)

There are various types of chambers, differenteongetry, material and the
scope of their application. They are classified tbe basis of i) the operating
conditions that are performed during measureméhischinson et al., 2002) and ii)
the advective conditions under the chamber (Husdrret al., 1981; Livingston et
al., 1995; Hutchinson et al., 1993); there are rgralifferences in advantages,
limitations, assumptions and complexity for thdeafiént kinds of design.

In Fig. 4.1 there is a sketch to classify enclosooafigurations: along
vertical axis there are i) possibilities; in pauter where there is an accumulation of
pollutant mass inside the chamber a recirculati@y tme applied or not. Along the
horizontal axis there is classification in ventednon-vented systems, according to
i) classification. As it is reasonable, steadytestaystems using mixing flow by
definition are inherently open because of theirmspath circulation (Livingston et
al., 1995).
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Non-ventad Vented

Sample Pressure
port vent
L1

Non-flow-through

Nori-steady state

Operating condition

Flow-through

' Steady state

Sample port

Fig. 4.1: classification of enclosure configurations accmglto parameters i) (alon
vertical axis) and ii) (along horizontal axis) usadthe text (Livingston al., 1995,
modified).

4.2.1 Operating conditions

As regards i) molecular diffusion nside the chambemay be stable (in
steady state conditions) not

4.2.1.1 Non-steady state syste

Non-steady state systerare really easy to apply, since it is enough totipe
chamber over the interested area for a meaninighel (from about 5 hours to -12
days (Rayment et al., 1997; Frez et al., 1998; Moson et al., 2002and sample,
collectingsmall volumesNay et al., 1994at different times or better one at the «
of the deployment in order to avoid disturbancHutchinson et al., 2001).here is
no introduction of gas into the chaer during the incubation period, so f
contaminant vapouraccumulee in the trapped sgaant chamber volun, making
their concetration builc up over time (Hartman, 2003). Bhalters diffusion
gradients with the soil profile, puesvapours to diffuse laterally arto escape from
the soil outside the chamber b (Davidson et al., 2002), rkeng the concentration
Fig_aif decreaselfenmead, 197<Davidson et al., 200Ziartman, 200; Pumpanen
et al., 2004) — that maye inpart corrected ypproper data treatment 4.2.6).

Enclosure dimensions and sampling time have to lopeply selected fc
each application and data have to be treated aogotal proper functionpresented
in literature. Thee systems are also called static or clo

Non-steadystate apparus is suitable for short periodsf measuremer
(Hutchinson et al., 198:Gao et al., 1998¥or rapid flux changes (wherethe other
kind of chambers tend to moderate them) (De Mello et 804, and to quantify low
exchange rates becatthere is no additionahixing flux that maks the measured
concentrations decrea@gartman, 2003). It is cheagimple becausit does not need
technological devices (wheis the dynamic one needs innercieles (84.2.4.6))
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and allows to use several chambers at the same Rkilimémizing the time that the
chamber is on the soil may reduce the artefactserhuy altering the vapour
concentration gradient within the soil profile abetween the soil-atmosphere and
the chamber headspace (Davidson et al., 2002; ldartB903); for some authors this
technique, if well applied, gives the same resafisteady state FC (Valente et al.,
1995) whereas for others it gives underestimatioft 4 % (Pumpanen et al., 2004)
to half of real flux (Norman et al., 1997).

A similar apparatus, called gas suck chamber, isdu®r preliminary
estimates, which consists in a non vented chantdrerected, through a sample port,
to a suck system for 1-6 hours, involving alsofadm soil adjacent to the chamber
(Bohme et al., 2005).

4.2.1.2 Steady state systems

In steady state systems (Fig. 4.2) the gas coratemtrgradient, giving if dif
(3.18) is assumed constant after an initial tréostl adjustment period (Gao et al.,
1997). This condition may be given by introducingabsorptive surface under the
chamber, in closed passvEC (Batterman et al., 1992; Norman et al., 1998) a
leaving it enough time (several days) to collecffisient material for accurate
analysis (Brown, 1993).

—

SAMPLE COLLEGTION
TEMPERATURE ANDIOR ANALYSIS

READOUT
OMNIOFF FLOW
CONTROL
GRADB SAMPLE

PORT

PLEXIGLASS
DOME

STAINLESS
STEEL COLLAR

Fig. 4.2: Generic sketch of dynamic state chamber (Eklurad. £1985).

Another possibility is to operate a sweep insidedhamber, at a flow;Q by
performing an open path circulating system withoastant injected air flow with
known features. The same effect may be reached dlgsa inner re-circle where
outflow is sucked on sorbent tubes trapping theraba& vapours and then flushed
again inside the FC (Smith et al., 1996; Jellalakt 2003; Tillman et al., 2004
Sweep gas may therefore be achieved by a positingmg force or by a negative
suction one (Sanders et al., 1985; Sartin et @Q0p

3 Passive chambers are different from simply buryadgorbent tubes into the cracks of the slab,
utility conduits, or room edges, that adsorb alsarenmental air and do not give quantitative resul
because it is unknown the volume of air that paskesugh the adsorbent while it is emplaced
(Hartman, 2003).
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Sufficient time has to be spent in order to reactew equilibrium between
soil and covering apparatus (Denmead, 1979); evedluated as the amount of time
required to obtain negligible changes of the redest compound; for this scope an
in-line sensor to monitor in real time could betablie (Jury et al., 1982) or some
shut off test tracer gas may be performed (Ekluhdile 1985). It is however
generally reached after 3-7 hydraulic retentioretitdRT (Denmead, 1979; Schmidt
et al., 1983; Eklund et al., 1985; Dupont et #88; Batterman et al., 1992; Eklund,
1992; Hartman, 2003), that is defined as the tagitwveen the volume of the chamber
to Qn. Literature values are generally included betw2and 20 min (Tab. 4.3), with
an average value of 10 min. The measurementstetdfore directly in stationary
conditions (Gao et al., 1998), because, after théali flushing, the vapour
concentration flowing outside the chamber is theesas under it. A well mixed
reactor guaranteeing a sufficient turbulence isnd¢benecessary to reach perfect
homogeneity of concentrations and therefore a meéulisampling.

Perturbations of the original flux are minimized d&timizing the flow-rate
and the system of introduction of the mixing flo® 4.2.4.6), obtaining higher
precision than with static chamber (Fang et al98)9Since this system uses a flow
gas it is also called dynamic or open chamberlitwa data to be collected in
dynamic conditions, as really happens in naturatesys and it is difficult to apply
with other techniques (Xiao et al., 1991). It isfact indicated for monitoring fixed
locations over extended or repeated time periodsiahas been demonstrated to
induce smaller changes in the subsurface gas ctvatien gradient than non-steady
state one (Denmead, 1979; Gao et al., 1997; Noehah, 1997; Hutchinson et al.,
2002). Disadvantages include the fact that it issntmmplicated to perform because
it needs additional apparati (sweep gas tanks, tomtroller, connections, ...) and
sweep gas may perturb natural vapour emissionsaytin particular give a pumping
effect increasing the estimation, or move gas tdwathe soil, especially for
permeable soils, reducing the flux estimation (Goagt al., 1994; Hutchinson et al.,
2002).

4.2.2 Advective conditions

As for ii) point, advective transport inside thestem is allowed to happen if
there are vented enclosures to communicate atmosppeessure changes and
fluctuations inside the enclosed environment, aadupbing less, in this way, the
natural mass flow across soil-atmosphere interfasenot-vented systems this
natural advective transport is suppressed.

4.2.3 General common indications

Chamber artefacts and biases may cause serious grtux measurements,
but they are well described in the literature aralyrhe minimized or avoided with
proper chamber designs, data analyses, and spatialemporal sampling regimes
(Davidson et al., 2002). Fixing detailed plans wiefy site-specific conditions and
positions to sample is important to perform a mummig campaign with FC
correctly.
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After having located the equipment instruments, chamber is emptied to
purge from pollutant environmental air in ordert@asure only the contribution
from soil; for stationary chambers it is done dikgty the sweep gas used to reach
stationary conditions.

A good practical law is to execute a “blank” measoent, before and after
monitoring, consisting in measuring the flux whée thamber is put on an inert
clean surface (such as a Teflon layer), far froeasaiof known contamination on test
site, in order to check possible releases of pafiubnly due to the system (Eklund et
al., 1985; U.S.EPA, 1986; Matthews, 1987; Schmii91; Xiao et al., 1991;
Eklund, 1992; Carpi et al., 1998; Poissant et #4098; Poissant et al., 1999;
Wallschlager et al., 1999). Cleaning the whole exygdl apparatus to remove any
contaminant residuals is in fact suggested. Imditee there are various suggestions
according to the pollutant behaviour: using a comwmé dish-washing product,
followed by a laboratory one and then rinsing wattsolution of HNQ and water
(1%) (Roffman et al., 1995; Poissant et al., 1998ing an acid or an alkaline
detergent and then drying (-for mercury- Kim et 84095; Wallschlager et al., 1999);
simply fluxing some clean air or nitrogen on thellsvgDe Mello et al., 1994;
Hartman, 2003) or washing with some water and tdgnng (USEPA, 1986).
Storing the chamber in a clean room and transppitionto the field in clean plastic
bags is suggested in order to lower field blanksg$ant et al., 1999; Magarelli et
al., 2005). Particular attention should be paididb leaving the chamber at ambient
air in particularly contaminated places, to avoidss-contamination (Wallschlager
et al., 200

The measurements have to be repeated as a miniwiaena year, in the wet
and dry seasons at least (Davidson et al., 200RjrPet al., 2003), better seasonally
(Folkes et al., 2009), in order to consider thedffof different factors influencing
vapour flux (8 3.1) and obtain a full idea of thetgntial exposure on the site
(Politecnico di Milano et al., 2010).

A preliminary survey of the site is always suggeste order to avoid local
anomalies, and to define the right number and jposdf sampling points necessary
to note special variability and heterogeneitieofper et al., 1985; Batterman et al.,
1992; Davidson et al., 2002; Parkin et al., 20@B& area covered by a chamber
influences the number of chambers needed. Accortdirtbe scope of the sampling
campaign, possible approaches may be to adoptsgstamatic random sampling,
entailing a plot grid and a random number tableh(fdt et al., 1983; Eklund et al.,
1985; Dupont et al., 1986; Schmidt et al., 1998k)ection of expected centres of
contamination (Roffman et al., 1995) or again ahwéf guided by known chemical
distribution, to maximize the between-zone varigband minimize the within-zone
one (USEPA, 1986).

According to this indication, U.S.EPA suggestecklatronship to define the
number of units of grid to be sampled in a zoneaa Aone (€Xpressed in i

(USEPA, 1986):
Ngig =6+ 015A (4.9)
To estimate the number (n) of individual flux measnents needed for
various degrees of precision at various confiddegels, Davidson et al., suggest
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performing a large sampling numbers (N), and tgstine data population for
normality. Then the following relationship is ajol:

% 2
nz( t SJ (4.10)
range/

where t the t-statistic for a given confidence leaed degrees of freedom, s the
standard deviation of the full population of N me@snents, and range is the width
of the desired interval of the full population mearwhich a smaller sample mean is
expected to fall. For example, from Davidson etsalexperience, six flux
measurements gave a mean that fell within £ 20%heffull population (N=36)
mean with 80-90% confidence, and within £ 30% v@i#?%o confidence (Davidson et
al., 2002)

Once the flux (8 4.2.6) in each field zone has bealtulated (fj, the mean
exchange rateqfanfor the total area is given by:

I:mean = Zaj * F] (411)
=1

whereaq; is the fractional area where lias been measured. Its variance MF is
similarly computed by:

=> a?*V(F) (4.12)
=1

where V(F)=sIn, (4.13)
from g that is the variance from n samples taken in jdhevingston et al., 1995).
N should be a great number (higher than 20-30)eratise classical descriptive
statistics are not proper.

Literature indicates that distribution of chambeséd estimates are probably
often log-normal or at least strongly positivelyesled, (because they derive from
stratified sampling approach on a very variablecespahere F may vary from one to
two orders of magnitude across a distance less ghameter) (Hutchinson et al.,
1993), and therefore other data summaries are stegfyd_ivingston et al., 1995).

During the measurements some data are suggesteel tecorded, such as
data of time, sweep gas and sampling flow rateeriremd outside chamber air
temperature by some thermocouples or thermistoedtfiihs et al., 1980Cropper et
al., 1985; Eklund et al., 1985; Norman et al., ,982ng et al, 1997; Wallschlager et
al., 1999; Pumpanen et al., 2004; Martins, 201@ hamidity (De Mello et al.,
1994), surface soil temperature (at -1 + -6 cm Wweajoound surface) adjacent to the
chamber, by using for example thermocouples pr¢bepont et al., 1986; Eklund,
1992; Norman et al., 1992; Carpi et al., 1998; Wlager et al., 1999; Parkin et al.,
2003), gas pressure, possibly pressure differeatveeen inside and outside FC with
micro differential pressure sensor/transducer/tratter (Lund et al., 1999; Widen et
al., 2003; Pumpanen et al., 2004), wind speed arettobn (Eklund, 1992), and
general indications on soil physical aspects (Dumaral.,, 1986) and weather data
(Yates et al., 1997; Wallschlager et al., 1999kPaet al., 2003), for the reasons that
are explained in the next few paragraphs (USEP&612ivingston et al., 1995;

V(F

mean)
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Poissant et al., 1999; Magarelli et al., 2005; B et al., 2006). The instruments
should be checked and calibrated routinely (Schetidl., 1983).

As a general indication, the ideal monitoring devigould be simple, low
cost, accurate, portable and self-contained, pgngitasy deployment and good
areal coverage (Batterman et al., 1992). Next papdng will deal with the specific
aspects of a flux chamber.

4.2.4 Design considerations

For the same kind of chamber, different designuiest can be defined,
varying for chamber geometry, fabrication materideployment, sweep gas
introduction, temperature control, monitoring ofpear concentrations, mixing
system and sampling line (Eklund, 1992). Thereatsa general indication, but the
measurement system in toto should be designed dingoto the site features and
magnitude of exchange rates, remembering that theseces can perform the
representativeness of the measure (Gao et al.,);188me authors have employed
numerical simulations to see the effect of difféneossible configurations in order to
minimize errors (Hutchinson et al., 2001; Zhanglet2002).

4.2.4.1 Chamber geometry

Some simple fluid-dynamic simulations have beerfgpered to define the
effect of FC geometry on measured F. Chambers lassified according to their
volume to basal area ratio (H=V/A): the lower Htise more rapidly the chamber
responds to concentration gradients influencing eawbr diffusion across the
surface; the less constant the rate of concentraisp change in time and
perturbations due to sampling line the stronger(Bfatthias et al., 1980; Zhang et
al., 2002); as an advantage however they requineteshsampling times to obtain
concentration differences and they are more ehsilgogeneously mixed (in case of
not extreme conditions, where width is more thaorders of magnitude than other
measures (Wallschlager et al., 2002)).

As a general indication, for non-steady state FGhbuld be large enough to
minimize disturbance of the enclosed surface (esfgdor measurements with
vegetative field), but small enough to avoid veticgradients, to allow
measurements of concentration changes in the stieasible time of measurements
(getting a clearer idea of F over time), and tcheaanted sensitivity (Wallschlager
et al., 1999; Davidson et al., 2002).

H may differ widely in cases reported in literatuirem 2.5 to 170 cm, with
an average value of 15-20 cm (Tab. 4.1; Parkinlet2803). In particular for
dynamic chamber, H is linked to sweep flux to alltaw time required to achieve
stationary conditions before starting to sampldya#, 1992).

The ideal geometry of the chamber should not créedel volumes or corners
or inhibit mixing inside it (Eklund, 1992; Coopet al., 1994). Cross-section is
generally rectangular or circular with area typigahnging from 175 cfto 1 nf,
with preferential values of 300-900 &(Tab. 4.1; Davidson et al., 2002; Hutchinson
et al., 2002). Smaller chambers are easier to gaatssimple to fabricate, allow
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shorter time to reach steady state, ensure betiéroity under enclosed spaces,
ever with smaller sweep flows, but areas pertudmgeadthamber walls are a higher
percentage than in bigger FC (Eklund, 1992; Lund akt 1999) and are
representative only of the specific point of measuents, requiring more sampling
positions to define spatial variability properlyaf®lers et al., 1985). In fact they are
most of all used for studies along huge speciakbatal gradient all around a point
of interest. Bigger FCs need greater sweep flovguarantee homogeneity under
them which however may cause unwanted overpressure.
The cover can be planar or hemispheric; the standas.EPA chamber was
in fact a dome superimposed on a cylinder, butséesyatic study to define the best
FC geometry approved a cylinder with flat top (Adaet al., 1980 in Eklund, 1992).

Tab. 4.1: geometry, dimensions and material of FC foundtaerature; (-*: omitted

datum).

Geometry | FC Type | A[nf] |H[m] | V[mJ Material Chzlrmc Reference
. Stainless steel covered Bahlmann
Circular | Steady state 0.200 | 0.1-0.4 0.02-0.08 by Teflon-FEP Hg et al., 2006
. L Polycarbonate coveredCS,and | Castro et

Circular | Steady state 0.069 | 0.298 0.021 by Teflon-PEA cos al..1991
. R Hemisphere in Cropper et
Circular | Steady state 0.053 | 0.300 0.016 Plexiglass CG, al., 1085
Non-stead Steel base covered Denmead
Circular Y 0.071 | 0.180 0.013 | with hemisphere in| N),O '
state . 1979
Plexiglass
Steel base with Eklund
Circular | Steady state 0.132 | 0.227 0.030 | covered with acrylic|, VOC 1992 '
dome
Circular Non-steady) 0.018 | 0.175 0.003 Galvanized steel chiorate| Frez etal.,
state, closed S 1998
Circular | Steady state 0.012 | 0.035| 0.0004 Glass MeBr Galnggtesal.,
Steel base with Gholson et
Circular | Steady state 0.132 | 0.180 0.030 | covered with acrylic| VOC
. al., 1991
hemisphere
Non-steady Steel base with generic, | Hutchinson
Circular 0.011 | 0.136 0.002 external surface in ' !
state, closed PVC N,O etal., 1981
. Non-steady N .| Hutchinson,
Circular state, closed 0.071 | 0.200 0.014 - generic . al., 2001
Circular | Steady state 0.283 | 0.350|  0.096 Steel Viele L'gggg"’
0.067 | 0.180 0.011 Polycarbonate
. | 0.045 | 0.090 0.002 Acrylic Lindberg et
Circular | Steady state—, 590,035 0.001 Polycarbonate | 9 | al., 2002
0.024 | 0.110 0.002 Polycarbonate
. 0.004 — * Livingstone
Circular Nor;;iady 0.071 | 0.05-1 0.071 - CO, tal. 2006
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Tab. 4.1: continued.

. \ Hemisphere in Lund et al.,
Circular | Steady state 0.322 | 1.000 0.322 polyethylene CG, 1999
. Similar to USEPA, : Martins,
Circular | Steady state 0.122 | 0.178 0.027 1986 generic 2010
. Matthias et
Circular | Steady state 0.608 | 0.170 0.103 Metal N al., 1980
. Non-steady Nay et al.,
Circular state 0.035 | 0.200 0.007 PVC GO 1994
Non-steady) Norman et
Circular | state open| 0.004 | 0.182| 0.0008 Base in PVC £0
! al., 1992
dynamic
Dynamic
non-steady
state (LI- | 0.008 | 0.125 0.001 Base in PVC
6200
system)
Closed non-
steady Statd  o50 | 0.284] 0.071 *
(Crill
system)
Closed non- Norman et
Circular | steady state 51 | 195/  0.008 > CO: | a1, 1007
(Savage
system)
Dynamic
non-steady
state 0.114 | 0.301 0.034 -*
(Striegl
system)
Steady state
(Rayment | 0.070 -* -* -*
system)
. Poissant et
=Y _*
Circular | Steady state 0.13 0.01 Teflon Hg al.. 1998
Dynamic Pumpanen
1 - _*
Circular | non-steady| 0.007 0.001 PVC Co etal.. 2004
state
. ! Steel collar and acrylic Rayment et
Circular | Steady state 0.062 | 0.150 0.009 flat lid CO, al., 1997
Circular | Steady state¢ 0.397 | 0.305 0.121 Stainless steel 4CH R:l‘lnfllggzet
Dynamic . .
; Steel cylinder + glass Rinklebe et
- _* _*
Circular | non-steady| 0.01 chamber Hg al., 2000
state
. Hemisphere in Roffman et
h _* _*
Circular | Steady state 0.126 Plexiglass Hg al., 1995
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. Steady Sadek et
Circular state 0.11 -* 0.055 Tedlar vVOC al., 1998
Steady
state,
. dynamic . Thichlor | Smith et al.
Circular with 0.025 | 0.600 0.015 Stainless steel oethene 1996
passive
sorber
. Steady Song et al.,
Circular state 0.061 | 0.150 0.0092 Polycarbonate Hg 2005
. Steady Stainless steel covered Tillman et
Circular state 0.049 | 0.025 0.001 by Teflon TCE al., 2004
Steel base with
. Steady covered with acrylic USEPA,
Circular state 013 | 0.230 0.030 hemisphere, inlet and voc 1986
outlet in Teflon
Closed, .
Circular | non-steady 0.007 -* 0.001 -* CQ Widen et
al., 2003
state
Closed galvanised metal Gao et al
Square | non-steady 0.010 | 0.15 0.002 | internally covered by "
1998
State TFE
Steady dimethy | Morrison et
Square state 0.090 0.3 0.027 Teflon-FEP | sulfide | al., 1990
Non-
steady Norman et
Square state, 0.093 | 0.043 0.004 Metal GO al., 1992
closed
Stead Teflon-PFA supported
Square statey 0.090 | 0.300 0.027 by a stainless steel
structure Valente et
Non- NO
stead Teflon supported b al, 1995
Square Y | 0348 | 0203 0.071 PP y
state, an steel structure
closed
Teflon-FEP supported .
Rectangular Steady 0.120 | 0.200 0.024 by a stainless steel| Hg Carpi etal.,
state 1998
structure
Rectangular Steady 0.350 | 0.059 0.021 Glass VOGQ De Bortoli
state
etal., 1999
Stead Di
Rectangular Y| 0.050 | 0.035 0.002 Aluminium Hg | Francesco
state
et al., 1998
galvanised metal
Rectangular Steady 0.16 | 0.095 0.015 | internally covered by| MeBr Gao etal.,
state 1997
TFE
Steady galvanised metal Gao etal.,
Rectangular 0.040 | 0.05 0.002 MeBr 1998
state covered by TFE
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Tab. 4.1; continued.

Steady H.0, Iritz et al.,
Rectangular state 0.680 | 0.340 0.231 Transparent Perspex COo, 1997
Steady
Rectangular state, with 0.06 0.3 0.018 High density TCE Jellali et al.,
inner polyethylene 2003
recircle
Steady FEP Teflon supported Kim et al.,
Rectangular state 0.120 | 0.200 0.024 by a steel structure Hg 1995
Rectangular Y| 0.009 | 0.25 0.035 Glass ..~ | etal., 2009
state pesticide
S
Steady | 0.120 | 0.20 0.024 Lindberg et
Rectangulal  “giate” [0.030 | 0.10]  0.003 Teflon Ho | al., 2002
Steady . Magarelli et
Rectangular state 0.12 0.2 0.024 Acrylic Hg al., 2005
Steady ETFE foil on a MTBE, | Reiche et
Rectangular state 7147 L7 12.15 stainless steel framg benzeng al., 2010
. Hg (FC
0.270 | 0.104 0.028 Plexiglass of FGS)
Stead Hg (FC | Wallschlag
Rectangular statey 0.120 | 0.200 0.024 Teflon of eretal.,
GKSS) 1999
Hg (FC
0.120 | 0.200 0.024 Teflon of GU)
: . Wallschlag
Rectangular Steady 0.300 | 0.15 0.045 Hem|sphere n Hg eretal,
state Plexiglass
2002
Steady . Widen et
Rectangular state 0.6 0.3 0.18 - CQ al., 2003
Rectangular Steady 0.160 | 0.200 0.032 Stainless Steel Hg Xiao etal,
state 1991

Line length should be as short as possible, foh Itie¢ inlet and the outlet,
tubes about 2-3 m long with small diameter (abontrg), because they have strong
influence on the magnitude of possible pressureite{s 4.2.4.8.2) (USEPA, 1986;
Eklund, 1992; Gao et al., 1998).

4.2.4.2 Material

The basic feature of a good chamber is to be lwilan inert material,
including sealing parts and all the inner partomtact with the gas flow (Schmidt et
al., 1983; Eklund, 1992; Cooper et al., 1994; Adaet al., 2002; Hutchinson et al.,
2002), such as non permeable, non reactive andansturce or sink for the
compounds of interest, which do not give memorga# (Sartin et al., 2009).

Possible materials are aluminium, stainless stekluqd et al., 1985) (not
good for mercury (Wallschlager et al., 1999), Tef{slightly permeable to non-polar
organic compounds), FEP (Fluorinated ethylene gemg) Teflon (Morrison et al.,
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1990; Kim et al., 1995), transparent PFA (perflliavay) Teflon (Valente et al.,
1995) or glass (Bohme et al., 2005); some plas$iesh as Plexiglass, polycarbonate
or ETFE (copolymer of ethylene and tetrafluoroethg), are useful only for non-
reactive gases, like GHCQO,, CS/COS (carbonyl sulfide) and ;& (Denmead,
1979; Cropper et al., 1985; Castro et al., 199hgherg et al., 2002; Reiche et al.
2010), that may also be covered with adhesive Meflmating (Bytac) (Morrison et
al., 1990; Tillman et al., 2004).

The inert nature of an apparatus should alwaysonérmed by adsorption
and diffusion laboratory tests. Diffusion, by thew is particularly important for
application with strong wind blowing outside theaatber, which, while reducing
contaminant concentration locally, makes conceptmagradient increase through
the cover, causing lateral losses through it. @bné&sts on recovery of FC, due to
adsorption and bad mixing, are performed with redtnponent standard gas
(EKlund et al., 1985).

The same attention has to be paid to all the cdmmme; pipes and in general
all the devices, in order to avoid cross-contanmmabetween different monitoring
points/campaigns, that are generally built in Tef(Batterman et al., 1992), Tygon
(Schmidt et al., 1983; Morrison et al., 1990; Hatm2004), nylon or stainless-steel
(Hartman, 2004) or more expensive PEEK (polyethergetone) (Hartman, 2006).

Chambers generally have rigid structures (Gao .et1807), but they may
also be built of films supported by rigid structsi(guitable for large spaces to cover)
(Reichman et al., 2002) or again not supportedryyfeames, such as some Teflon
bags (they increase however risk of pressure oswstdre concentration gradient
perturbations) (Fried at al., 1993, Reiche et @l.().

The enclosures should be shaded (Dupont et alg; 188man et al., 1992;
De Mello et al., 1994; Valente et al., 1995; Freale 1998; Roffman et al., 1995) or
made in opaque material -such as Teflon-(Matthiad. £1980; Schmidt et al., 1983;
Dupont et al., 1986; Lindberg et al., 1999), reflex (Gao et al., 1997; Reichman et
al., 2002), such as mylar (Hutchinson et al., 198irkin et al., 2003) and aluminium
foils (Cropper et al., 1983Noodrow et al., 1991; Yates et al., 1996; Wanglet
1997or insulating material (like polyurethane foaMatthias et al., 1980; Batterman
et al., 1992; Hutchinson et al., 1992; Hutchinsbalg 1993; Parkin et al., 2003), or
again covered with the local soil itself (Smithakt 1996; Wallschlager et al., 1999)
or some straw (Yates et al., 1996) in order to Gdiiect solar heating.

If vegetal physiological activity has to be studiefor CO,
absorption/production or phytoremediation studiesm)sparent material is suggested.

4.2.4.3 Structure

The chamber may have a single- or multi-componensituction.

The formers are more economical to fabricate, @m@ayed in a single step
which increases the risk of error: any physicatudlsance of the measurement site
during the placement will give direct bias in theasurements (Hutchinson et al.,
2002).
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The latters are applied on the site in two stepghvdecreases such errors:
the first step is to seal an open base to the ®geaviously to measurement time (at
least 30-60 minutes (Norman et al., 1997; Davidsbal., 2002) better 24 h before
(Parkin et al., 2003)), after which the enclossgrapplied without directly disturbing
the soil. The two pieces have to be well sealedrder to avoid diffusion of gas
through the junction (Hutchinson et al., 2001). yhare joined by air-tight
overlapping -a sort of metal band that encirclesdbllar and the chamber (Matthias
et al., 1980) - or otherwise an abutting joint,lsas a Teflon frame (Rinklebe et al.,
2009) or a compressible foam gasket, pressed byéight of the cover (Norman et
al., 1992; Nay et al., 1994; Carpi et al., 1998)again by some foam tape (Fang et
al., 1998). This design is appropriate for repeateskrvations at fixed locations and
moreover, changing the ring at the basis, they b@aguitable for different situations
(vegetation height on soil or measurements on watex flotation collar) (Klinger et
al., 1994), but a two-component chamber for noaestestate is not recommended
(Pumpanen et al., 2004).

4.2.4.4 Positioning of the FC

The base of the chamber has to be sealed to thésoording to the specific
compound that has to be analyzed, surface vegetiasi® to be removed (Rinklebe et
al., 2010), cut or has n@Reiche et al., 2030

One choice is by inserting its sharp walls, foreptth variable from a few
millimetres (in very wet with low B (8 3.3.2) soils) to 10-20 cm (for well-drained
soils or dumps), minimizing vapour lateral diffusibut causing a potential alteration
of F (Tab. 4.2) (Denmead, 1979; Matthias et al.8Gi9Reinhart et al., 1992;
Rayment et al., 1997; Hutchinson et al., 2001; Bson et al., 2002). In order to
avoid perturbations opy, the insertion should not be forced but an incisiace
should be prepared to set the boundary of the chalffoissant et al., 1998). For
deeper collocations (> 15 cm), a pre-excavatiothefsoil trying not to disturb it is
allowed; the chamber is placed in it for almostitallheight; in this way the pressure
deviation between inside and outside chamber sga®szluced, because wind effect
(8 4.2.4.8.3) is negligible (Smith et al., 1996).

In general inserting depth is higher for dry andops soils, with required values of 9
cm as usual (Davidson et al., 2002), and depersts @h sampling length; for
compact or fine soil it should be less than 5 crat¢Hinson et al., 2002), whereas
U.S.EPA suggests depth values of 2- 3 cm (USEPA&G61&klund, 1992), and
however as small as possible (Parkin et al., 2003).

As other alternative, chamber and soil can be ddatgether by applying fine
wet clean sand (Woodrow et al., 1991), caulk (B&|uL992; Poissant et al., 1998)
or bentonite (Livingston et al.,, 1995) all arourftk tfoot of the device; other
strategies consist in using weighed flexible nomyeable skirts applied to the basis
of the chamber and fixed all around it (for casdé®m® surface wind is negligible)
(Matthias et al., 1980; Iritz et al.,, 1997) or pstme heavy materials on the
enclosures (Castro et al., 1991; Kim et al., 1%9%ssant et al., 1998).

64



Chapter 4: volatilization flux determination

The placing of the chamber itself, even if it iswex (8 4.2.4.7), can trap air
elevating pressure within the chamber headspacsefggral seconds, that has to be
considered for short time sampling (Davidson et24102).

Tab. 4.2: FC inserting depth from literature.

FC inserting depth [cm] FC Type Reference
2 Closed steady state Batterman et al., 1992
2.5 for m(?derate porou§ sai Open/closed non-steady state Davidson et al., 2002
9 for high porous soll
10 Openlclosed steady state Denmead, 1979
25 Steady state Eklund, 1992
25 Non-steady state Frez et al., 1998
10 Steady state Gao et al., 1997
5 Closed non-steady state Gao et al., 1998
3 Non-steady state Hutchinson et al., 1981
5 Non-steady state Hutchinson et al., 2002
10-20 Non-steady state Klinger et al. 1994
5-10 Non-steady state Livingston et al., 2006
3 Steady state Lund et al., 1999
25 Open/closed non-steady state Nay et al., 1994
1-3 Dynamic non-steady state Norman et al., 1992
2 Dynamic non-steady state (LI-6200 system)
10 Closed. non-steady state (Savzflge systgm) Norman et al., 1997
6-10 Dynamic non-steady state (Striegl system)
20 Steady state (Rayment system)
4-15 Dynamic non-steady state
02-14 Static Non-steady state Pumpanen et al., 2004
1.6-8.9 Steady state Reinhart et al., 1992
10 Dynamic non-steady state Rinklebe et al., 2009
15 in excavated soll Steady state Smith et al.5199
25 Steady state Tillman et al., 2004
10 Steady state Valente et al., 1995
05-5 Dynamic non-steady state Widen et al., 2008
0.5 Open/closed non-steady state Woodrow et all,199

4.2.4.5 Injection system

Injection air is used only in stationary state chans.
U.S. EPA suggests using dry clean gas, withoutrasgarched compounds (Dupont
et al., 1986; Morrison et al., 1990; Eklund, 199%ifrogen at atmospheric pressure
is generally used, or, as another possibility, firdi(by proper cleaning systems,
such as adsorption on activated carbon for hydboees) and dried air (on silica gel,
magnesium perchlorate (Norman et al., 1992) or dwrdus CaS@ (Rayment et al.,
1997) or again using an impinger left in a coldb4Lin et al., 2003; Eklund, 1992).
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For long sampling (more than 24 hours) constantitiiynis recommended,
especially for vapour fluxes influenced by biolagicactivity, also because a
decrease in water vapour pressure in the FC givesvar resistance to vapour
transfer resulting in a higher F (Iritz et al., I¥9for shorter periods, tests have
revealed that there is no difference in emissiamsusing humidified or non-
humidified fluxes. For easy oxidative substandes)ay be suitable to use oxygen-
free sweep air (Eklund, 1992).

The flow has to be guaranteed constant using ni@asscbntroller (Morrison
et al., 1990; Kim et al., 1995; Hutchinson et 2002) or mechanical devices, such as
calibrated rotameter (Eklund, 1992; Castro et &B91) or micro-valve flow
controller (Dupont et al., 1986), and frequentlyecked by flow-meter, micro-
manometer (Fang et al., 1998) or turbine-wheefflgassensor (Gao et al., 1997

Air can be both flowed inside and sucked outsidediamber. Some FCs, in
literature, use the same fan applied for mixingorder to such environmental air
from outside and recirculate it through a returarotel (De Bortoli et al., 1999).

The choice of air flow rate is a compromise betwé®sn need to achieve
rapid equilibrium and analytical sensitivity forsearched compound concentration
(Denmead, 1979); typical values of,Qre in the range of 0.15-30 | rfinwith
suggested values of 5-10 | iifUSEPA, 1986; Morrison et al., 1990; Eklund,
1992), giving an optimum ratio ofQQon A in the range 0.1-0.3 cnit $Gao et al.,
1998).

Some authors attest that flushing flow rate hasnpact on F (Cropper et al.,
1985; Fried et al., 1998i Francesco et al., 1998; Edwards et al., 1973aing et al.,
1998), whereas others say the opposite (Schwarfizko@p/8; Eklund, 1992;
Sakamoto et al., 1988 in Iritz et al., 1997; Gaalet 1997; Lindberg et al., 1999;
Lund et al., 1999; Wallschlager et al., 1999; Liedpet al., 2002; Widen et al.,
2003; Bahlman et al., 2006; Rinklebe et al., 2008\ Q. takes longer to reach
stationary conditions at the beginning of the measents, and even if the flux
continues to flow inside the chamber, it causesaecumulation of contaminant
concentration causing a decrease of sampled F €Galo, 1998; Wallschlager et al.,
1999; Lindberg et al., 2002; Zhang et al., 2002).high flow reduces relative
humidity in the chamber with risk of moisture (gigian effect similar to § 4.2.4.8.1)
(EKlund, 1992; Gao et al., 1998 - this evaporatiate may be experimentally
calculated (Di Francesco et al., 1998)), but mimasi emission reduction due to
concentration gradient between the chamber andsafigtill to give an opposite
effect (Davidson et al., 2002; Lindberg et al., 200rhat is why some researchers
have suggested not using sweep air containingaaczercentration of the researched
compound, if the atmosphere in the chamber reacbasentrations lower than
atmospheric conditions at steady state: this coodally increase flux from soll
(Castro et al., 1991; Fried et al., 1993; Coopealgt1994; Rayment et al., 1997;
Wallschlager et al., 1999). This technique, howgkias higher detection limit due to
analytical uncertainties on both inlet and outlatrier gas stream (Castro et al.,
1991; Eklund, 1992).

Tab. 4.3 indicates the most commop fQund in literature, with indication
HRT (8§ 4.2.1.2) and its relationship with samplftugv (§ 4.2.5).
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Tab. 4.3: Indications from literature about sweep inflow,Qhydraulic retention timé&iRT
and ratio between sampling flowg,@nd @, (-*: omitted datum).

5

98

Qin Qs [VolumeHRT (V/Qin)
Type of sweep gas ; . oen ; Compound Reference

yP P93y min Y i miny (1| (min | %O i

Dried, cleaned, | g5 | g5 | 16 1.9 1.0 Toluene | Batterman etal.
environmental air 1992
Environmental air 5 0.4 24.0 4.8 0.1 Hg Carpi et 98

_*

Environmental air L g and 16.0 |16, 4 and|2 Co, Cropper et al., 194

_* % T
Environmental air 14 20.8 1.5 cov De Bciggléet al.,
Environmental air 1-3 -* 12.7 125-4.2| -* N,O Denmead, 1979

_Cleaned, _ 3 015 27 9 0.05 Compounds witf De Mello et al.,

environmental air S 1994

. Di Francesco et a|
_* _*

Inner recirculate 0.7 1.8 2.5 Hg 1998
Environmental air 11 11 225 20.5 1.q COSs Fried.et1893
Environmental air 0.15 0.15 0.4 2.9 1.0 MeBr Ganlet1996
Environmental air| 7.4 0.1 15.0 2.0 0.01 MeBr Gaalgt1997
Environmental air 3-132 3-132 2.0 |[0.015-0.66 1.0 CHCI, Gao et al., 1998
Environmental air 5 0.4 24.0 4.8 0.1 Hg Kim et 4095
Environmental air 5 5 96.0 19.2 1.0 Ccov Lin et 2003

. . 0.08 - |Compounds witl Morrison et al.,
Environmental air 3-9 0.25 27 3-9 0.03 S 1990
0.25 -
. .10.25 -0.5 36.8-18.4 Rayment et al.,
Environmental air| ~ 075-1 0.5- 9.2 123-9.2 1 (o{0) 1997
0.75 -1
. : 0.01 - . N Roffman et al.,
Environmental air 4 0012 - - 0.003 Hg 1995
Dry clean air 25-2Q 2.5-20 55 2.75-22 1 VOC Sadek et al., 19

Innerloop with | 53 | 903 | 152| 5088 1| Trichloroethehsmith et al., 1998

treated clean air
Environmental air 23 -* 9.2 0.4 -* Hg Song et @005

156-153 1.5 28.0 1.8-18.7| 0.1-Hg (FC of FGS
. . Hg (FC of |Wallschlager et al
Environmental ai 1.5 15 24.0 16.0 1.0 GKSS) 1999
1.5 0.9 24.0 16.0 0.6/ Hg (FC of GU)
Environmental air 15 15 19.0 1.3 1. Pesticide Woodrow et
al., 1991
Environmental air 20 0.1 -* -* 0.01 MeBr Yates &t 4996
Environmental air 0.04 - 0.02 -
or no S air 2 0.06 21.0 10.5 0.03 COS, C$ Castro et al., 199
. 16.3 - . . Reinhart et al.,
Dry clean air 18.4 - 121 7.4-6.6 - CH 1992
Dry clean air 4 1 27.0 6.8 0.2% NO Valente et995
Dry no VOC air 5 2 30.0 6.0 0.4 VOC USEPA, 198

O7
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Tab. 4.3: continued.

D04

Martins, 2010
Dry no VOC air 3 3 27 9.0 1 VOC (FC modified from
USEPA, 1986)
Treat?goa;r’ NNeN 0125 | 0.125| 1.2 9.8 1 TCE Tillman et al., 2
Nirogenordry | ¢ =+ | 300 6.0 * Vel Eklund, 1992
clean air
Nitrogen ordry | 2,5 and 15,5and 3 0.075,
. ’ 0.15 30.0 ’ . 0.03 an VOC Gholson et al., 19
clean air 10 respectively 0.015

D1

The injection is performable by a simple holed tulbe by a more
complicated system allowing a more homogeneousillision, such as holed
ring/spiral where distance from the covering, dista between different holes
(generally equidistant) and the diameter of eadfiopion (Sanders et al., 1985;
Reinhart et al., 1992; Sadek et al., 1998) and fitingction (generally toward FC
centre) have to been defined properly (Castro.el@91; Eklund, 1992; Gholson et
al., 1991; Rinklebe et al., 2009).

Qin influences turbulence inside the chamber that Isheimulate as much as
possible natural turbulence in the atmosphere (ikld1992; Reinhart et al., 1992;
Reichman et al., 2002). Sweep gas can have al§galezomponents, both upwards
and downwards, causing negative or positive presgii4.2.4.8.2) on soil surface
that exerts local advection forces (Reinhart etl&l92; Gao et al., 1997; Fang et al.,
1998; Wallschlager et al., 1999; Wallschlager et 2002). It would be better to
apply a system giving just horizontal forces, datdb the covered soil surface (Gao
et al., 1997; Davidson et al., 2002; Reichman ¢t28l02); for example a chamber
where the inlet has the same size as cross-seatitimee chamber itself has been
created (Iritz et al., 1997).

4.2.4.6 Mixing

Mixing is of critical importance because F compiatatis based on the
assumption that chamber effluents are represeatafia completely mixed chamber
volume (Dupont et al., 1986; Reinhart et al., 19930 et al., 1997).

For non-steady state (close) deployments mixingutation happens in an
inner close loop (Denmead, 1979; Norman et al.218&y et al., 1994; Norman et
al., 1997; Di Francesco et al., 1998), or by pug@nd releasing inner gas with a
syringe, before collecting the sample (Norman gt18197); for steady state ones it is
rather represented by the sweep flow system itselhe suction used for sampling
(Kanemasu et al., 1974) (or again by an inner loafber having treated the
recirculated air with on-line adsorbent tubes @ledt al., 2008. Their turbulence is
useful to simulate the effect of exchange ratesindl stress.

Attention has to be paid to the dimensions of kaithentry and exit ports,
that have to be large enough to avoid pressureatitias (also P difference of 1 Pa
may induce a significant alteration of gas excharage (Rayment et al., 1997)), and
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located in such a way as not to allow direct passmgween them, without filling the
chamber (Cropper et al., 1985; Gao et al., 1997¢. dump inducing the air flow has
to be located outside the chamber, and be inedrder not to adsorb or release
compounds in the isolated environment (as for exanigflon pump or metal
bellow).

Some mechanical mixing systems can be used ageanative consisting in
simple deflection vanes/baffles/obstacles (Denm&8ad9; Iritz et al., 1997; Gao et
al., 1997; Wang et al, 1997; Reichman et al., 200Rlen et al., 2003; Song et al.,
2005; Capelli et al., 2009) or in a structure ofibantal and vertical tubes to inject
sweep into the FC (Lin et al., 2003). Holes forfiog air are located in order that air
flows parallel to soil and do not perturb F (Linagt 2003).

Another possibility indicated in literature is fotused on homogeneity, but
on collecting samples from different points in thamber (8§ 4.2.5).

Also some fans, covered by inert material, suchTeffon (to avoid false
negatives) (Schmidt et al., 1983; Gustin et al999.in et al., 2003; Parkin et al.,
2003; Martins, 2010) or flow-through circulationsggms may be used, avoiding
stagnation zones and uncontrolled induction ofie@rcomponents of air flow, also
in closed non-steady state chambers (Gao et &7;X8ao et al., 1998; De Bortoli et
al., 1999; Lund et al., 1999; Reichman et al., 2@&himan et al., 2006; Capelli et
al., 2009). They have to be controlled since they mmave influences on F (Norman
et al., 1992; Fang et al., 1998; Hutchinson et2dlQ0; Davidson et al., 2002; Lin et
al., 2003; Widen et al., 2003; Pumpanen et al.428ahlman et al., 2006), whereas
other experiments have highlighted that they hawe strong effects on flux
measurements (Xiao et al., 1991; Norman et al./71®®issant et al., 1998). The
increased turbulence regime or air velocity howeseem not give a sufficient
mixing alone (Matthias et al., 198M@e Bortoli et al., 1999), and therefore they are
not recommended (Eklund, 1992).

Appropriate tracer test with dense smoke (for eXxamproduced from
burning vegetable oil) can be carried out for visuespection of the chamber
(Schwartzkopf, 1978; Eklund, 1992; Gao et al., 19%Haire et al., 2002; Reiche et
al. 2010) or anemometric probes may be placed firelint positions inside the
chamber to obtain profiles of air velocity and widnce (De Bortoli et al., 1999).
Other tests are performed directly by using a kneauarce of vapour and taking air
samples for analytical analysis or using on-lingicks (8§ 4.2.5.1) (Schmidt et al.,
1983; Dupont et al., 1986; Kreamer et al., 1988pl&in et al., 1991; Nay et al.,
1994; Di Francesco et al., 1998; Gao et al., 1@88Bortoli et al., 1999; Reichman
et al., 2002; Widen et al., 2003; Pumpanen ekab4; Tillman et al., 2004llaire
et al., 2002; Bahlman et al., 2006).

4.2.4.7 Vent

The application of pressure vents is suggestembtopensate for air sample
withdrawal and possible reduction in chamber volwagng sampling, which could
perturb the measurement (Hutchinson et al.,, 200aichinhson et al., 2002;
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Hutchinson et al., 2003). Vents may be represebyesimple holes on the coverage
(USEPA, 1986) of the FC of by properly designedropbes.
Unvented designs can result in development of pressdifferentials caused by
circulating gases or by cooling or warming of chamair (Davidson et al., 2002).
Guidelines and analytical relationships have beefimed to calculate their
dimensions appropriately (length and diameter,ge 4.3) according to chamber
volume and wind speed (Hutchinson et al., 19819y thave to be large enough to
minimize resistance of air flow to changes of atph@sic pressure and to minimize
the advection force driving air exchange between dlosed system and outdoor
atmosphere (Hutchinson et al., 1981; Fang et 8981
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Fig. 4.3: Optimum vent tube and diameter as a functioniatiepeed and enclosure
volumes (Hutchinson et al., 2002).

As a general indication vents are between 2 andanfi in diameter and
between 5 and 30 cm long (Tab. 4.4) (Parkin et28lQ3), in order to contain air
expelled from FC due to temporal perturbations, teh to return it in the closure
(Hutchinson et al., 2003). It should be mountedr rggaund surface to minimize
wind speed, separated from the chamber's sampliog @ avoid unwanted
interactions with outlet pointing downwind and tzamtally (Hutchinson et al., 2001;
Hutchinson et al., 2002). Diffusion through the tvémbe is commonly assumed
negligible.

Tab. 4.4: Vent dimensions found in literature (-*: omittddtum).

Vent Diameter

FC Type [mm] Vent tube length [cm] Reference
Non-steady state 10 16
state, static 2 29 Conen et al., 1998
Dynamic non-steady state, 216 % Davidson et al.,
closed ' 2002
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Dynamic non-steady state 2 30 Norman et al.,
state, closed 1992
Steady state 18 -* Eklund, 1992

Just to connect with a sampling Matthias et al.,
Steady state 6.3 bottle 1980
Non-steady state 8 300 Pumpanen et al.
state, static 2004
Non-steady state .
4.8 10 Parkin et al., 20038
state, closed

Vented systemsre especially necessary when the underlying saié
strongly permeable or the putant source is located in shallewil, whict is when F
is directly influenced by barometric conditiorWindy sitesare critica, because
wind could givea Venturi effect of drawinvapours througlvent tubeswith fluxes
higher than five times those measured in FC witiveat (Conen et al., 199

Using adynamicnon-vented chamber involves greater tiskn using static
one, becaus@as overpressurmay be producednside the chamb, giving a
downward advection flux towards the sand therefor@educing the measure«alue
(see Fig. 4.4).
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Fig. 4.4. influence of vent diameter for a r-steady chamber (Hutchinson et
1981).

4.2.4.8 Interference factis

Care must be taken in order to avoid all possitdgupbations: operato
should not compact soil or walk all around the egure, preferring remote contro
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and operations, and also minimizing the disturbasfoeegetation inside and around
the enclosure system, which heavily effects vitation processes, especially for
greenhouse gases, on which light intensity and ditynalso count a great deal
(Hutchinson et al., 1993; Livingston et al., 198gyment et al., 1997; Fang et al.,
1998).

Generally speaking, the FC is effectively isolattdm most external
environmental conditions (Eklund, 1992), but soroardary conditions are affected
by its presence (Wang et al, 1997; Yates et ab/),9%uch as soil temperature, air
pressure at ground level, wind presence and sagtore.

4.2.4.8.1 Temperature

The enclosure system should avoid changes in netgenflux (such as
avoiding greenhouse effect) at the sampling looatlae to FC presence (Eklund,
1992; Pumpanen et al., 2004), preserve the same arehient temperature, and in
particular the difference between air and supeffisbil temperature (the heat flux
into soil is rapidly attenuated with depth). Magthiet al. indicate that the difference
between soil temperature at 2 cm below ground sertader the chamber and that
of the same depth, outside the chamber, if thiglased just for 20 minutes, is no
more than 1°C, with an average of 0.4°C (Matthiasale 1980). Other authors
indicate that in general temperature inside theaneber was + 2 °C as a reference
with outside temperature (Denmead, 1979; De Mdllalg 1994), but in literature
greater differences have also been reported asrimarized in Tab. 4.5.

Tab. 4.5: Difference {T) between inside and outside flux chamber temperature

FC temperature [°C] Air temperature [°C] AT [°C] | Reference
De Mello
Air temperature + 2 3-29.3 2 etal.,
1994
Air temperature + 9 (after 30 min) o8 9-30 USEPA,
and 30 after (2.5 h) 1986
Air temperature + 1+3 12.2 + 2.5 (day) — 9.4 (n)jght|  1-3 Fried et
Air temperature + 1+3 22.7 + 2.4 (day) 20.8 + Inght) 1-3 al., 1993
11 - 31 (night) 11 - 31 (night) 0
17 - 31 (morning) 12 - 23 (morning) 5-8 Sa?ndl%rgSet
27 - 34 (afternoon) 25 (afternoon) 2-9 7
In a year changes From 91 to 140 % From -1.1| Reiche et
from 8.7 to 25 of outdoor temperature to5.5 | al., 2010
a) Air temperature + 5 a) early morning 5.15 Yates et
b) Air temperature + 15 b) early afternoon al., 1996

Its alterations are mostly due to solar heating thake the inner T increase
according to the specific material thermal condiisti length of deployment and
presence of insulation material (Fig. 4.5). To dvperturbations, chambers should
be built in suitable material (8 4.2.4.2), kept time shade during monitoring
(Morrison et al., 1990; Tillman et al., 2003) areimperature monitoring of both
outdoor and enclosure air is required. As shortsumeaments as possible should be
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preferred since soil temperature reaches the sartif@gof air only after quite a long
time (Hutchinson et al., 1993).

‘ Air Soit Material
| @ O Plexigias
30+ | A A Metal
® O Insulated metal

20

Perturbation in temperature (°C)

Time (min)

Fig. 4.5: alteration of enclosure temperature, as diffeermompared to that of
environment, for different chamber construction enals and deployment time
(Matthias et al., 1980).

It is particularly important to know this differea for some compounds, such
as mercury, whose flux depends heavily on temperain order to be able to define
some analytical relationships between these twaables (Matthias et al., 1980;
USEPA, 1986; Xiao et al., 1991; Eklund, 1992; Pamsst al., 1998). For really wet
soils a temperature increase can induce condensatiovater vapour on chamber
walls, causing increase in moisture and potent@ditgolution of vapours, affecting
the sampling (Xiao et al., 1991, Carpi et al., 998&rkin et al., 2003). This is why in
literature there are chambers with heating/cooldeyices outside them: some
examples include a high sweep air flowing arounddded to a ring of cold water
flowing outside the chamber (Eklund, 1992), a veiuerounding its external wall (to
keep the temperature of the wall surface at 0G-htgher than the internal
temperature (Poissant et al., 1998)), a heating lgoffman et al., 1995) or again a
thermostated box (Xiao et al.,, 1991) to impose tants artificial boundary
conditions. UV radiation, for some compounds, soaignificant and influences F
(Schroeder, 1995; Rabideau et al., 1996; Bahimaah,&006).

4.2.4.8.2 Pressure
The pressure differenc&R) between inside and outside environment of FC

influences heavily vapour emissions, especiallydig, porous, high permeable soils
(Hutchinson et al., 1993; Rayment et al., 1997;d.eh al., 1999; Reichman et al.,
2002) and really volatile compounds (Woodrow ef #091): a negativAP as a
reference to atmospheric pressure causes a purefierg from the soil, inducting an
overestimation of F; where the opposite sign maye gan underestimation
(Hutchinson et al., 1981). The difference is dwe,dpen chambers, to the way and
magnitude by which its injection flow is performégiiction or blowing) (Kanemasu
et al., 1974; Eklund, 1992; Dupont et al., 198G)d-at al., 1998; Gao et al., 1998),
and the length and the section of inlet air tubet¢Hinson et al., 1993). To minimize
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this perturbation it is possible to pump and surctiath the same flow rate (Cropper
et al., 1985; Lund et al., 1999; Martins, 2010).

It has been demonstrated that a pressure incrdaealy 0.5 Pa reduces
measured fluxes by 20-70%, whereas an increas@afdives a reduction of flux of
70-90% (Lund et al., 1999). An under-pressurizatbrthe chamber can result in
overestimation of fluxes due to suction out of ¢lod; a difference of only a 0.2 Pa
and 2 Pa can cause a factor of 2 and 20 respsctivelverestimation of F (Fang et
al., 1998); others say that a difference of - 1a2cRuses 20% increase in measured
flux (Reichman et al., 2002); it has therefore beaggested keepirfyP to values
lower than £ 0.2 Pa (Fang et al., 1998).

Other causes of over-pressure are due to smallndiores of the vent, or in
general of gas ports. Examples are when outlet gorgmaller than inlet one
(Davidson et al., 2002; Fang et al., 1998), or pheticular case in which outside
wind is low compared to sweep air speed inside diiember, giving a sort of
Venturi effect that makes F increase (Gao et 8B/1Reichman et al., 2002).

For non-stationary chambers (closed ones) incrieat@amperature under the
chamber gives positive pressure, whereas decreasamiperature or air sampling
gives negative pressures and lower F. Fig. 4.&aids the effects of the change of
pressure (due to various reasons) under the chatobEr normalised on a non
perturbed emissiongFand the time they take to disappear (Hutchinsa@h. £2001).
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2.0 1
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Fig. 4.6. pressure gradient influence on flux F as a refee to a non perturbed
emission flux (Hutchinson et al., 2001).

To reduceAP Tillman et al. have suggested using a coverirtg wiflexible
membrane on it, that expands according to baromptassure changes (Tillman et
al., 2004). For closed dynamic chambers, with irglesed loop, the position of the
chemical adsorbent also influences the pressureitdgienmead, 1979).
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4.2.4.8.3 Wind

Another natural element, wind, affects vapour emigstoo, and since the
chamber is a closed structure, may be submittetiffierent conditions compared to
outside (Sanders et al., 1985; Schroeder, 1995idRai et al., 1996; Wang et al,
1997; Wallschlager et al., 1999; Wallschlager et 2002 Widen et al., 2003);
however a strong correlation with wind was measupMtbodrow et al., 1991,
Poissant et al., 1998). For open chambers (espewiakre sweep gas is induced by
suction) it is advisable to apply a wind shieldbaffle to reduce the velocity of air,
prevent Venturi effect (toward the outside of FCimadicated by Bernouilli law
(Norman et al., 1992; Reinhart et al., 1992; Hutsbh et al., 2001)) and air from
blowing into the chamber (Denmead, 1979; Coopealet1994). In very windy
areas, in particular, wind reduces diffusion resise and thus makes F increases;
some authors suggest reproducing wind speed byna(lfaz et al., 1997), or
managing sweep gas in order to simulate envirormheonditions (0.4-0.6 m séc
(Schwartzkopf, 1978; Iritz et al., 1997). For tygicontinental monitoring, where
wind is often low, minimizing pressure fluctuatidne to wind effect (generally in
the range between -0.7 and +0.9 Pa) is recommediiaddson et al., 2002) because
flowing on the chamber vents, it induces a locgirdssion compared to inside space
(called Venturi effect) that causes local and terapemission increases (Norman et
al., 1992; Reinhart et al., 1992; Poissant etl898; Pumpanen et al., 2004). Some
simple windbreaks extending from the top of thencher to the soil surface are
sometimes used (Matthias et al., 1980; Parkin.e2@03).

4.2.4.8.4 Rain

Rain also has direct influence on F, becausecitedeses air-filled porosity of
soil, limits diffusion (8 3.2.2.1), displaces natlufluxes of soil vapours, dissolves
VOCs, and creates a sort of “cap” above the sarifidan, 2002), leading to smaller
F (Smith et al.,, 1996). Trace precipitations (<50rBm) have no effect, whereas
more consistent (7-10 mm) ones do (USEPA, 1986;rktk| 1992; Yates et al., 1997,
Hartman, 2003). Other scientists have seen thahall @ddition of water has the
opposite effect on F: it decreases VOC sorption #&wmbs to an increased
volatilization (Steinberg et al., 1993; Rinklebeakt 2010); in the case of mercury in
particular emissions after a rain event are graatiyease (if w is lower than 15%),
because of its reactive nature (Wallschlager etl@99; Wallschlager et al., 2002;
Song et al., 2005).

When the effects of each of these phenomena adéed{ some corrective
factors may be defined, in order to check flux bsaérates et al., 1996).

4.2.5 Sampling

The overall accuracy and precision of a FC dependthe biases and
variability due to emission source, sampling methad analytical method (Eklund,
1992).

In closed non-flow through (static) chambers sangplimay occur on
chemical adsorbent materials left under the enckosAnother alternative is to use a
sampling port for removal of discrete gas samplifoy, example sampling by a
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syringe through a self-sealing septum. In theseesasample withdraw is
compensated by pressure venting, in order not tkernttze flux increase artificially.
For closures with high H, a tube perforated aldadength is used in order to obtain
an average sample, representative of all the system

In steady state apparatus, the sampling systenmbmagnstituted by a simple
holed tube, or by a system holed in different posg to achieve an average
concentration under the chamber (Reinhart et 8B21Livingston et al., 1995; Di
Francesco et al., 1998; Wallschlager et al., 2Q@2;et al., 2003). This system is
particularly useful if the sampling port is nextawent, if the chamber has high H or
for vegetative soils where conditions under FC peeturbed by plant presence
(Hutchinson et al., 2002).

The outflow lines are connected to suction forgesr(ps, personal air check,
depression due directly to sampling system (8 .9dtated generally after the
collecting system (in order not to perturb it (Rathan et al., 1992)). Sometimes they
are used directly to create mixing inside the chem{B 4.2.4.6), without using any
sweep gas, but this gives strong pressure defieit2.4.8.2).

Obviously the sampling flow, Qhas to be less than;Qo avoid negative
pressure inside the chamber drawing air from oatsithe ratio of @o Qnis subject
to change inside the range 0.01-1 (Tab. 4.3).

Monitoring details have to be defined to perforne throper sampling
technique, in particular information such as aresyof interest, adequate detection
limits (d.l.) for the work purpose, location andnmioer of samples required to depict
site conditions properly, time duration and frequenf the monitoring events, the
impact of topographic, meteorological and physat@mical parameters on the
sampling plan, the logistics of the site and theetof storage (Romele et al., 2010).

The overall precision, due to sampling and anayiphases, is determined to
be + twice the standard deviation of the mean (Rakal., 2003).

The duration of sampling depends on the chosenlgessechnique of
collecting samples linked to applicable analytidgichniques, scope of the
monitoring and kind of FC. If the emission is assdngonstant (for open systems) or
the concentration rate is supposed to be constaet tme (for closed ones)
measurements generally last 20-40 minutes, usefubite imminent risk for
personnel on the site. When collecting for RA pgg® (8 1.2) it is suggested to
conduct flux monitoring for a time representatifeéhe exposure of the receptor and
to avoid short-length sampling (Batterman et a®92); monitoring duration of a
half-day is enough to approximate a 24 h mean ({[Revidson et al., 2002). This is
because obtaining an average sample is more mdainthgn it is not affected by
temporal changes of environmental conditions. Peations on natural F are
however to be avoided by not prolonging measuringes in excess (8 4.2.3)
(Eklund, 1992; Gustin et al., 1999; Parkin et2003).

As a general rule, rigorous protocols have to labdéished and followed for
the collection, transport, storage and analysig, s advisable to take minimum
10% of the sampling points as duplicates (USEPAR61%chmidt, 1991; Eklund,
1992; Smith et al., 1995). These consecutive measemts have to be performed at
the same locations at appropriate intervals in rotdeavoid perturbations from
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previous deployments, even if initial flush is apg| typically the flux tends to
increase at each measurement (Hutchinson et all)20

Gas standards, with known concentration, shouldchéedled, stored and
analyzed regularly in the same way as the real kapd, as an indication, air
samples can easily give artefacts, in terms of ripiem or reaction on the walls of
sample container, leaks, dissolution in water, eact chemically, biologically or
photochemically inside the same sampling devicep(idt et al., 1986; Livingston et
al., 1995; Hutchinson et al., 2002).

Outflowing fluxes may be monitored by on-line samgland or collected for
later analysis at the laboratory (Fig. 4.7). Irstbase they can be poured into proper
devices or made to flow through proper “pre-coneditn” devices, such as sorbent
media or cold traps to trap chemicals by freezaatporption or chemical reactions.
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Fig. 4.7. sampling devices suitable for analyses of comgdeum gas flow: a)
canister, b) Tedlar bag, c) tubes, d) gas tightrgyes, e) glass sampling bulb.

4.2.5.1 Direct-reading method

When it is not necessary to preserve the sampddtiree on site detection
and quantification of chemical compounds may béopered (Eklund et al., 1985).
These measurements may provide both qualitative carashtitative data, because
there are specific devices for each family of commuts. These systems are useful
especially for non-steady state closed devices,reviigere is no sweep flux that
dilutes the flux coming out the soil, or in geneimmonitor compound concentration
over time.

Common hand-held Flame-lonization Detector (FIDYl &hoto-lonization
Detector (PID) analyzers cannot reach low d.l. égelly ppmv), and the use of a
field portable gas chromatograph, equipped with saene type of devices as
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laboratory instruments, would be required. Theree also portable mass
spectrometers, with sensitivity up to a few pphw, they give an indication in terms
of classes of volatile compounds. For some gase$, as carbon dioxide (Davidson
et al., 2002), methane, oxygen (Eklund et al., }988lemental mercury, portable
gas analyzers are also available, but they ususdiye a narrow dynamic range
(because they are subjected to memory effects).

4.2.5.2 Whole air collection techniques

These techniques consist in collecting a sufficagrantity of air into suitable
containers such as bottles, polymer bags or casiitat may preserve the sample
with the researched compounds (still in the gagir)ah it, until the completion of
the analysis. This technique is suitable for chatsievith a high volatility level, in
order to avoid their condensation in the sampleu ¥an just collect a ‘grab’ sample
or use a time weighed average (TWA) samples usatigrated flow controllers to
fill at a constant, controlled flow rate over timi.is simple, does not need any
refrigeration or special handling until they arealgmed, does not depend on
chemical concentration (such as the case of tubesrewvthere is the risk of
breakthrough) and moreover it allows to carry ceplicate analysis on multiple
aliquots of the same sample.

Gas tight syringes and glass sampling bulbs/pipes suitable for
instantaneous sampling, to analyze gas soon #dteollection, directly on site (Frez
et al.,, 1998) or however for short storage time,ploytable gas chromatography
device, and are in general applied for laboratdugiss. The first ones may contain
from microlitre to some litres of capacity, and gascollected manually or by a
pump; the second ones generally have volumes |thiger one litre, and have an
inlet and an outlet with Teflon tops to help sam@lprocedure.

The most known devices are polymer bags in Tedlminized Tedlar,
Teflon or Nalophan (with volume from 500 ml to 1)Cavailable for limited storage
period (< 24/48 h) because of risk of chemical gatsmn on organic material.

Other possibilities are steel canisters (with vatufrom 1 to 32 |) that are
often treated to be chemically inert using eleabtghing process and passivation to
increase chemical inertness (ensuring stabilityniany VOCs over periods of up to
30 days). These systems are prepared and clearesdlydiby the laboratory. The
sampling belongs under the direct driving forcettté canister that is kept under
vacuum (<13 Pa): a bellow valve regulates the ifitet and seals off the canister
once the sample has been collected. These systersgitable for both polar and not
polar VOCs, including also reactive species suchmascaptanes and carboniles.
They are quite expensive devices but do not negdsample preparation step
directly since are attached directly to the instats for the analytical
determinations (Romele et al. 2010).
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4.25.3 Tubes

Pre-concentration systems are consolidated ancttsbgg official methods
approved by NIOSH, OSHA or U.S. EPA. They are basedifferent commercially
available ad-sorbent tube/as-sorbent media, ambicdo different kinds of
compounds with various volatility ranges. They ammall sealed glass tubes
containing one or two different adsorbent mateyidigided in two parts: the bigger
one is the sampling one, whereas the second, segdbs a polyurethane set, is
called backup and is used as a check controlcdntains a mass higher than 25% of
what was adsorbed, it is an index of a breakthrgoiggnomenon an therefore the
sampling is not representative of the total madieded on sampling line.

To collect on a tube, it has to be opened at tlus,eattached to a suction
pump regulated at an imposed flow (generally lothen 1.5-2 | miit). The inflow
is suggested to pass through a dehumidifier systiemmg to collect the humidity
inside the flux separately and avoid compromishgtube or induce gas dissolution
in it. It is performed by making air pass througydiophobic membranes (Nafion
(Castro et al., 1991; Eklund et al., 1998), Teflonxold-impingers (Morrison et al.,
1990). At the sampling end, tubes are closed byeraaps and taken to the
laboratory where the compounds are desorbed bym#iefTD) or chemical
extraction (CE) (Brown, 2002), and then transfeliregd the analytic device, which
is often a gas chromatography (GC), equipped willeemass spectrometer (MS) or
flame ionization (FID) detectors, or a high perfame liquid chromatography
(HPLC) system.

Breakthrough can occur if the sorbent surface getkirated with the
compound, or the compounds have no enough timetéoact sufficiently with the
sorbent surface (e.g. when the flow rate througls itoo high) or the retained
compounds is eluted in the ongoing sampling proeeddue to changes in
environmental conditions.

As a general indication extensive quality contr@asures (such as duplicates,
field blanks, lab blanks) are required to avoidefatts due to passive unwanted
adsorption of VOCs. The choice of the sorbent natdepends on affinity with the
target VOCs (influencing not only the chemical letaluring the sampling but also
the desorption efficiencies for the analysis), ¢haracteristics of gas flow to sample
(moisture, presence of reactive substances) asd, available extraction technique
(Politecnico di Milano et al., 2010). A rough cldesition might be based on three
broad categories: porous polymer-based sorbentjomdased sorbents and
inorganic materials (see details in Tab. 4.6) (Remeéal. 2010).

Passive devices can also be found on the markechvare used for closed
steady state chamber (8 4.2.1.2), but their pedoga is strongly dependent on
temperature cycling and high humidity; furthermdiney need long exposure time
(more than 2 days) to make the mass collected glunitial period (affected by
environmental air under the chamber) negligiblecasipared to that collected at
steady state (Batterman et al., 1992; Brown, 1993).

Particular attention has to be paid to the choicén® method, because more
common protocols, used for working place contrdtsnot reach sufficient sensible
detection limits according to RA point of view. Tah7 indicates a summary of the
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most common measurements and matched analytichlongefor chemicals in gas
flow (Politecnico di Milano et al., 2010).

4.2.6 Flux estimation

As a general indication, taking replicate obseorai especially for
instantaneous or short time sampling is a goodtiprcdAt the sampling end, a good
data analysis is necessary to avoid statisticdlessit(Skoog et al., 1992 in Kim et
al., 1995) and to verify or adjust samples of chaniianks.

4.2.6.1 Non-steady state chambers

In non-steady state systems F changes over timaubecof modified
accumulation of compound C under the cover, whicllifres F due to diffusion.

This protocol has to be followed: i) define a modékat correlates
concentration in enclosure chamber and time; fti)itfito concentration data, iii)
calculate F at the moment of deployment (t=0) ar)dverify the credibility of the
prediction (examining for example in a plot actuatsus predicted concentrations
over time), evaluating its significance by usingpeer statistical tests (Livingston et
al., 1995).

When the compound vapours react with the othersgakesed under the
chamber (for example ambient)Qit is advisable to use concentrations collected
after a certain lag time, when all the reactiveegdsave been adsorbed or destroyed.

Both linear and non-linear correlations are usedt@nature. The former is
suitable for short deployment periods, and consideconstant exchange rate over
time:

_V AC,

F=L""0 4.14
S At (4.14)

AC, . .. . .
whereA—tgls the variation of concentration over time obsdrumder the chamber

(De Mello et al., 1994; Livingstone et al., 199%eF et al., 1998; Gao et al., 1998;
Widen et al., 2003).

Rayment argues that there is an intrinsic err¢dif4) because the “effective
volume” of the chamber is larger than the chamtsaifiand includes some of the
pore spaces within the soil (Rayment, 2000). It Iiesn evaluated that for a 10-20
cm tall chamber, the error for using non-steadyestystems with (4.14) data
elaboration ranges from negligible to 15% undenestion, depending on soll
texture and water content (Davidson et al., 2002).

One way to solve artefacts due to concentratiomgdainder the chamber is
to extrapolate C values at initial time (t = 0),cotlect samples soon after the closure
of the chamber (De Mello et al., 1994).

80



Chapter 4: volatilization flux determination

Tab. 4.6: Properties of some solid sorbents according (U289 in Romele et al. 2010).

Surface Thermal Water
Type Structure area Products Desorption Compounds tested Polarity bili ini
[m2 g stability affinity
Silica gels 1-30 Voll?;;i);:are, Solvent PCBs, pesticides High 400 °C High
. Aluminium oxides 300 Alumina F1 Solvent Hydrocarbons High 300 °C High
Inorganic Cupper and manganese Hopcalite/ S . . .
oxides - Anasorb C300 Acid digestion Mercury High - High
Gold trap Mercury High
Non - polar and
Activated Charcoal 800 — 120p ORBO Solvent | slightly polar VOCs | Medium > 400 °C High
(>50°C)
Carbosieve, Non - polar and
Carbon Carbon molecular 400 — 1200 Ambersorb, Solvent/ slightly Low > 400 °C LOW -
based Sieves Spherocarb Thermal R medium
polar VOCs (>-80 °C)
Carboxen
Carbotrap,
Graphitized carbon blacks 12 -100 Carbopack, Thermal Non - polaor vOCs Low > 400 °C Low
(> 60 °C)
Carbograph
Styrene, divinylbenzene or Porapak Q/N, Thermal/ ”'\]lgge'rgtzllar ag:gr
polyvinylpyrrolidone 300 -800 | Chromosorb yp Variable <250°C Low
solvent VOCs
polymers 106/102 (> 40 °C)
Phenylphenylen oxide 20-35 Tenax Thermal Non - poli\r VOCs (> Low <350 °C Low
polymers 60°C)
Porous —
olymers Pest|C|d_es an_d other
P PU- Foams - - Solvent semivolatile Low <200 °C Low
compounds
Semivolatile
Polystyrene,/divinylbenzen 300 XAD-2 Solvent compounds _(eg. PAH  Low <200 °C Low
and chlorinated
pesticides)
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Remarks: Tendkis a registered trademark of Buchem B.V., NV, Nigrbotraff, Carbopack, Carbograpf, Carbosiev& and Carboxehare registered
trademarks of Sigma - Aldrich Co., USA; Chromo$oi a registered trademark of Johns - Manville C&tBA; Porapak is a registered trademark of
Waters Associates Inc., USA; Spherofaib a registered trademark of Analabs Inc., USAojagpher® of E.Merck KGaA, Germany; Flori§ilis a

registred trademark &J.S. Silica Co., USA.

Tab. 4.7: Main sampling/analytic methods for air flow (Pelcnico di Milano et al., 2010, modified).

Method Compound* Sampling Analytical Detection limit Reference
system technique
TO-1 VOC Tenax DT-GC/MS 0.02-200 pg m* (0.01-100| USEPA, 1999
ppbv)

TO-2 VVvVOC Molecular DT- GC/MS 0.2-400ug m®(0.1-200 ppbv) | USEPA, 1999
sieve

TO-3 Non-polar VOC Canister GC/FID/ECD 0.2-400ug mi°(0.1-200 ppbv) | USEPA, 1999
Tedlar bags

TO-12 Non-methanic hydrocarbons Canister GC/FID 0.2-400 mg M(0.1-200 ppmv)| USEPA, 1999

TO 14A Non-polar VOC Passivated GC/IMS 0.4-20ug mi®(0.2-2.5 ppbv) USEPA, 1999
canister

TO-15 VOC Passivated GCIMS 0.4-20pg m*(0.2 -2.5 ppbv) | USEPA, 1999
canister

TO-15A vVOC Passivated GC/MS/SIM 0.005-0.02ug ni® (0.002-0.04[ USEPA, 2000
canister ppbv)

TO-17 VOC Single or DT-GC/MS, FID 0.4-20pg m*(0.2-2.5 ppbv) USEPA, 1999
multi-layer
adsorbent

TO-23 VOC Molecular DT-GC/MS 0.2-400pg m*>(0.1-200 ppbv) | USEPA, 1999
sieve

ASTM D5466 VOC Canister GC/MS 0.1-1.0 ppbv ASTM, 2001

(confirmed 2007)

ASTM D6196 VOC Adsorbent DT + proper >0.1ug m* ASTM, 2003

Tube analytical technique (confirmed 2009)
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ISO 16017-1 VOC Adsorbent DT-GC/FID/PID/MS | >0.5ug m* ISO, 2000
Tube

ISO 16017-2 VOC Adsorbent DT-GC/FID/PID/IMS | >2 pg mi® ISO, 2003
Tube

UNI EN Benzene Adsorbent DT-GC/FID or >0.5ug m* UNI, 2005

14662-4 Tube others

OSHA7 VOC Adsorbent CE-GC/MS, FID 1-20ug mi*(0.4-2.5 ppbv) OSHA, 2000
material

M.U. 1386 VOC Chromosorb GCIMS - UNICHIM, 1999

(traction hydrocarbon)

1ISO16200-1 VOC and SVOC Adsorbent | CE- GC/MS 1 mg ISO, 2001
material

1ISO16200-2 vOC Adsorbent CE-GC/MS, FID,| 1 mgn?® ISO, 2000
Tube ECD

MADEP APH C5-C8, C9-C12 aliphatic hydrocarbopCanister GC/MS >2 ug m MADEP ,2008

2008 C9-C10 aromatic hydrocarbon

NIOSH 1550 Hydrocarbon fractions Adsorbent | CE-GC/FID 100-400ug m* NIOSH, 2005
material

NIOSH 1501 BTEX Activated CE-GC/FID >0.01 mg m NIOSH, 2003
carbon

UNI EN 14662-| Benzene Adsorbent CE-GCI/FID or other| >0.5ug m* UNI, 2005

5 Tube

M.U. 1576 Benzene and chlorinated hydrocarbpiubes DT-GC/MS - UNICHIM

NIOSH 1615 MTBE Activated CE-GC/FID >0.2ug m?* NIOSH, 1994
carbon

TO-13A PAH PU- Foams or CE-GC/MS 0.5-500pg m*>(0.6-600 ppbv) | USEPA, 1999
XAD2

NIOSH 5506 PAH XAD2 CE-HPCL/FL/UV >5ngh NIOSH, 1998

NIOSH 5515 PAH XAD2 CE-GC/FID >1ug m® NIOSH, 1994

TO-9A Poli-chlorurates and bromates PU- Foams CE-GC/HRMS 0.25-5000 pg m USEPA, 1999

Br- e Cl- PCDD/PCDF
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Tab. 4.7: continued.

TO-4 Pesticides and PCB PU- Foams CE-GC/MS/ECD p@,2i°>- 200 ng 17 USEPA, 1999

TO-10A Pesticides and PCB PU- Foams GC/MS/ECD 1¢DOV USEPA, 1999

ASTM 4861 Pesticides and PCB PU- Foams, GC/ECD <0.001pg mi® ASTM, 2005
PU-
Foams+XAD2

NIOSH 2533 tetraethyl lead XAD2 GC/PID > 10ug m° NIOSH,1994

NIOSH 1022 Trichloroethylene Activated CE-GC/FID 0.3-10 mg i NIOSH, 1994
Carbon

TO-11A formaldehyde and other aldehyde DNPH on | CE-HPLC-UV 0.5-100 ppbv USEPA, 1999
adsorbent

ISO 16000-4 Formaldehyde DNPHon | CE-HPLC-UV >1pg m® ISO, 2004
adsorbent

TO-8 fenol and cresol NaOH in HPLC-UV 1-250 ppbv USEPA, 1999
bubbler

NIOSH 2017 Aniline, p-toluidine, Silica gel CE-GC/FID >0.02 mgh NIOSH, 2003

Nitrobenzene

NIOSH 2002 aromatic anilines Silica gel CE-GC/FID >1mgnm’ NIOSH, 1994

MDHS62 p-phthalic acid Tenax CE-HPLC-UV >4ug m® HSE (UK), 2002

NIOSH 1600 carbon sulfure Activated CE-GC/FPD >1mgm NIOSH, 1994
carbon

10-5 Mercury Golden CVAFS 45 pg v USEPA, 1999
misture

NIOSH 6009 Mercury Hopcalite CE-CVAAS >0.01ug m® NIOSH 1994

1) VOC = volatile organic compounds, VVOC, very vdatrganic compounds, SVOC = semi-volatile orgaoimpounds, PAH = polycyclic aromatic hydrocarboGBP
= polychlorobiphenyl, PCDD/PCDF = dioxins and fusan
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When measuring time is longer, due to analyticalitations (for example
when there are low exchange rates, or for situgtinrwhich source is very near the
surface), F is no longer constant with measurimgetiand therefore non-linear
models have to be applied (Hutchinson et al., 199@tchinson et al., 2001;
Davidson et al., 2002). Hutchinson et al., defiaeshodel under the hypothesis that
contaminant concentration increases linearly wigptd in a uniform layer of saill,
which is suitable when observations are availalsly two successive time periods:

. V*(C-Co)” |n{C1'CO} (4.15)
S(t;-t9)(2C, -C, -Cp) [ C-C

for t,=21, G -G >1 and subscript O defines ambient conditions. Thelte depend

2
heavily on the single measurement precision, aacefore the model is little robust
(Hutchinson et al., 1981).
Pedersen at al. introduced a stochastical evolubio4.15), without any
limits on numbers of samples and or equidistandara (Pedersen at al., 2000).

4.2.6.2 Steady state chambers

In open steady state systems, once it has rea¢aeonsary conditions, F is
defined as:
Qin * (Cgput - Cg,in)
A
where Gouand Gin are concentrations of the observed analyte in auggand
incoming sweep air (Zhang et al., 2002; Eklundlgt1®85; Castro et al.,1991; De
Mello et al., 1994; Kim et al., 1995; Carpi et 41998; Poissant et al., 1998; Bahlman
et al., 2006), as indicated in Fig. 4.8. PrecistdnF is derived from replicate C
observations over time.

F=

(4.16)

Environmental
) air
Air
C g,out C g,in
Q out s ~iffs () in
outlet t F inlet
~ .- Soil surface layer 7

Fig. 4.8: steady state chamber (Zhang et al., 2002, matjifie

When clean injection air is usedg &is posed equal to zero (USEPA, 1986;
Eklund, 1992). Furthermore, when sorbent tubesapmied for sampling, there is
often a repartition of out-flowing gas and just artp(Qamp) is adsorbed on the
sampling cartridge for a timat. The analytical results are expressed as mass of
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compounds adsorbed on the tubeadd which is used in a mass balance to give
(Gao et al., 1997):

F= Qin *M sampl
A*At* Qsampl
In open static steady state systems, gas is oetlem a passive sampler and
F is given by:

(4.17)

(M sampl+ Ivlwall) (4.18)
A* At

where Mampiand My, are the mass absorbed on passive sampling eleraedts

chamber wall respectively; since the latter canbetmeasured, it is calculated

through numerical models (Batterman et al., 1998at is why these devices are not

used so often for field application, considering groblems indicated in (8 4.2.5.3).

F=
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5

SETUP DEFINITION

5.1 Introduction

This chapter describes the execution and the sesfilthe tests carried out to
define stationary state and mixing conditions dreldvaluation of the purge time, in
order to obtain an ideal chamber setup to monitmisgions of the volatile
compounds from contaminated soils. These conditiegre verified with a chamber
purchased from a supplier, and later by varyingubetor gas emission system. On
the basis of the results obtained using these gardiions, the chamber structure
was modified, improving the negative aspects of ghevious configuration. This
made it possible to obtain a more appropriate clearsétup.

The tests were carried out at DIIAR laboratory adl s outside, while the
samples were analyzed exclusively at the DIIAR tabary.

5.2 Materials and methods

5.2.1 Source and sampling system

The main tracer used to test the Flux Chamber’s @e&baviour was ethanol,
specifically commercial denatured ethyl alcohol¥®0This choice was made since
it is an organic volatile substance, with low tatyic easily obtainable, and easy to
use and analyze. It also samples to be taken thstamithout needing to be
accumulated on absorbent material. This analyteiekier, has the disadvantage of
being less significant when compared to other patits found in soil contamination
cases, for both its chemical and physical properéied the high concentrations
needed to quantify it by the analytical method ke in the DIIAR laboratory. As
it is in liquid form at room temperature, it waobght to vapour state by fluxing air
through a drechsel bottle and making it becomerat#td by the alcohol. The flows
were controlled and measured with a flow meter.
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At the beginning of each test, the source parametezre measured; in
particular the air inflow moving towards the dreehbottle (Qoucd Was recorded
(by a bobble glass flowmeter for lower flows) ahé toncentration of ethanol at its
exit (Csourcd Was measured.

The system, used to inject the ethanol-saturateitht the chamber, was a
diffuser made of 2 glass Ys linked together by inatal Teflon fittings, ending in 4
PTFE tubes. This device was placed in the centrth@fbase of the FC and was
created in order to have as uniform a source asiljesat the bottom planar section
of the chamber (Fig. 5.1). The flux emitted by thiuser was tangential and close
to ground level, and therefore best simulated aonssdrom the soil.

Fig. 5.1: device for ethanol source inlet under the Fluxa@ier.

The second used type of source was several colduaedrs produced by
smoke candles. As the direct lighting of the smb&eb under the chamber could
have released too much heat, it was lit in a sépaeactor, linked to a pneumatic
pump emitting environmental air at a pressure fSlbar (1¢10- 1.5¢10 Pa).

The coloured tracer input system consisted of a tidking the reactor outlet
with the FC: it entered below the FC buried in amd surrounding the base of the
chamber (Fig. 5.2).

coloured tracer
inlet point

Fig. 5.2 device for coloured tracer inlet inside the Fluxadtier.
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Samples of the ethanol-contaminated air were takery glass sampling bulbs
(Fig. 5.3.a) with PFTE taps (8 4.2.5.2), from whithwas possible to extract the
sample, by piercing the Teflon septum with a Gaso@latography (GC) syringe.
The sample was taken by linking the bulb, with ofsgrs, to the sampling port and
letting the air from the chamber flow through ibgpenough time to allow multiple
complete exchanges of the inner capacity of thb L0 ml). According the kind of
test, the sampling was carried either with or withsuction. In the case of suction,
the exit of the bulb was linked to an SKC persa@ahpler or a suction compressor
(8 A1.1.2) (guarded by active carbon cartridgesqdabetween the sampling bulb
and the pump). Once the sampling was done, thewaps closed (first the one
outside, then the one inside the glass bulb).

Once the sample had been analyzed (8 A2.2.1), tile Wwas cleaned by
fluxing repeatedly compressed air through it andsstuting the septum with an
intact one. Preliminary tests had verified thasthias enough: by analyzing the
content of a bulb cleaned following this procedtine, ethanol concentration resulted
inferior to the detection limit (d.l., equal to @.eng ).

Just for two final tests a PID (Phocheck Plus)field activity (§ A1.1.3) was
rented to detect directly ethanol concentrationmdureal time measurements. The
instrument was filled inside a holed PTFE septuosidg glass bulb, which was
connected to the sampling line as already desc(ibed 5.3.b).

* _Septum coveted

Fig. 5.3: ethanol-contaminated air sampling device: glasslbb(a) and PID,
sampling on line through PTFE septum of glass Ifio)b

The instrument output results as TPH (total petnole hydrocarbon)
concentrations (x), and therefore an initial caitam phase was performed to
convert them in ethanol concentrations, by injgctnown amounts of ethanol into
airtight bottles, giving concentration (y) insideet measure range. Results of
calibration are indicated in Fig. 5.4sd&ceCould not be analysed by this method
because beyond its maximum detectable value.

The resulting calibration, with a?Roefficient equal to 0.952, was:
y =-0.0875 &+ 1.3582 x — 0.3861 (5.2)
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6.0
4.0
3.0 !/(
2.0 +
/9
1.0

0.0 T T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

PID measured Giano[mg 14

theorical Cehanoi[Mmg 1]

Fig. 5.4: calibration curve to set PID instrument.

With the coloured tracer, the test results werduatad by visual examination
of the behaviour of the gas inside the chamber.

5.2.2 Commercial FC with sweep air injection via a tube

The Flux Chamber used for the first phase of thearment was bought from
Zambelli s.r.I, a company manufacturing and mangetir-quality check equipment.
The chamber was manufactured according to EPA tjnéste It was therefore made
of an aluminium cylinder, with no base, and an aweunting circular crown, on
which it rests a Plexiglass hemispheric dome, setdethe crown with a spongy
sealing gasket and silicon paste. The dome feathres opening vents (VENT), a
vector gas intake port (IN) and a sampling port [Q\(Figs. 5.5 and 5.6). It is also
equipped with two steel tubes, one as a sweep igagdtion system and the other
for sampling. The size of the chamber is summariaedb. 5.1.

Tab. 5.1: geometrical features of the commercial FC.

Aluminium cylinder inner diameter cm  60.8
Aluminium cylinder external diametercm | 67.0
Height of the aluminium cylinder cm 25.4
Bottom basis of the cylinder ém 2902
Volume of the cylinder c| 73707
Crown external diameter cm 72.2
Plexiglas dome external diameter cm 81)6
dome height cm| 12.0
Total volume cm| 92023
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circular crown
for dome support

circular crown of
aluminium
cylinder

circular crown

sealing ;‘or d(c))rrtne
gasket upp

circular crown
dome of aluminium
external cylinder
diameter

Fig. 5.6: picture of commercial flux chamber.

The chamber was used as an open dynamic FC (§2).2.1

In each test it was placed on a Teflon sheet (11mx (produced by Setecs
Engineering, MI — I) and sealed at the base witle fivet sand (Fig. 5.7). As sweep
gas nitrogen from a pressurized cylinder (Tecndgad., MI —I) equipped with a
bistadium pressure gauge was used, and the flowmaamged and controlled by a
mass flow controller (8 Al.1.2.4), ensuring alsattthe internal pressure was just
above the external atmospheric pressure. The sgagpnjection system initially
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used was the provided steel tube (Fig. 5.7). Fesdtliests, both ethanol and coloured
tracers were used.

SKC
nitrogen mass flow | sampling for pump for
supply  controller te? outflow sampling

by steel BA %
tube

Teflon
shee

ethanol
inlet in A

source: drechsel bottle
with ethanol

Fig. 5.7: elements of test arrangements used for textsawhmercial flux chamber.

With the ethanol source, according to the test,sd@aple from the FC was
taken from the OUT sampling port and/or from theNAEone. In the former case,
the inner air from the FC was suctioned throughsteel tube inserted into the FC
and driven to a glass bulb linked to the SKC pesbsampler (§ A1.1.2.1) set to a
flow rate of 1.0 + 0.1 | mifl. In the latter case, a Teflon tube, linked to kolffree or
linked to a suction pump) was used.

Teflon tubes were used to link the various partthefsystem, except for the
linking/junction points, where a softer plastic el was used (silicone or tygon).

This configuration was used for three kinds ofdes) to evaluate the time
needed to reach stationary conditions (with ethartml mixing tests (with both
ethanol and coloured tracer) and c) measuring tingeptime (with coloured tracer).
Temperature and humidity data were collected too.

5.2.2.1 Reaching stationary conditions

The aim of this kind of test was to evaluate thmetineeded to reach
stationary conditions inside the chamber, that n@s long the concentration of the
pollutant (ethanol) took to reach a constant vadunel therefore to define the starting
sampling time.
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The first testtest 1) was carried out by injecting ethanol with the tidte Y”
system (Qurce= 0.2 = 0.2 | miff and Gouce= 92 * 14 mg1). The nitrogen injection
tube (Gh = 5.00+ 0.01 | mir*, HRT (§ 4.2.1.2) = 18 min) was inserted 30 cm into
the FC and the sampling was done both from the @&IT, with the tube inserted 30
cm (Qu=1+0.11 mir'll), and from the VENT too, with a PTFE tube inserfecm
and linked to a suction compressor, with a flowteeent= 250 + 7 ml mirl.

The samples were taken 2 hours after the sourceswisched on, then again,

to verify the stability, after 6 hours and 30 miig. 5.8).
ouT
T VENT ) 1 I/min
0.25 I/min

IN\“ partially ogfn VENT hole /<

Fig. 5.8: test 1 configuration.

5.2.2.2 Mixing test

The aim of these tests was to verify the completeing of the volume
enclosed in the FC, that was the complete absehckar space or preferential
paths, and therefore to evaluate that the gas wveggextion system via a tube was
adequate. The configuration used for this tesit(2 was the same as the first test
one, with an added sampling point, by pumping ftbe OUT port through the tube
inserted 17 cm into the chamber (Fig. 5.9). Samplims done simultaneously via
VENT and OUT, waiting 90 min between measuremeritis mods at 17 cm and 30
cm from the dome. Later, two samples were takemfiENT (at 5 cm) and from
OU'I; with tube at 17 cm, doubling the suction flowrfih VENT (Qent = 490 £ 5 ml
min™).

ouT
VENT . 1 1/min
0.25 I/min
IN\“ partially open VENT hole f

{”
K

Fig. 5.9: test 2 configuration.
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During test 2 physical parameters were measurett wie instruments
indicated in Tab. 5.2 (details in Appendix 1).

Tab. 5.2: Instruments used for physical parameters momigpri

Parameter Inside FC (in) Outside FC (out)
Temperature (T) Termoigrometer (Oregon Scientific) Testo - 435
Humidity (H) | Termoigrometer (Oregon Scientific) Testo - 435

A third test was also carried oue$t 3 using an orange tracer to detect the
nitrogen inflow path (Q= 5.00+ 0.01 | min, HRT = 18 min). Nitrogen was driven
toward a closed tank containing tracer test; ong p@as used for inflow and a
second one as outflow of coloured gas. In this ,cafier accurate cleaning, the
chamber was filled with white smoke to create aague environment to highlight
the contrast given by the traced sweep gas.

A suction pump (Q:= 1.0 + 0.5 | mift) protected by active carbon, was used for
sampling (via tube) (Fig. 5.10).

inlet for white smoke

B ouT
IN /—B—\ 1 1/min air from
) pneumatic pump / //ZZ///
5 I/min @)Y oA L7
— open VENT /‘4 / %
coloured L
tracer for °
sweep gas / VENT
M
/ol )
) 0w
— \\A/ \//)\ o
| X
with smoke as X
background to underline P
coloured sweep gas h 72/{///]///

Fig. 5.10: test 3 configuration.

5.2.2.3 Purge duration

The aim of these tests was to evaluate the timdatet purge the chamber
of environmental background content of the wortmpound through sweeping gas
injection, verifying that the analyte concentratioeached asymptomatically a
concentration lower than the d.l.. Specifically,emtcoloured tracers were used (tests
4 and 5) the length of the time was determinedheydisappearance of the smoke.

In test 4a pink tracer was injected with the setup describe85.2.1. When
the injection finished, the nitrogen was introdusétsteel tube at = 5.00 + 0.01 |
min? (HRT = 18 min), regulated by mass flow controller.

A duplicate of previous testest 5 was carried out after having cleaned the
chamber from test 4, by injecting orange tracer sinthlating the sampling method
used in test 3.
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5.2.3 Commercial FC equipped with distribution ring

Following the unsatisfactory results of the testsfgrmed by steel tube, an
alternative injection system was considered, vigopated ring (as suggested in
literature, see § 4.2.4.5), while all the otherrobar components remained the same
(85.2.2).

The tests were carried out using two different sypering (A and B, see Tab.
5.3), made in Teflon (PTFE), which were placed iffecent heights and with the
holes facing in different directions, accordinghe performed test.

Tab. 5.3: features of rings used for sweep gas injection.

ring A [ring B
diameter [cm] | 60.8 | 16.0
number of holes| 6 74

Initially ring A was used, fixed to the FC by usisgme fishing line slid
between the dome and the gasket; the vector gagyeased into the ring through a
steel tube rod inserted into the IN port. Followimgpative results from the test with
ring A, injection by using ring B was tested, withe ring attached directly to the
tube. Finally, gas injection was evaluated usintdpbimgs simultaneously.

With ring A, three kinds of tests were carried calt:blank, b) defining the
time to reach stationary conditions, and c) evahlgatomplete mixing tests. With
ring B, tests evaluated were: a) verifying the tifmereaching stationary conditions,
and b) evaluating complete mixing. With both ringgether, mixing only was tested.

The sweep gases used were: a) nitrogen (Tecnoghsl-1), or b) treated
environmental air when there were nitrogen suppbblems (also aiming to test an
alternative configuration for application where oglinders are available for FC
measurements). Treated air was sucked by a suptiorp (KNF Laboport), then
filtered at 0.45um (Aperx Instruments) to remove particulate (whighthe long
term, would damage the machine), dehumidified diwasigel (Carlo Erba) and
purified on two in sequence tubes containing atédvacarbon (a.c.) (tubes “1” and
“2”) (Sigma Aldrich). Two tubes of a.c. were usadst] for security reasons. A
parallel test, performed by sampling ambient aimara.c. tube, linked to a personal
sampler (1.5 + 0.1 | mif) for 8 h, showed on “sampling part a” a mass baeol
lower than the d.l. (< 0.5g); thus demonstrating that the ethanol concenptraiti
ambient air was irrelevant for the research aims.

In all the tests, the pollutant source applied wtmnol. The samples from
the FC were collected, according to the test, fitbim sampling port OUT and/or
from VENT (8 5.2.2).

During some tests, temperature, humidity and pressata were also collected.

Finally, an ethanol adsorption test was carried @muiPlexiglass to evaluate
the consistency of the occurrences.
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5.2.3.1 Tests with ring A

5.2.3.1.1 Blank

The aim of this testt¢st 6) was to verify that the chamber did not give any
memory effect that is the presence of residualgast contamination, kept during a
monitoring, that could interfere with following neaements. In this experimental
apparatus (Fig. 5.11) ring A (in blue in the figynelaced half way up the cylinder,
with the holes facing the centre of the FC, waddumed the sampling tube (OUT)
was inserted 30 cm into the chamber.

After the chamber had been placed on the sheebdgeit (Gh = 5.00+ 0.01 |
min) flowed for 120 min, corresponding to 6.5 times thRT, in order to ensure a
complete exchange of the full capacity of the FGsainple of air from the FC was
taken by a glass bulb at the initial moment, whes EC was placed on the Teflon
sheet (before the vector gas flow started) andhenaine 120 min after the sweep
gas was switched on. During test 6, some physiaedmeters were measured using
the same instruments indicated in Tab. 5.2.

IN ouT
5 1/min 1 I/min
- 7

=== ¢ =
<f;@/ —

Fig. 5.11: test 6 configuration.

5.2.3.1.2 Reaching stationary conditions

To evaluate the reaching of stationary conditidws, tests were carried out
(test 7and8) with the same configuration as used in 8§ 5.213.The ethanol was
injected into the chamber using the 4-ways systascribed in § 5.2.1, with
different flow rates according to differently pemfwed tests (Tab.5.3). In test 7,
carried out soon after the end of the blank teshes were taken 15 min, 60 min,
90 min and 120 min after the source was turnedrothe replicate, test 8, just after
30 min and 150 min, to verify previous data. Durimgth tests, temperature and
humidity were measured with the same instrumenisdisated in Tab. 5.2.

Tab.5.3: source features for tests 7 and 8. Symbols arednted at § 5.2.1.

QSOUI’CE [I mln_l] CSOUI’CE [mg |_1]
test 7| 0.152+0.008)  119+18
test 8 0.152+0.008) 101 +15
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5.2.3.1.3 Mixing test
In order to evaluate the mixing with ring A, thriests were carried out (9, 10
and 11) using the flow rates described in Tab.®.4g¢énerate the source, with
indications of ethanol concentrations measured hat drechsel bottle outflow

(CSOUI‘CQ .

Tab.5.4: source features for tests 9, 10 and 11. Symbelsrewroduced at § 5.2.1.

Qsource [I min_l] Cosource [mg I_l]
test 9 | 0.152 + 0.008 101 £ 15
test 10| 0.152 + 0.008 142 £ 21
test 11 0.56 +0.05 69+ 10

In test 9 nitrogen gas was injected using ring A, placed hedfy up the
cylinder, with the holes facing the centre of the, mvith a flow rate of @ = 5.00
+0.01 | min' (HRT = 18 min). After having reached stationary ditions, the
samples were collected from sampling port OUT egedhdifferent distances from the
dome (9 cm, 17 cm, 30 cm from the dome) as weft@a VENT (Fig. 5.12). The
samples taken at different heights were collecte@dnén after the previous one to
allow the system to re-stabilize after the distad®a caused by the tube position
change.

During the test, temperature and humidity were mmess with the
instruments indicated in Tab. 5.2.

free VENT

IN B
5 1/min T 1 1/min <

<=

Fig. 5.12: test 9 configuration.

Test 10was carried out according to the same procedutesa®, but with a
higher nitrogen flow (@ = 10.00 + 0.07 | mif, HRT = 9 min) to evaluate any
possible improvements on the chamber’s internalimgixUnlike previous test,
another sampling point through VENT was added nsgiting the PTFE tube also at
3 cm inside the dome (Fig. 5.13). During this teshperature and humidity were
also measured with the instruments indicated in Bah
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open VENT

IN ouT
10 I/min T 1 1/min

5

=

Fig. 5.13: test 10 configuration.

In test 11ambient air purified on two vials of a.c. in ser(8#.2.2) wasised,
as sweep gas. The air was injected with=(6.5 + 0.2 | mift (HRT = 17 min) via
ring A placed at % of the cylinder's height, withetholes facing the centre. The
samples were taken from an additional positionubhoOUT port, placed at 37 cm
from the dome, close to the Teflon sheet, wheredg one was taken at 17 cm
through VENT.

Finally, a fan (generally used for personal compagration), placed in the central
part of the dome, was switched on. The sample akentfrom OUT port with the
tube at 17 cm (Fig. 5.14).

IN open‘ VENT ouT
5.5/5.6 I/min T 1 1/min
fun switched
\A ~on just for one /q

sampling

Fig. 5.14: test 11 configuration.

During test 11, temperature and humidity were megswith the same
instruments as indicated in Tab. 5.2. The presdifference between the inside and
the outside of the chambe&kR = R, - P,y) was also measured, at different distances
from the dome (0 cm, 13 cm, 25 cm, 31 cm and 37#rom ground level) by using
Micro-manometer DC 108° probe (§ A1.1.1.1).
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5.2.3.2 Tests with ring B

5.2.3.2.1 Reaching stationary conditions
Only one test was carried out to define the timeessary to reach stationary
conditions with ring B configuratioriest 12 The ring was placed at 13 cm from the
dome, with holes facing downwards and nitrogen wwpgsted with @, = 5.00+ 0.01
| min® (HRT = 18 min). Ethanol was injected through thevay system, with Qurce
= 0.56 + 0.05 | mittand Gource= 76 + 11 mgt. The samples were taken at 60 min
and 290 min via a tube inserted 17 cm into the ddar(Fig. 5.15).

IN ouT
5 1/min 1 I/min
N 7

Fig. 5.15: test 12 configuration.

5.2.3.2.2 Mixing test
Two mixing tests were carried out with ring B (td& and test 14) and as
source the ethanol was injected via the “doublesy¥stem. Tab. 5.5 shows the flows
entering the drechsel bottle and the source coratents.

Tab.5.5: source features for tests 13 and 14. Symbolsrareduced at § 5.2.1.

QSOUI’CE [I mln'l] CSOUI’CE [mg I_l]
test 13| 0.56 £ 0.05 76 + 11
test 14 0.56 £ 0.05 52+8

For test 13 ring B was placed at 13 cm from the dome, holesnéac
downwards, injecting nitrogen at& 5.00+ 0.01 | mirn* (HRT = 18 min). From the
OUT port, sampling was taken also at 37 cm fromdbme, whereas from VENT
the sampling was done without suction, at 3 cm friva dome, while it was
performed sampling from OUT at 17cm (Fig. 5.16)riDg this test temperature and
humidity were also measured with the instrumentfBah. 5.2.
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open VENT
IN ouT

5 1/min

Fig. 5.16: test 13 configuration (a) and detail of ring Bciag downwards (b).

In test 14 nitrogen was injected through ring B at 2 cm frground level,
with holes facing upwards, with a flow rate of,© 5.00+ 0.01 | min* (HRT = 18
min) (Fig. 4.17). For OUT port, sampling took plateough a tube placed at
different distances (from the dome) inside FC (9 &ihcm and 30 cm), whereas for
VENT samples were taken at 3 cm from the dome wnith without suction (250 £ 7
| min"). During the test, temperature and humidity wereasured with the
instruments indicated in Tab. 5.2.

open VENT /
0.25 I/min
IN ‘ ouT
5 1/min T 1 1/min
\ﬂ |
a) ~b)

Fig. 5.17: test 14 configuration (a) and detail of ring Bciag upwards (b).

5.2.3.3 Rings A and B used simultaneously

5.2.3.3.1 Mixing test
Two tests were carried out with both rings (testabdl test 16) to evaluate
any possible improvement in the mixing. For bothktsethe vector gas used was
purified ambient air (8 5.2.2) on two vials of arc.series. For both tests the airflow
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flowing through the drechsel,sQ.cs Was 0.56 + 0.05 | mihand the outgoing source
ethanol concentrationsgcewas 85 + 13mg.

Fortest 15,ring A (Qna = 2.5 + 0.2 | mif) was placed as in test 11, whereas
ring B (Qng = 3 + 1 | min®) was placed at 1 cm from ground level (close ® th
source) with the holes facing upwards. The totakftate of vector gas was 5.5 £ 1.0
| min® (HRT = 17 min). The samples were taken only frdra OUT port, at 4
different distances from the dome (9 cm, 17 cme®0Q and 37 cm) to evaluate the
vertical mixing (Fig. 5.18). Physical parametersravalso measured (temperature,
humidity and pressure), such as in test 11 (§ 3.3

ouT
1 1/min

Fig. 5.18: test 15 configuration.

In test 16 a follow-up to test 15, the fan was switched Big.(5.19). During
this test, temperature and humidity were measwsdg the instruments in Tab. 5.2.

ouT
1 I/min

IN
IN& \2.5 I/min

~1/min

Fig. 5.19: test 16 configuration.
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5.2.3.4 Absorption test on Plexiglass

In order to verify the entity of the absorption the material of which the
dome was made in its original configuration (Pléasg), an absorption test with
ethanol was carried out.

For this test, four glass reactors were used (ACBD) (Fig. 5.20). A and B
contained a piece of Plexiglass suspended usitgpéeqto allow the entire piece to
be exposed to the ethanol), C contained only taplest for the blank test (to test
reactors perfect tightening), and D was left empty.

Fig. 5.20: reactors used for adsorption test on Plexiglass.

Ethanol (32pl, equivalent to a concentration of 19 + 3 mj Was added
inside A, B and C reactors. The quantity was defiweh the aim of testing the same
strain undergone during previous tests, with aogaals ratio of ethanol per surface
unit. After contacting for 24 h, some gas samplesawaken from reactors A and C,
whereas the reactor B content was moved into Diogaand then placed in an oven
at 35 °C for 3 h 45 min to evaluate any leak frova $trained Plexiglass.

5.2.4 Modifications to the commercial FC: setup equippedwith
steel tube

On the basis of the results obtained with the corommeFC, its original
structure was modified. The main modification cetel into the substitution of the
Plexiglass dome with a flat PTFE cover (producedSkeyecs Engineering, Ml — ).
The new cover was equipped with 4 holes (VENT 1NVE2, IN, OUT) with
airproof joints (Fig. 5.21). The non-inert rubbeas@get and the silicon paste were
removed, and replaced with a PTFE gasket (withnindi of BA-U R 200)
(produced by Setecs Engineering, Ml — ). The cowvas secured to the cylinder
with clamps.

The dimensions of the new setup are indicated i 5.

4 BA-U R 200 is a strong gasket material with spleniatal reinforcement, made by aramide and
inorganic fibers, suitable for high pressure, higimperature and stressed surface applications. 1.5
mm thick sheet was used.
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Regarding the sweep gas injection system, tests indrally made using the
provided steel tube. The sweep gas was ambienpuiifjed with activated carbon,
with a flow rate of @ = 7.5 + 0.5 | mift (HRT = 10 min). This higher flow rate was
chosen to guarantee a lower purge length (helpsa & lower FC volume) and
directly to test a configuration that would be u$edfuture field application, where
different tubes in parallel could be connecting cattflow to sample different
analytes, allowing however a positive pressurectifice between the inside and the
outside of the FC (§ 4.2.4.8.2).

Tab. 5.6: geometrical features of the commercial FC.

PTFE cover thickness cm 1.5
PTFE gasket width cm 4.8
Inner diameter of the aluminium cylinder cm  60.8
External diameter of the aluminium cylindeecm | 67.0
Height of the aluminium cylinder cm 25.4
Surface (A) of the cylinder base tm2901.9
Total volume cm| 73707.3

T
////
/ VENT 1
7/
/ O
A IN
% ouT
2 o
)
////7///circular crown of

aluminium cylinder

Fig. 5.21: final FC configuration: planar section.

New tests were carried out to choose the proper ¢oy@ctivated carbon (a.c.)
suited to purify the air for a sampling of 8 h histflow rate, both for treatment of
ethanol to perform tests with the FC new configoratdevice and for other VOCs
treatment for future application at field scaledBapter 6). Three types of activated
carbon were tested: GAC 830, NORIT 1 mm and NORHKM. As is shown in Fig.
5.22, ambient air was sucked (by a pump), afteingafiowed through a 45 um
filter, then dehumidified on silica gel, and themef forced through a U shaped
container with the a.c.. Sampling to verify the ealie of ethanol, as well as the
BTEX (with a view to activity at Chapter 6), wasrgad out by absorbing on a.c.
tubes (Sigma Aldrich) (§ 4.2.5.3) with a samplifmf of 1 | min* after 24 h and 16
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h. For the chosen carbon and verified length @ttnent, its treatment capacity also
for other compounds was verified. In particular roieals researched during field
activity presented at § 6 were analysed: light bgdrbons (C5 aliphatic, C6-C8
aliphatics, C9-C12 aliphatics, C9-C10 aromatics BIBE -8 2.2.3-) sampled on
a.c. (Sigma Aldrich) and heavy hydrocarbons (C18-Cdliphatics, C19-C36
aliphatics, C11-C22 aromatics, naphthalene) on XA8@ma Aldrich) (8§ 4.2.5.3),
where C indicates the number of carbon atoms awedain the molecule as indicated
in 8 2.2.3. The analytical methods, also perfornadDIIAR laboratory, were
modified MADEP APH (MADEP, 2009b) and MADEP EPH (NM&P, 2004)
methods (Tab. 4.7; d.I. indicated at 8 A2.2.4).

1.5 | min?

5

O~ g
" | min
4 [

1 2 3

Fig. 5.22: environmental air treatment line; 1: particulaféter 45 um; 2: suction
pump; 3: silica gel; 4: U shaped container filledthvactivated carbon; 5: activated
carbon sampling tubes (sampling flow rate = 1.5th7).

A technique to regenerate the a.c. chosen for théreatment was also
verified. First it was placed in a ventilated maffht 200°C, with suction system
switched on (to remove desorbed contaminated vapdor 4 h 30 min, allocated in
aluminium tanks resistant to that temperature. Tihemas left for 2 h in another
preheated oven at 150°C, in order to continueltbental desorption in the final tank
(at safe temperature for its glass material). tep was in fact necessary to avoid an
abrupt temperature decrease which could have caispdllutant to be adsorbed on
cold carbon. The carbon was placed in an airtighk t(left open) that was already
pre-cleaned by leaving it at 150°C for 3 h. Findhg carbon was left to cool in the
turned off oven for 2 h.

Because the new Teflon cover was no longer traespait was not possible
to use cheap qualitative coloured tracers, ancetbier all tests were carried out by
using ethanol.

Only mixing was tested with the new configurationhe reaching of
stationary conditions was not tested, because neglube volume of the FC and
increasing the intake flow, the previous resultsendeemed valid.
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5.2.4.1 Mixing test

To test mixing with the tube as sweep gas injectienice, a tesftest 17)
was carried out with the tube placed in centreditipos (Fig. 5.23). After the
chamber was perfectly cleaned, washed and purgedsweep flow and the ethanol
source were switched on simultaneously,(@= 400 + 100 ml mift, Csource= 43 +
6 mg 1Y). The sampling, which started 2 hours later tauemstationary conditions
had been met, was performed through OUT port aetbifferent distances (4 cm, 13
cm, and 21 cm from the cover). The top of the stigleé was linked to a Y, whose
branches were connected to two SKC personal sasnf@= 1.5 + 0.1 | miff)
protected by a.c. tubes; along one line, beforeptimap, a glass sampling bulb was
placed. Double exit line was applied to simulateafp@l sampling on two different
devices at the same time (for example also in oagarallel collection of a double
sample). During this test, the difference in presgiP) between the inside and the
outside of the chamber was measured by using time sastrument as test 11 (8§
5.2.31.3).

. 1.5 I/min
1.5 1/min sampling
V\ IN
/W 7.5 1/min

ouT
open
VENT 1 and
VENT 2

Fig. 5.23: test 17 configuration.

5.2.5 FC final setup

Following the unsatisfactory results obtained wiltle gas injection system
through tube (8 5.2.4), new tests were made usligtabution system consisting of
a Teflon spiral, developed along the whole cylinterght, creating one complete
coil, with a diameter equal to cylinder one (Fi24. The coil features 6 equidistant
holes, facing the centre of the chamber, charaeeriby slightly increasing
diameters from the air inlet point to the termipaint (sealed).

The used sweep gas was ambient air, purified with(8 5.2.4), with a flow
of Qn=7.5+ 0.5 | mift (HRT = 10 min).

With the new setup, two tests were carried outgisithanol as a tracer: a)
mixing and b) measuring of purge duration.
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Fig. 5.24: final FC setup, with a detail of the Teflon spinased as sweep air
distribution system.

5.2.5.1 Mixing test

Fortest 18 the sweep gas was injected through IN port (¥i85) using the
spiral system linked to the provided injection tubbe source was injected via the
“double Y” system, with a flow of Quice0f 400 + 100 ml mift and Gource= 43 + 6
mg . The sampling was done via OUT port, such asshie.

1.5 I/min
IN 1.5 I/min -
7.5 I/min . sampling
| AN
OUT  goen
VENT 1 and
VENT 2

Fig. 5.25: test 18 and test 19 configuration.

At the end of test 18, the source was switchedaaotf the OUT port was
sealed. Then, th&P were measured, half way up the cylinder, to @t influence
of the sampling flow, by using the probe describeg 5.2.3.1.3. The sweep gas flow
was set to @= 7.5+ 0.5 | miri*. One set of data was acquired by inserting theero
into VENT 1 and sucking air out from VENT 2 withcieasing flow rates (&= 0;
1.0+0.1; 3.0+ 0.1; 5.0+ 0.1; 7.5+ 0.1 | min?). A second set of data was collected
by inverting VENT 1 and 2. For each point 3 measumets were taken.

Test 19was carried out similarly to test 18, withs&ce= 36 + 5 mg 1. AP
still half way up way up the cylinder, was also sw@&d, in triplicate for each point,
both in VENT 1 and in VENT 2 (with the probe debed at § 5.2.3.1.3).

Another test test 20 was carried out in the same way as test 18, It w
additional samplings, taken at 3 different distafroen the cover (4, 13 and 21 cm)
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both through OUT port (via the steel tube ang®1.5 + 0.1 | mif'), and both
through the two VENTSs ports (via a PTFE tube, withsuction) (Fig. 5.26). In this
case the source was injected with a flow rate gf,Qof 800 + 100 ml miit and
Csource= 12 £ 2 mg T

IN 1.5 /mi 1.5 I/min
.5 1/min li
7.5 |/min sampling
i\v K 4 open
ouT VENT 1 and
VENT 2

13

= N %
VI B i e
e,

E—

Fig. 5.26: test 20 configuration.

A similar test {est 21) was carried out, in exactly the same way as2@sbut
taking replicates from each sampling point (inlicgte from OUT and in duplicate
from VENTSs ports), at the same sampling distano&® the cover (4, 13 and 21 cm)
and in all the ports via the steel tube ang®€1.5 + 0.1 | mift (Fig. 5.27). In this
case the source was injected with a flow rate @f,Qof 38 + 1 ml mifit and Gource=
160 + 13 mgt.

IN 1.5 /mi 1.5 |/min IN 1.5 /mi 1.5 I/min
2 /MmN samplin 2 /MmN samplin
7.5 I/min piing 7.5 I/min piing
AN \ AN
AV open <\{7 VENT 1/
ouT VENT 1 and open VENT 2
VENT 2 open VENT 2/

ouT VENT 1

Fig. 5.27: different phases of test 21 configuration.

A final mixing test {est 22 was performed by sampling directly on line
through field-using FID, to check ethanol concetirain OUT, VENT 1 and VENT
2 ports, at the usual sampling distances from theerc(4 cm, 13 cm and 21 cm).
Samples were taken at three different suction fl@y$.0 + 0.1 | miff, b) 1.5+ 0.1 |
mintand c) 0.22 + 0.01 | mih For a) and b) the FID sampling tip was inserted i
a glass bulb which was connected to the steel amgeSKC pump as in previous
tests. For c) the samples were taken directly bgrimg the FID tip inside the FC at
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the right distance; in this case the internal pushghe instrument was used for
sucking (Fig. 5.28). In this case the source wgciad with a flow rate of €yc0f
200 + 10 ml mift. Each datum was the average of 7 data collectdd iminutes,
thanks to the short duration of analysis, and facheposition 8 replicates were
performed. TPH concentrations, returned by FID enesnsformed into ethanol ones
by 5.1.

IN Q—m IN 1.5 I/min 1.5 I/min
. 7.5 I/min . samp“ng
7.51
/min 3.0 I/min i N
samplin \ T A open
\4 T T ‘ ouT

ouT open VENT 1 and
VENT 1 and ) VENT 2
VENT 2 )

2l
3
4

IN

7.5 |/min .
0.22 I/min
~\x sampling
open
@ ouT VENT 1 and
[ VENT 2

el

et

Fig. 5.28: different phases of test 22 configuration: shaketch only for OUT port
for different suction flows: a) 3.0 £0.1 | minb) 1.5 +0.1 | miffand ¢) 0.22 +0.01
| min™. d) is a picture for sampling from VENT 1.

5.2.5.2 Purge duration

In the purge duration testegt 23, the injection system was configured
analogously to test 20. After cleaning the FC (watmpressed air) and the PTFE
sheet, the source was switched on at/Q= 4.0 + 0.1 | miff for 20 min. Sampling
occurred from VENT 2 (Fig. 5.29), with the stedbéuplaced approximately 15 cm
below the PTFE cover. The first sample was takeh%t 0.1 | mift for 1 min soon
after the source was switched off and the sweepstmsed to flow; following
samples were taken, withy@® 1.5 + 0.1 | mift, 30 min, 90 min, 150 min and 870
min after the sweep gas was turned on (having iedrithat the results were not
influenced by the two different sampling flow rgtes
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IN
7.5 |/min VENT 2
1.51/min4
lv sampling |
free
free VENT 1
ouT

—

Fig. 5.29: test 23 configuration.

Another purge duration testeét 249 was performed by using FID analysis.
After having cleaned the FC (similarly to procedda#lowed for test 23) and
measured background values, the source was swithat! Qouce= 1.0 + 0.1 | mift
for 1.5 min to obtain an initial concentration ikhsithe detection range of the
instrument. Sampling occurred from OUT (Fig. 5.30ith the steel tube regulated
approximately 15 cm below the PTFE cover. Sampleewaken by placing FID tip
into a glass bulb connected to SKC pump regulate@.a = 0.15 + 0.1 | mift
(similarly to test 22.b), first at shorter and thenlonger intervals, according to test
behaviour. The test was performed in triplicate kstied respectively 135, 155 and
138 min after the source was switched off, whehlstaalues were reached.

IN 1.5 I/min 1.5 1/min
7.5 |/min sampling
SN open
X ouT VENT 1 and
VENT 2

Qi
o &

Fig. 5.30: test 24 configuration.
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5.3 Results

5.3.1 Ethanol source

Fig. 5.31 shows the trend of the ethanol conceatrameasured in the
differently generated sources, according to the wmhmf air injected into the
drechsel bottle.

When the flow grows, the concentration of the etthan the outlet flow (used as
source inside the FC) decreases, due to a redumadct time between the air
entering the drechsel bottle and the liquid ethawithlin it.

200

— 180
160 r
140
120
100
80
60
40
20
0

C ethanol [mg

0 0.2 0.4 0.6 0.8 1 1.2
Q [I min-Y]

Fig. 5.31: ethanol concentration [mg*](used as pollutant source for FC tests) as a
function of air flowing through the drechsel botflemin™], interpolated by linear
regression. Error bars indicate analytical errorQ/15%, see § A2.2.1).

5.3.2 Commercial FC with sweep air injection via a tube

5.3.2.1 Reaching stationary conditions

The ethanol concentrations measured dutesy 1, from the two sampling
points (OUT and VENT), 2 h and 6 h 30 min after slo@irce had been switched on,
are summarized in Tab. 5.7.

Tab. 5.7: ethanol concentration [mg"] from OUT and VENT ports (test 1); s.d.:
standard deviation.

H Cethanol Cethanol
Time Lout=30cm| Lyent=5cm
min mg I mg I'*
120 3.1 3.1
390 3.8 3.5
average * s.d. 3.5+0.4 3.3+0.2
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The results show how, for a given sampling porerehis no meaningful
difference (considering the analytical variatioreffwient for the used method: 15%)
between the two measuring times, which indicates tile necessary time to reach
stable conditions is less than 2 h. Furthermorereths no significant difference
between the results on the samples taken from QudiTfeam VENT (considering
the average values), which further indicates thesiide interchange of the two ports.

5.3.2.2 Mixing test

The results of the mixing test via steel tutesi( 2 are indicated in Tab. 5.8.
The agreement between the samples taken from OUWT and 40 cm, as well as the
agreement between VENT at 5 cm, show that, with $btup, there was a good level
of vertical mixing in the chamber.

Tab. 5.8: ethanol concentration [mg'] from OUT and VENT ports (test 2); s.d.:
standard deviation.

Sampling distance| Cethanol | Cethanol
from the dome OUT | VENT

cm mgl* | mgl!

3.9
° ] 3.1
17 3.9 -
30 3.1

average £s.d. | 3.5+0.4| 3.5+0.4

Doubling the sampling flow rate from VENT, the falresults were lined up
with previous ones, as from OUT (at 17 cm) the mphaoncentration was 3.6 mg |
while from VENT (at 5 cm) it was 3.2 mg.l|

Fig. 5.32 shows the values of the temperature énélgl) and outside (dyy)
the FC, taken during test 2. It is clear the terappees had a parallel trend, wiit =
Tout - TincoOnstant for the entire test, with an averajBaferagd value of 3.4 °C.

Fig. 5.33 shows the humidity levels measured dutfegtest, inside (&) and
outside (Hu) the FC: although it followed the same trend asdkternal humidity,
the internal humidity was lower, which may have rbdgecause the test was
performed on the Teflon sheet and, therefore,nfatenced by ground moisture.

Test 3,with the orange tracer, did not confirm the gooding that resulted
from test 2. After injecting the traced nitrogenlaured threads were visible close to
the gasket, where they seemed to be escaping frernantact point between dome
and base, highlighting that the system was naghirtThis test also showed that the
dome tip was not involved by the nitrogen flow ahdt the end of the injection tube
was the vertex of upside down cone of air.
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Fig. 5.32: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differend#ué lozenges) (read on left axis)
(test 2). Error bars indicate instrumental error ds propagation on temperature
difference.
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Fig. 5.33: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 2). Error bars indicate instrumental error

5.3.2.3 Purge duration

Fig. 5.34 shows the reduction of intensity of gvek tracer over time, inside
the FC, due to continuous injection of sweep ¢est @). 3 hours were not enough to
purge the chamber completely of the coloured smakeas noticed that, after 2
hours, the situation was almost unvaried, posslbly to the dead zones in the FC.

This was confirmed also by the pictures in Fig.55.8howing the orange
tracer trend over time durirtgst 5 Also in this case, in fact, 2 hours were not long
enough to purge the chamber completely of the smoke
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Fig. 5.35: purge duration (test 5)pwasseen soon after the tracer inject.
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5.3.3 Commercial FC equipped with distribution ring

5.3.3.1 Tests with ring A

5.3.3.1.1 Blank
During test 6 both the sample taken immediately after the cleanvias
placed on the Teflon sheet and the one taken haftes 2 the sweep gas had been
switched on, revealed ethanol concentrations lothan the d.l. (0.07 mg?)
Appendix 2). This result demonstrated the abseheedeposit of the analyte inside
the FC.

5.3.3.1.2 Reaching stationary conditions
The results otest 7 (in Tab. 5.9 and Fig. 5.36) show that, alreadyratte
hour, the chamber equipped with ring A had meiataty conditions, as the ethanol
concentration stayed constant.

Tab. 5.8: ethanol concentration [mg'] in the FC versus time after source switching
on (test 7); s.d.: standard deviation due to ariejterror.

Time min 15 60 90 120

Cetranal mglt|12+02/29+0.4/29+0.4/29+0.4
average * s.d.

0 20 40 60 80 100 120 140
Time [min]

Fig. 5.36: ethanol concentration [mg™] in the FC versus time after source
switching on (test 7, Tab. 5.8); error bars indieanalytical error.

Figs. 5.37 and 5.38 show temperature and humidégds (internal and
external to the FC) observed during tests 6 arftP®@ (nin is the starting time of test
7). During test 6, the internal temperaturg)(Was initially higher than the external
one (Tow). This was due to the overheating of the FC pasitig surface before it
was placed over it, which occurred during the watieurs of the day (12 a.m.).
During test 7 the internal and external temperahaé contrasting trends, an¢h T
was always lower thanul; ATaveragavas 1.3 °C.
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Fig. 5.37: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differendd#ug lozenges) (read on left axis)
(test 6 and 7). Error bars indicate instrumentalrar or its propagation on
temperature difference.

During both tests, the internal humidity was low@the external one; which
was because the chamber was placed on a Teflort ahdewas therefore not
affected by ground moisture. After 50 minutes, mwes, the internal humidity
remained constant due to the influence of dry swnggjow.

40 { ----------------------------------------- O

H [%]
w
(63

Time [min]

Fig. 5.38: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 6 and 7). Error bars indicate instrumengalor.

Results oftest 8 are shown in Tab. 5.10. The ethanol concentratairthe
two sampling times were similar, confirming thateaf30 min the chamber had
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reached stationary conditions. To operate undee sainditions, however, the
samples of following tests were taken 2 hours dftersource had been switched on.

Tab. 5.10: ethanol concentration [mg'] from OUT port (test 8); s.d.: standard
deviation.

H Cethanol
Time Lout=30cm
min mg I"!
30 2.8
150 2.7
average £s.d| 2.75+0.05

Figs. 5.39 and 5.40 show respectively the trend owee of temperature
(both inside and both outside the FC, and thefiedihce) and of humidity (inside
and outside the FC) recorded during test 8. Thernatl temperatures was always
lower than external ones and followed a parallehd; proved by a stablET average
value equal to 1.4 °C + 0.1°C (as standard dewatio

P - 24
1
2.0 rmmm e e
123
]
s 220
L i o s -
4 T 21
O
0.0 : : : 20
0 50 100 150
Time [min]

Fig. 5.39: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differendd#uge lozenges) (read on left axis)
(test 8). Error bars indicate instrumental error @s propagation on temperature
difference.
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Fig. 5.40: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 8). Error bars indicate instrumental error

5.3.3.1.3 Mixing test

Ethanol concentrations sampled durtegt 9through OUT and VENT ports
are indicated in Tab. 5.11 and shown in Fig. 5.41.
Comparing the concentrations along the verticaitWENT, the FC equipped with
ring A showed a good level of mixing. On the contralong the verticality of OUT,
the chamber resulted poorly mixed, highlightingamtumulation of the analyte in
the central distance (17 cm). As for horizontal imgx the comparing between
samples from OUT and VENT depends on the distam@®mod agreement is shown
at the distances of 17 and 30 cm, whereas at titeesii part of the chamber (9 cm
from the dome) there is a meaningful difference iagnihe two positions.

Tab. 5.11: ethanol concentration [mg"] from OUT and VENT ports (test 9); s.d.:
standard deviation.
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Sampling distance| Cethanol Cethanol Average + s.d.
from the dome ouT VENT | on horizontal position
cm mg I* mg I'* mg !
9 2.6 3.6 3.1+0.5
17 4.0 3.5 3.8+0.3
30 2.7 3.3 3.0+0.3
average £5.d. |54, 06/ 35401
on vertical position
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Fig. 5.41: ethanol concentration [mg'] in the FC from mixing test 9 (Tab. 5.11); in
OUT (blue lozenges) and VENT (pink squares); eans indicate analytical error.

Figs. 5.42 and 5.43 indicate respectively the teatpee (T, and Tu) and
humidity (H, and H,) values observed during test 9. Temperaturesvielbthe
same trend observed for test 8, WilTaveragebeing 2.4 + 0.2 °C (as standard
deviation). Similarly, humidity showed the samentteas the other tests performed
on the Teflon sheet,\being lower than L.
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Fig. 5.42: temperature measured outside (red triangles) mrside (green squares)
the FC (read on right axis), and their differendd#uge lozenges) (read on left axis)
(test 9). Error bars indicate instrumental error @s propagation on temperature
difference.
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Fig. 5.43: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 9). Error bars indicate instrumental error

Results fromtest 1Q with a higher nitrogen flow rate compared to @&sare
indicated in Tab. 5.12 and shown in Fig. 5.44. Carnmg ethanol concentrations at
different distances sampled in OUT port, the mixthd not seem homogeneous as
the central part of the chamber had a lower comggonh than in other points. The
same conclusion was true for VENT port, toaunSo differing significantly at
different distances. Comparing samples from diffengorts at the same distance,
however, a good level of horizontal mixing was otsed.

However, the mixing tests with ring A placed halhywp way up the cylinder did
not provide overall, satisfactory results.

Tab. 5.12; ethanol concentration [mg'] from OUT and VENT ports (test 10); s.d.:
standard deviation.

Sampling distance| Cethanol Cethanol Average + s.d.
from the dome ouT VENT | on horizontal position
cm mg I' mg I'' mg I''
3 - 0.9 -
9 1.9 1.7 1.8+0.1
17 1.0 1.0 1.0+0.0
30 1.7 1.7 1.7+0.0
average £s.d. |45, 04113404
on vertical position
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Fig. 5.44: ethanol concentration [mg'] in the FC from mixing test 10 (Tab. 5.12);
in OUT (blue lozenges) and VENT (pink squares)pretyars indicate analytical
error.

Figs. 5.45 and 5.46 show respectively the trend owee of temperature
(both inside and both outside the FC, and thefehce) and of humidity (inside
and outside the FC) recorded during test LQ.ahd T, increased over the entire test,
according to a parallel trend, WilfT averagdoeing 2.9 + 0.5 °C (as standard deviation).
The internal humidity followed the trend of the extal one, remaining constant
during the whole test (with the exception of a r@nomalous datum).
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Fig. 5.45: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differendd#uge lozenges) (read on left axis)
(test 10). Error bars indicate instrumental error ibs propagation on temperature
difference.
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Fig. 5.46: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 10). Error bars indicate instrumental erro

Results obtained by changing the position of rindtést 1) are shown in
Tab. 4.13 and Fig. 5.47, in which the concentratiasured in OUT when the fan
was switched on, at the end of the test (indicdteda “F” in the table) is also
indicated. Despite changing the ring A positiore tentral part of the chamber still
showed poor mixing, as sample taken from OUT atcdv from the dome was
significantly lower than ones at other distancesm@aring ethanol concentrations
from the samples taken at 17 cm through OUT and VEMNwas clear that the
chamber was insufficiently mixed also horizontallyhe introduction of the fan
caused an increase in the concentration measuoed @UT at half way up the
chamber (17 cm), due to some ethanol accumulatiothe centre of the FC, and
therefore index of poor mixing.

Tab. 5.13: ethanol concentration [mg?] from OUT and VENT ports, with and
without fan (F) switching on (test 11); s.d.: stand deviation.

Samp“ng distance Cethanol Cethanol Cethanol
from the dome | OUT (no F) | VENT (no F) | OUT (F)
cm mg I' mg I'' mg I''
9 3.8 - -
17 2.5 5.5 5.4
30 3.9 - -
37 3.7 - -
average x S'.d.' 3.5+0.6
on vertical position

121



Contaminant vapour emissions from polluted soil gmmlindwater

9 17 30 37

Sampling distance from the dome [cm]

Fig. 5.47: ethanol concentration [mg'] in the FC from mixing test 11 (Tab. 5.13);
in OUT, without fun (full blue lozenges) and witlmfswitched on (empty blue
lozenge), and in VENT (pink squares); error bardicate analytical error.

Figs. 5.48 and 5.49 show temperature and humiditgl$ observed during
the test. Tab. 5.14 indicates the averABevalues at different distances.
The internal temperature followed the same trenthasexternal one\T average= 2.0
+ 0.5 °C, as standard deviation), become stabé 2800 min. The internal humidity
was constant throughout the test (with the tesinmégg exception), and lower than
outside the FC. All theé\P values were positive, showing that the chambes wa
slightly pressurized.
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Fig. 5.48: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differendduge lozenges) (read on left axis)
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(test 11). Error bars indicate instrumental error ibs propagation on temperature
difference.
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Fig. 5.49: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 11). Error bars indicate instrumental erro

Tab. 5.14: APqaeragevalues at different distances (test 11).

distance from the dome| APgyeraq |
cm Pa
0 0.7£0.2
13 0.7£0.1
25 0.7£0.2
31 0.8+0.2
37 0.5+0.1

5.3.3.2 Tests with ring B

5.3.3.2.1 Reaching stationary conditions
The results oftest 12 are shown in Tab. 5.15. Since sampled ethanol
concentrations at 60 min and 290 min after the soliad been switched on were
similar, it was deduced that 1 h was enough tohregationary conditions in ring B
configuration tests.

Tab. 5.15: ethanol concentration [mg?] from OUT port (test 12); s.d.: standard
deviation.

H Cethanol
Time Lout=17 cm
min mg I"!
60 4.6
290 3.9
average +s.d| 4.3+04
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5.3.3.2.2 Mixing test
The ethanol concentrations observed in the chambeng test 13 where

ring B position was changed and the holes werengadownwards, are summarized
in Tab. 5.16 and presented in Fig. 5.50. Thisshsived that, even if the sweep gas
flowed downward, it did not limit the ethanol diffion at the lower part of the
chamber; the concentration at ground level (sartgden at 37 cm from the dome),
was similar to that at 30 cm. Despite changingrithg position and the orientation of
the holes, the FC still showed poor vertical mixiggng OUT. On the contrary
values measured contemporaneously at 17 cm andgiirough VENT (as in test
13) were similar.

Tab. 5.16: ethanol concentration [mg"] from OUT with tube inserted for different
distance and from VENT, at 3 cm inside the FC,rtakken tube in OUT was at 17
cm from the dome (test 13); s.d.: standard devmtio

Sampling distance| Cethanol Cethano
from the dome ouT . VENT
distance: 3 cm from the dome
cm mg I* mg !
9 2.6 -
17 4.6 4.6
30 3.2 -
37 3.3 -

average £s.d. |3.4+£0.7

Cethanol [mg I_l]
N

Sampling distance from the dome [cm]

Fig. 5.50: ethanol concentration [mg'] in the FC from mixing test 13 (Tab. 5.16);
in OUT (blue lozenges) and in VENT (pink squares)pr bars indicate analytical
error.

124



Chapter 5: setup definition

Figs. 5.51 and 5.52 respectively show temperatum@ lumidity values
collected during the test;sWwas lower than J;:and followed its trend, WitAT ayerage
being 4.3 £ 0.7 °C. Unlike the other tests, thesrimél humidity was sometimes
higher than the external one, despite the fact timatFC was placed on a Teflon

sheet.
B T - 32
. + 30
B fommmm oo L B S Rl LELEEEE
28
I D S G e IR T +260
N [—
= * =
24
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r o4 122
2 t t + t + t 20
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Fig. 5.51: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differendd#uge lozenges) (read on left axis)
(test 13). Error bars indicate instrumental error ibs propagation on temperature
difference.

0 50 100 150 200 250 300 350
Time [min]

Fig. 5.52: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 13). Error bars indicate instrumental erro

Results oftest 14 with sampling from OUT and VENT without and with

pump suction (indicated respectively by “no P” dRd in the table), while pump in
OUT was active, are reported in Tab. 5.17 and shavig. 5.53 Comparing ethanol
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concentration values at three different distanbesugh OUT, poor vertical mixing

was deduced. Furthermore, as concentration sanfijgledthe same distance (3 cm)
through VENT, without pump, were significantly aifent, it was deduced that the
area around free VENT was unstable. This happepeduse the airflow naturally
escaping through VENT (without external suctiorcés) was affected by the suction
forces operating in OUT port; these depended otantie of the tube inserted into
the FC. In addition a difference between measurésreom OUT and from VENT

was noticed.

Tab. 5.17: ethanol concentration [mg"] from OUT with tube inserted for different
distance; sampling from VENT (at 3 cm inside thg w@hout (no P) and with (P)
suction pump indicated next to the OUT position weample was taken (test 14);

s.d.: standard deviation.

Sampling distance| Cehanol Cethano
from the dome | OUT (P) | .. VENT
distance: 3 cm from the dome
Cm mgl' | (noP)mgl (P) mg I'
9 3.6 1.8 -
17 2.7 3.1 2.6
30 1.7 2.6 2.7
average £s.d. | 2.7+0.8 25+0.5 2.65 £ 0.05
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Fig. 5.53: ethanol concentration [mg"] in the FC from mixing test 14 (Tab. 5.17);
in OUT (blue lozenges) and in VENT (squares), ctélé without (empty symbols)

and with (filled signs) suction pumps; error banglicate analytical error.
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The ethanol concentration values acquired from VEMTh suction are
similar to those sampled without suction from thene port; the measured ethanol
concentration was therefore independent from tbe flate (Qen), Similarly to the
results obtained with ring A.

Figs. 5.54 and 5.55 show respectively externaliarginal temperature trends
and the humidity values collected during the tBsth parameters followed the same
trends seen in test 9, WilkT ayerage 4.9 £ 0.5 °C.
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Fig. 5.54: temperature measured outside (red triangles) arside (green squares)
the FC (read on right axis), and their differend#ué lozenges) (read on left axis)
(test 14). Error bars indicate instrumental error ibs propagation on temperature
difference.
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Fig. 5.55: humidity measured outside (red triangles) anddaggreen squares) the
FC (test 14). Error bars indicate instrumental erro
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5.3.3.3 Rings A and B used simultaneously

5.3.3.3.1 Mixing test
Results obtained using both rings as injectionesgstest 15 are shown in
Tab. 5.18 and in Fig. 5.56. Comparing ethanol cotradons from samples acquired
through OUT at four different distances, poor \eattimixing was observed. This
setup gave the worst results of all the testshadawer part of the chamber (L=30
cm and L=37 cm), near ground level, does not seemmatve been involved in the
mixing.

Tab. 5.18: ethanol concentration [mg'] from OUT with tube inserted for different
distance from the dome (test 15); s.d.: standardadi®n.

Sampling distance| Cethanol
from the dome ouT

cm mg I*
9 5.8
17 6.8
30 4.0
37 8.4

average * s.d. 6+2

Cethanol [mg I_l]
~

9 17 30 37
Sampling depth from the dome [cm]

Fig. 5.56: ethanol concentration [mg'] in the FC from mixing test 15 (Tab. 5.18);
in OUT,; error bars indicate analytical error.

Results for the final mixing testest 16, when the fan was switched on, are
indicated in Tab. 5.19 and shown in Fig. 5.57. s tcase, too, the chamber
presented poor mixing, since the results at diffeteeights are not comparable.
Although the fan moved the gas from ground leve3@acm distance from the dome,
its application was no longer investigated, as de¢ice is made of plastic, not easily
covered by inert material, and requires electscalply.
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Tab. 5.19: ethanol concentration [mg'] from OUT with tube inserted for different
distance from the dome (test 16); s.d.: standardadi®n.

Sampling distance| Cethanol
from the dome ouT

cm mg I
9 7.4
17 6.3
30 10.8
37 4.9
average #* s.d. 7%2
I T LS
A e E R
B e it
D Y U N
A S S
S
G T
S — S
8 S ——— + -------
O S
3
9 17 30 37
Sampling depth from the dome [cm]

Fig. 5.57: ethanol concentration [mg"] in the FC from mixing test 16 (Tab. 5.19);
in OUT; error bars indicate analytical error.

Figs. 5.58 and 5.59 show temperature and humidéyds for, both inside
and outside the FC, recorded during test 15 (thstet! 285 min, coincident with
initial time of test 16) and test 16. Tab. 5.20whahe average values AP at
different distances.

Tin did not follow Ty, and stayed constant 200 min after the test began;
internal humidity remained constant throughout btdkts, and lower than the
external one. Finall AP was positive during both tests, showing thatdhamber
operated under slight pressure.

Fig. 5.60 shows the average valued\Bfs a function from p.c. from ground
level for tests 11, 15 and 16. TAE values, being constantly positive, confirmed that
the FC worked (correctly) at slightly pressurizedndition, without sucking
environmental air. Furthermo®®P values at different distances were similar each
other and slightly lower near VENT port, becausgas the connection with external
environment.
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Fig. 5.58: temperature measured outside (red triangles) arside (green squares)

the FC (read on right axis), and their differendduge lozenges) (read on left axis)
(tests 15 and 16, starting at 330 min). Error bardicate instrumental error or its

propagation on temperature difference.
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Fig. 5.59: humidity measured outside (red triangles) anddaggreen squares) the
FC (tests 15 and 16, starting at 330 min). Errordbandicate instrumental error.

Tab. 5.20: APqaeragevalues at different distancesggts 15 and 16

Distance from the dome| AP,yeraq |
cm Pa

0 0.9+ 0.3

13 0.7£0.2

25 0.6+0.2

31 0.7£0.2

37 0.4+0.1
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Sampling depth from the dome [cm]

Fig. 5.60: average pressure differenc’ [Pa] as a function of sampling distance
from the dome measured during test 11 (pink sqliaard tests 15 and 16 (blue
lozenges); error bars indicate standard deviatidrmaeerage values.

5.3.3.4 Adsorption tests on Plexiglass

The ethanol concentrations observed in reactor€ And D are indicated in
Tab. 5.21.

Tab. 5.21: ethanol concentrations observed in reactors fals@ption tests on
Plexiglass.

Reactors A C D
Cethano[Mg 1"] [ 39+6(21+3|0.8+0.1

The used reactors resulted airtight, as the corat@m measured in C was
consistent with that taken at the beginning oftese (19 + 3 mg1). In reactor A the
concentration increased by factor 2 compared tariial value, due to releases of
ethanol adsorbed by the piece of Plexiglass. Bindtle concentration detected in
reactor D shows that Plexiglass released actualiyesethanol, although in small
quantities, probably because most of the etharsbblean released in reactor B.
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5.3.4 Modifications to the commercial FC: setup equippedwith
steel tube

5.3.4.1 Ambient air treatment by adsorption on activatedbca

Activated carbon type Norit 1 mm was suitable tmoge ethanol, as in
“sampling part a” (8 4.2.5.3) of the first tube tmeasured mass was lower than d.l.
(0.5ug), for a test length of 8 h.

Results of the tests carried out on GAC 830 andtNomm to establish the
ability to keep BTEX over 24 h are shown in Tab225and 5.23. The mass of the
checked analytes adsorbed on activated carbon tpltesed at the outlet of
environmental air treatment is indicated.

Tab. 5.22: BTEX mass detected on activated carbon tubeseglat the outlet of
environmental air treatment with GAC 830, time lgng4 h. In bold type values
higher than d.l..

benzene| toluene | ethylbenzene| p-xylene | m-xylene | o-xylene

ug ug ug ug ug ug
16 | <0.45 <0.45 0.47 047 | <0.45

Tab. 5.23: BTEX mass detected on activated carbon tubeseglat the outlet of
environmental air treatment with Norit 1 mm, tineadth: 24 h. In bold type values
higher than d.l..

benzene| toluene | ethylbenzene| p-xylene | m-xylene | o-xylene

Hg Hg Mg Mg Hg Hg
<0.45 | <0.45 <0.45 0.52 <0.45 <0.45

Both types were unsuitable, in the used quantities,a proper BTEX
removal over a 24 h treatment length.

Results of shorter test length (16 h), howeverasilgt for future field scale
applications, are indicated in Tab. 5.24, both Narit 1 mm and for Norit 3 mm.
Both types of carbon proved suitable to treat anttae for the checked time.

Tab. 5.24: BTEX mass detected on activated carbon tubeseglat the outlet of
environmental air treatment with Norit 1 mm or Nd@imm, time length: 16 h. Part
a: tube sampling part, part b: tube backup (8§ 4.2)5

benzene| toluene | ethylbenzene| p-xylene | m-xylene | o-xylene

HY Hg H9 Hg Hg H9

Tube —parta| <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
Tube —partb| <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

The thinner Norit a.c. was chosen because of ghdri specific surface and
lower porosity left after filling the air treatmergactor. Results of further analysis on
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light and heavy hydrocarbons collected at the owfeair treatment for 16 h are
indicated in Tab. 5.25.

Tests performed on regenerated a.c. confirmed gueviesults and therefore
Norit 1 mm was considered suitable to treat amlagmds sweep gas, also for further
field activities (8 6).

Tab. 5.25: light and heavy hydrocarbons masses detectedentisiely on activated
carbon and XAD2 tubes placed at the outlet of emirental air treatment with
Norit 1 mm, time length: 16 h.
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5.3.4.2 Mixing test

Tab. 5.26 and Fig. 5.61 show results of the mixexj (est 17). The chamber
revealed poor vertical mixing through OUT, espéyial the central part (13cm from
the cover), as the sampled concentration was mawérlthan those in other points.
This is probably due to the proximity of the swdlemv injection point.

Tab. 5.26: ethanol concentration [mg*] from OUT with tube inserted for different
distance from the cover (test 17); s.d.: standazdiaktion.

Sampling distance| Cethanol
from the cover ouT

cm mg I
4 3.6
13 0.7
21 1.6

average * s.d. 2+1
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Fig. 5.61: ethanol concentration [mg'] in the FC from mixing test 17 (Tab. 5.26);
in OUT,; error bars indicate analytical error.

AP measurements, taken half way up way up the aliddring the test, gave
positive values (average of 0.24 + 0.06 Pa), aisticating that with this setup the
chamber does not suck external air.

5.3.5 FC final setup

5.3.5.1 Mixing test

Tests 18and19 showed that the spiral allows complete verticaling inside
the chamber at OUT position as, for both tests, dtinol concentration levels
sampled at different distances were all similaringicated in Tab. 5.27 and shown
in Fig. 5.62.

Tab. 5.27: ethanol concentration [mg*] from OUT with tube inserted for different
distance from the cover (tests 18 and 19); s.dndrd deviation.

Sampling distance Cethanol
from the cover ouT
cm mg I
4 2.3 1.7
13 1.9 1.6
21 2.3 1.6
average £s.d. | 2.1+0.2| 1.61+0.03
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Fig. 5.62: ethanol concentration [mg] in the FC from mixing test 18 (a) and test
19 (b) (Tab. 5.27); in OUT; error bars indicate dwptcal error.

Fig. 5.63 shows averadg&P values (on 3 replicates) measured through both
the VENTSs at different flow rates, recorded at émel of test 18. There was a slight
difference betweeAP measured in the two ports, probably due to diffemfluence
of sweeping gas on pressure probe, depending anutsal position with holes on
the spiral. As hypothesizedP became negative when exiting sucked flow rate was
equal to sweep inflow rate (7.5 | rifin

0.8
0.7 7
0.6 T---
0.5 -
é_ti 0.4
o 0.3 A
< 0.2 A
0.1

-0.1
-0.2

free vent 0 1 3 5 7.5

outflow from OUT [I min -1]

Fig. 5.63: averagepressure differencdP [Pa] as a function of sucking air flow rate
measured in VENT 1 (blue lozenges) and VENT 2 guokres); error bars indicate
standard deviation on three replicates.

Fig. 5.64 shows averad¥ values observed at half way up the height of the
cylinder, from both VENT 1 and 2, during test 19sRive AP values show that the
FC was slightly pressurized throughout the test @nd clear a good agreement
between values obtained from the two VENTS.

135



Contaminant vapour emissions from polluted soil gmmlindwater

0.18
0.7 Afmmmmmm oo
0.16 --=--mmm=mem oo
0.15 --=-mmmemom oo m oo
0.14 f--------=--- R et
0.13 f--=rommmemom o me oo
0.12 f--=-mmmemom o m e
0.11 ---msmommremm oo

0.10 T
VENT1 VENT 2

AP [Pa]

Fig. 5.64: averagepressure differencdP [Pa] measure at the cylinder half way up
height in VENT 1 and VENT 2 during test 19; errardindicate standard deviation
on three replicates.

Test 20results, obtained by sampling from OUT as welV&NTs 1 and 2,
are shown in Tab. 5.28 and Fig. 5.65. Comparingrethconcentrations taken from
different distances through all three ports, it eged that the chamber was well
mixed. Furthermore a good level of horizontal mixias reached, since samples
collected through OUT, VENT 1 and VENT 2, at thensadistance, were similar.

Tab. 5.28: ethanol concentration [mg?] from OUT, VENTs 1 and 2, with tube
inserted for different distance from the covert@eX)); s.d.: standard deviation.

Cethanol
Sampling distance
from the cover

Average + s.d.

OUT |VENT1 | VENT2 . "
on horizontal position

Cm mg I'*

4 1.2 1.0 0.9 1.0+0.1
13 1.0 1.1 1.0 1.00+ 0.02
21 0.9 0.8 1.0 0.9+0.1

average £s.d. |4 9,411 10£0.1| 0.95+0.0
on vertical pOSItIOﬂ
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Fig. 5.65: ethanol concentration [mg'] in the FC from mixing test 20 (Tab. 5.28);
in OUT (blue lozenges), VENT 1 (pink squares) aBtl'VV 2 (green triangles); error
bars indicate analytical error.

Test 21 results, performed similarly to test 20, but byngsother source
features, and taking replicates for each samptepegsented in Tab. 5.29 and Fig.
5.66. From the results it was confirmed that thenaber was homogeneously mixed,
both vertically and horizontally.

Test 22results, with analysis performed by on-line FIB,iadicated in Fig.
5.28, taking 8 replicates for each point, are shawihab. 5.30 and Fig. 5.67. From
the results it was again confirmed that the chamizes well mixed, both vertically
and horizontally, because standard deviation wasgerothan analytical error.
Furthermore, it was clear that the sampling flot i@id not affect the results.

Tab. 5.29: ethanol concentration [mg?] from OUT, VENTs 1 and 2, with tube
inserted for different distance from the covert@e&l); s.d.: standard deviation, n:
number of replicate for each sample.

137

Cethanol
Sampling distance
from the cover ouT VENT 1 VENT 2 Avgrage * sd
on horizontal position
Cm mg I'!
4 2'0f 0.2 2.15:_r 0.09 2.143:: 0.003 211 +0.05
n=3 n=2 n=2
13 2.25 01| 21 f 0.2 2.01_i 0.04 210 +0.09
n=3 n=2 n=2
21 2'0f 01| 1.8 :_L 0.3 2.18:: 0.06 20+0.2
n=3 n=2 n=2
average £s.d. | 5444009 20401 | 2.11+0.07
on vertical position
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C

13 21
Sampling distance from the cover [cm]

4

Fig. 5.66: ethanol concentration [mg'] in the FC from mixing test 21 (Tab. 5.29);
in OUT (blue lozenges), VENT 1 (pink squares) aBtl'VV 2 (green triangles); error
bars indicate deviation standard on replicates.

Tab. 5.30: ethanol concentration [mg?] from OUT, VENTs 1 and 2, with tube
inserted for different distance from the cover t&e22), for three different suction
sampling flows: a) 3.0 +0.1 | mih, b) 1.5 +0.1 | mift and c) 0.22 +0.01 | mifx
s.d.: standard deviation on 8 replicates for eaample.

a)
Sampling distance Cettano— Qou =3.0 £ 0.1 1 mir-
from the cover ouT VENT1 | VENT2 Average s.d.
on horizontal position
cm mg I'*
4 3.06 £0.02 3.08+0.07 3.2+0.2 3.11 £0.06
13 3.068 +£ 0.009 3.11 £0.03| 3.13 £0.02 3.10£0.03
21 3.08 £0.02 3.13+0.013.13 £ 0.02 3.12+0.02
average £5.d. | 34754 000g 3.10 +0.02| 3.15 + 0.03
on vertical position
b)
Sampling distance Cetrano— Qo =1.5:% 0.1 1 mirt
from the cover OUT | VENT1 | VENT?2 Average + s.d.
on horizontal position
cm mg I
4 3.23+0.04 3.19+£0.03 3.16 + 0.01 3.19+£0.03
13 3.24+£0.03 3.2+0.1 3.18+0.01 3.21£0.03
21 3.20+£0.06 3.16 £ 0.04| 3.18 £ 0.02 3.18 £0.02
average £s.d. | 3554 0ol 3.19+0.02 3.17 +0.01
on vertical position
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C)
Sampling distance Cerano= Qo =0.22 £ 0.01 | mirt
from the cover ouT VENT1 | VENT2 Average +s.d.
on horizontal position
Cm mg I'*
4 3.287 £ 0.007 3.294 + 0.008 3.25 * 0.04 328002
13 3.296+0.003 330001 | 327008 _ 3.29%0.01
21 3.304+0.006 3.31+003 | 3.28+008 _ 3.30%0.01
average £s.d. | 35964 007 3.299 +0.005 3.27 + 0.01
on vertical pOSItlon

C ethanol[mg |-1]

< (8F] — ) — (e2] —
<! 7 N i i ) :' 7 N
3 ] 5 S - H > N N

) s} > > > >

sampling position
E3Imin-1 ®15Imin-1 ®=0.221min-1

Fig. 5.67: ethanol concentration [mg"] in the FC from mixing test 22 (Tab. 5.30);
in OUT, VENT land VENT 2 at different sampling fl@ates; error bars indicate
PID precision.

5.3.5.2 Purge duration

Test 23results indicated that with the new chamber sedymrge duration of
2 h 30 min was enough to reach ethanol concentrégiel d.l. inside the FC (Fig.
5.68).
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Time [min]

Fig. 5.68: ethanol concentration [mg'] in the FC from purge test 23, with samples
taken at different times; values < d.l. where talegual to 0.5 d.l.; red dotted line
indicates d.l.; error bars indicate analytical emo

Test 24(performed by FID instrument) initial conditions, terms of amount
of in the FC before the source was switched on,iradieated in Tab. 31. Ethanol
concentration trend over time, for the three repés, is indicated in Fig. 5.69.
Results confirmed that the purge duration was shotthan seen in previous tests,
and that 1 h 30 min was long enough for ethanoteptrations to reach initial levels
in the FC.

Tab. 5.31: ethanol concentration [mg'] in the FC before starting test 24

Cethanol before test 24 beginning
mg I
test 24.a test 24.b test 24.c
0.024 + 0.001] 0.026 + 0.001 0.026 + 0.001

Cethanol[Mg 1]

0 20 40 60 80 100 120 140 160 180 200

Time [min]

Fig. 5.69: continue.
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b)

Fig. 5.69: ethanol concentration [mg'] in the FC from purge test 24, with samples
taken at different times; on three replicates. @) fest length; b) detail on final
times, with dashed light blue line indicating ialtethanol concentration (before the
source was injected into the FC; error bars inde&tiD analytical error.

5.4 Conclusions

Experimental tests carried out with the commerEi@l (with both steel tube
and rings as sweep air injection methods) showatl gtationary conditions were
reached within 2 h. The chamber however resultetlybaixed and purge duration
needed more than 2 h 30 min. These results, ufesatsy from monitoring device
performance point of view, were caused by the swgapinjection system, by the
shape of the dome (which caused stagnation argasvadved in the inner mixing)
and by the material constituting it (because ibaioed organic compounds, therefore
prolonging purge times).

To solve the previous highlighted problems, thexiglass dome was replaced
by a flat PTFE cover, the silicone and the sponagkgt by a PTFE gasket and the
air injection system by a Teflon spiral (since tiwebe had been proved
inappropriate).

Tests carried out with this setup indicated thae tchamber was
homogeneously mixed, with purge duration shortantBh 30 min. This was due to
both an increase in sweep gas flow rate and a tieduic the FC volume, therefore
reducing the residence time HRT (because the caeptdume exchanges inside the
FC increased, in relation to the same length og)im

Since for field scale activity it is often diffidudnd expensive to use nitrogen
tanks, mostly because of transport and storageayspfeblems, a new ambient air
treatment system was set up; therefore, treatedeatdir became suitable as sweep
gas for FC applications.

Once a satisfactory setup was defined, field tesge carried out on a site
potentially contaminated by petroleum products)(§ 6
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6

FIELD APPLICATION:
CASE STUDY

6.1 Introduction

Chapter 6 describes a field study application efdiinamic flux chamber (FC)
with the setup defined in § 5.2.5, on an ltaliate Potentially contaminated by
hydrocarbons. Due to dealing with sensible datzgbse public procedure on the
site is still open) specific details cannot be réga here.

The site was characterized from the geologicalydyeological and chemical
points of view, in order to develop its conceptoaddel. Three different monitoring
campaigns were performed in July 2009, Decembe® 20@ July 2010, and the
contaminants concerned included monoaromatic stdveand petroleum
hydrocarbons (both light and polycyclic aromatiBata of researched chemical
concentrations in groundwater and soil gas, andiemhkair measurements were
provided by a local public environmental Agencyrtks to a collaboration grant
assigned to Politecnico di Milano. On the contr&& monitoring was performed
directly by Politecnico di Milano.

Different possible approaches to evaluate vapouoniged from soil, presented
in 8 1.3, were evaluated for this specific casal\gtlrlux data obtained from FC
measurements were compared to modelled fluxes tirggufrom geological
information obtained from the conceptual site modeid separately from
groundwater and soil gas data by the use of Johasd Ettinger (§ 3.4.2.2) model,
loaded in RISC 4.05 software —SW- (RISC, 2010).pBision box model was
applied to fluxes evaluated during the third cargpdor a comparison with direct air
measurements. As a precautionary measure RA (8 Wa®) performed using
maximum concentrations from each approach thatoeasistently carried out using
RISC 4.05 SW.
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6.2 Materials and methods

6.2.1 The site general information

The site, which is located in the North of Italxtends over 19 ha and is used
for recreational activities (legal boundaries & #ite are indicated by dashed line in
Fig. 6.1). An active industrial plant is located worth-East, where accidental spills
of petroleum products have occurred in the pasivér bank bounds the site to the
south/south-east.

The site is found on a plain constituted by fluvigdiments. A phreatic
aquifer, hosted by a medium-coarse-grained sarat,lay isolated from the deeper
aquifer by an uniform silty clay layer of low peraiglity (geological tests had
indicated a hydraulic conductivity of 4.5 1¥bm s%), extending from 17 to 20 m
below ground surface (b.g.s.). Groundwater flowsitlstsouth-west (Fig. 6.1),
draining off towards the river, with an average faydic gradient equal to 0.5%.
During the year, the water table fluctuates frorpragimately 5 to 8 m b.g.s., the
depth also being affected by the water level inrther located down-gradient.

On the northern boundary of the site, groundwatethe phreatic aquifer
exceeded the concentration screening values (resfleecreational CSCs of L.D.
152/06, as in § 1.2) for benzene, toluene, ethyleee, p-xylene (BTEX),
naphthalene and MTBE (the last two exceeded ISE28official judgement (ISS,
2010), since there is no CSC for these compounds) #otal petroleum
hydrocarbons. The fingerprinting carried out onhiigpetroleum hydrocarbons
(number of carbon atoms 12: C < 12, according to definition in § 5.2.4) in
groundwater samples resulted in C5-C8 aliphati&,CC2 aliphatics and C9-C10
aromatics, accounting for 30%, 15%, and 55% (onsniesis) of total petroleum
hydrocarbons respectively.

Soil samples collected at smearing zone depthshlswed potential pollution
due to BTEX monoaromatic solvents and light petmoie hydrocarbons. The
fingerprinting carried out on light petroleum hydasbons in soil resulted in 23%,
54% and 22% (on mass basis) of C5-C8 aliphaticsCC® aliphatics, and C9-C10
aromatics respectively. This was due to transpdrtcloemicals dissolved in
groundwater as it oscillates over time in the dapjlfringe.

6.2.2 Site characterization: specific contaminated part bthe site

The part involved in groundwater contamination widentified by a
rectangular (defined by a continuous line in Fid.)&vhose sides run parallel to the
legal boundaries of the site (indicated by a dadimedin Fig. 6.1) containing all the
Thiessen polygons (ET, 2010) centred in five welhere groundwater
contamination was found; groundwater contaminatiothe south-west part of the
site, near the river, was lower than CSCs (probahlg to natural attenuation
phenomena). The rectangular was located in a zbgeeater permeability (seat of
an ancient river bed), bounded on one side by tbet fof contamination in the
neighbour’s property (210 m long) and, on the otbide, by a line approximately
half the total length of the site (60 m long). Ih & occupied an area of 12600°rA
sketch of the area, with positions of well and sgals/FC monitoring points is
indicated in Fig. 6.1.
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From now on, therefore, the study will only focusthis part of the sit

6.2.2.1 Local geology and hydrogeolo

The impermeabldayer isolated above strata from deeper smild therefore th
potential contamination did not involve the secgnoundwater syste. 10 soil cores
investigations (in correspondenwith soil gas stations A, ..L in Fig. 6.1) were
taken in that zone, at different depths followin@®L152/2006 definitions

groundwater
direction

! o P2 oP3 <E

| 4B «G «F <D e Pl

| <

: «C A

i

! |

] ]

| !

| |

_______ I I I I I R
RIVER

Fig. 6.1: sketch of the contaminated area with indicatiohsvell (black points) an
soil gas/FC monitoring points (red triangles). Dash lines indicatethe legal
boundaries of the site, whereas the continuous ohespotentially contaminate
zone where monitoring took place; hydrological mfiation is also provided b
arrows.

Results of soil texture classificati(as per ASTM, 2006) performed on thi
(not directly byPolitecnico di Milan) are indicated in Tab. 6.1.

Tab. 6.1: grain-size distribution classes for 10 soil cores takenAi.., L points
Samples were all taken at several depths: shallogaturated soil “Shal. Uns.
(from 0 to 1 m belowround surface —b.g.9,-deep unsaturated soil “Deep Uns
(from 1m b.g.s. to the water level) and, only imseacsituations, deep saturated ¢
“Deep Sat.” (from water level to 10 m b.g.s.). ddty soil. In bold type majo
grain-size ratios are highlihted.

point depth gravel sand loam clay foc
m b.g.s. | % w/w d.s.| % wiw d.s.| % wiw d.s.| % wiw d.s.| % wiw d.s.
Shal. Uns 1.45 48.92 48.52 1.11 0.32
A |DeepUng 0.39 23.56 75.61 0.43 0.24
Deep Sat 0.06 73.98 25.88 0.08 0.41
Shal. Uns 4.6 53 39 4.1 0.24
B |[DeepUng 0.61 63 17.6 18.6 0.11
Deep Sat 0.43 74 25 0.22 0.41
Shal. Uns 3.84 77.39 18.76 <0,01 0.89
C |DeepUng 24.14 52.77 23.09 <0,01 1.17
Deep Sat 0.03 80.62 19.36 <0,01 0.22
D Shal. Uns 0.48 61.31 37.48 0.73 0.79
Deep Ung 0.27 41.68 57.36 0.7 1.08
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Tab. 6.1; continuec.

E Shal. Uns] 17.64 57.14 25.2 0.02 0.26
DeepUny 7.27 57.95 34.74 0.04 0.41
= Shal. Uns 3.19 66.24 30.36 0.21 0.57
DeepUng 1.07 34.59 64.21 0.14 0.67
G Shal. Uns] 13.71 60.04 25.78 0.48 1.06
Deep Uny <0,01 64.19 35.72 0.09 0.81
H Shal. Uns 8.9 54 37 0.06 0.7
DeepUng 0.01 64 35 0.24 0.89
| Shal. Uns 9.2 76 14.7 0.3 0.61
Deep Ung 4.1 69 27 0.44 0.23
L Shal. Uns 3.22 37.5 59.22 0.05 0.94
DeepUng 0.02 8.62 91.26 0.1 0.47

As for hydrological information, groundwater levelas defined as the
average between the values recorded in the 5 evigts (8 6.2.2) during each
measuring campaign in which Politecnico di Milanasanvolved in FC monitoring.
Data are reported in Tab. 6.2.

Tab. 6.2: average groundwater levels, during three FC manirity sessions.

December 2009
5.6+0.2

July 2009
8.1+0.2

July 2010
8.3+0.2

Water table
[m b.g.s.]

6.2.2.2 Contamination

During the above-mentioned three sessions, mongasf groundwater, soil
gas and open air were performed under the supenvief a local public
environmental Agency, not directly Politecnico diil&ho; indications about
monitoring procedures and features of analyticaghoas are given in this paragraph.

Tab. 6.3 presents the physical properties of teearehed compounds as they
are reported in ISS/ISPESL ltalian Institutes daseb(DB) (ISS/ISPESL, 2010, 8§
1.2), or for still absent compounds, from RISC 43 DB (RISC, 2010).

Tab. 6.3: physical properties of the researched compousdsiyces:”: ISS/ISPESL
DB (ISS/ISPESL, 2010); *: RISC 4.05 SW DB (RISTQ20

omemene ] ar ] waer [ oS
P oning diffusion | diffusion
coefficient constant
Koc DY DY H
| kg™ cm? st cm? st -
Benzen€’ 6.20E+01 8.80E-02| 9.80E-06 2.28E-0jL
Toluene” 1.40E+02 8.70E-02| 8.60E-06 2.72E-01
ethylbenzene’ 2.04E+02 7.50E-02| 7.80E-06  3.23E-01
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Tab. 6.3: continued.

p-xylene” 3.11E+02 7.69E-02| 8.44E-06 3.14E-00
C5-C8 aliphatics” 2.27E+03 8.00E-02] 1.00E-05 5.40E+Q1
C9-C12 aliphatics” 6.80E+05 7.00E-02| 5.00E-06 6.90E+Q1
C13-C18 aliphatics” 6.80E+05 7.00E-02| 5.00E-06 6.90E+Q1
C19-C36 aliphatics * 1.00E+09 1.00E-01] 1.00E-05 4.60E+(Q3
C9-C10 aromatics® 1.78E+03 7.00E-02| 1.00E-05 3.30E-O01
C11-C12 aromatics’ 5.00E+03 6.00E-02| 1.00E-05 3.00E-0p
naphthalene * 2.00E+03 5.90E-02| 7.50E-06  1.98E-0p
MTBE * 1.20E+01 8.00E-02| 9.41E-05 2.40E-0p

6.2.2.2.1 Groundwater monitoring

Before starting each campaign of groundwater manigp purge operations
were performed by pumping a volume of water attlesgial to three times the
volume contained inside the well column. Each samyas collected by a mono-use
bailer and stored at 4°C in a glass vial, awaitinglysis on the analytes indicated in
§6.2.1.3.

BTEX and C9-C10 aromatics were analysed accordairigRtA 5030 C (2003)
and EPA 8260 C (2006) methods, C5-C8 and C9-Clhatics by MADEP EPH
(2004), naphthalene EPA 3510 C (1996) and EPA &¢2007) and MTBE by MP-
1154-R1/03 ones.

In each monitoring session the weighed averagealoieg coming from the 5
wells situated in the contaminated zone was caled]aising higher weights for P2,
P3 and P4 located near to most of the soil gaséppkng points (to obtain a more
representative comparison with results from otipgr@aches).

Tab. 6.4 and Fig. 6.2 summarize average contamawartdentrations for each
monitoring session.

Tab. 6.4: average groundwater pollutant content [jif.|

[} % 1) %] %) 2] 8
Cgroundwater % 8 E % 8 f:’ g f:’ 8 g % L
N [ ) = /8 (O O ® c m
4 | 51212 %|85la5 &8 2 |E
(Hg I”] o = {:T s | © =S |05 O = = =
(] c
not
July 2009 | 6232|2191|4564|3212| 11322 5661| 20756 determined 79
December 20093299| 404 | 393| 776 295% 147%418 36 52
July 2010 |1616| 486 | 1 | 686] 2723 13614992 26 166
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Fig. 6.2: groundwater pollutant concentration [udf]! recorded during three FC
monitoring sessions.

6.2.2.2.2 Soil gas monitoring

10 permanent soil gas monitoring stations wereallest in the potentially
contaminated zone (at named points A, ..., L, plaaedn Fig. 6.1), to monitor
vapour concentration in interstitial gas. With #eception of two points (G and ),
all of them were double stations, with two indeem gas probes screwed at
different depths: collocation 1 “C1” equal to -8 b.g.s. and collocation 2 “C2”
equal to -3.0 m b.g.s.. G and | had only C1 sarggbint.

The position of each soil gas station is summarnisddb. 6.5.

Tab. 6.5: details of soil gas positions; FC and outdoor emeasurements were taken
in their vicinity.

A | far from contamination nucleus revealed by groumdewconcentrations

B | on gravel, in a car parking area

C | far from contamination nucleus revealed by groumatiewconcentrations

D | on gravel

E | busy place, near to contamination nucleus rededlg ground water
concentrations

F | near a contaminated well, about which informati@s unavailable

G | near an paved structure, poorly investigated ayely hallow soil gas)

H | shallow alloctone material, busy place

| | busy place, near to contamination nucleus rededbdy ground watef
concentrations, poorly investigated area (onlylshasoil gas)

L | near a concrete platform, busy place

Samples were taken at least 24 h after a meteacalogvent or irrigation,
and after a purge equal to 3 times the dead volartiee probe.
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BTEX, C5-C12 aliphatics and C9-C10 aromatics, niaplene and MTBE
sampling supports depended on their expected ctmatiens. A preliminary
screening indication was given by a hand-held F[&.2.5.1), providing an overall
concentration as voC (volatile organic Carbon).tHe case of low concentration
(voC < 5 ppm) they were sampled into a caniste4.£85.2, with sampling flow of
0.05 | min', for 60 min), otherwise they were collected in ediBr bag (§ 4.2.5.2)
(with the same sampling procedure). For heavy hgattons, such as aliphaties
C13 and aromatics C11, samples were collected on XAD2 tubes, aftarirty
passed through a PTFE filter. Tab. 6.6 summarinas/acal methods and detection
limits for soil gas sampling. The variation coeiict for all the compounds is 15%.

Tab. 6.6: analytical methods and reached detection lindt$ Y for soil gas analysis.

compound analytical method sampling mediund.l. [ug mJ|
benzene MADEP APH (2000) canister 2-20
internal laboratory methgd Tedlar bag 100
toluene _ MADEP APH (2000) canister 2-20
internal laboratory methgqd  Tedlar bag 100
ethylbenzene |- MADEP APH (2000) canister 2-20
internal laboratory methgd  Tedlar bag 100
xylene _ MADEP APH (2000) canister 2-20
internal laboratory methgqd  Tedlar bag 100
: . MADEP APH (2000) canister 25-100
C5-C8 aliphatics internal laboratory methgqd  Tedlar bag 1000
. . MADEP APH (2000) canister 25-100
C9-C12 aliphatic internal laboratory methgd Tedlar bag 1000
C13-C18 aliphatics NIOSH 5515 (1994) XAD2 1000
C19-C36 aliphatics NIOSH 5515 (1994) XAD2 5000
C9-C10 aromatics MADEP APH (2000) canister 25-100
Tinternal laboratory methgd  Tedlar bag 1000
C11-C12 aromatics NIOSH 5515 (1994) XAD2 1000
naphthalene MADEP APH (2000) canister 2-20
internal laboratory methgqd  Tedlar bag 50-100
MTBE MADEP APH (2000) canister 2-20
internal laboratory methgd Tedlar bag 50-100

Tabs. 6.7, 6.8 and 6.9 and Fig. 6.3 present theltseof soil gas
concentrations sampled at A, ..., L points, for ee€hmonitoring session. C13-C18
aliphatic, C19-C36 aliphatic and C11-C12 aromatidrbcarbon classes were for all
the points and all the sessions lower than detedimoit (d.l.), equal to 1000, 5000
and 1000 pg Mrespectively.
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Tab. 6.7: analytical results [ug i from soil gas monitoring during thduly 2009

session; C1: shallow collocation at -0.8 m b.gG&2: deep collocation at -3.0 m
b.g.s.. C13-C18 and C19-C36 aliphatics and Cl11-@ddmnatics were lower than
d.l. (1000, 5000 and 1000 pg°respectively) for all the points.

IS Q )

8l .| & o N 3 w 8 ~8 |9 § k5 w

2 5 N ) S S O OB | OB | & | m

S8 5| 22| ¢ 8 gi|gclzt

£ = = Z s | 9% | 95| &

3 o <

A Cl| <5 8 <5 25 122 83 <50 <b <b
C2| <5 25 8 15 6689 103 <50 <5 g5

B Cl| <5 7 8 34 222 186 <50 <b <5
C2| 50 1651 50 136 1385510 500 <500 <580

C Cl| <5 <5 <5 <5 148 2485 125 <5 <5
C2| <5 207 6 12 2682 <50 <50 <5 <5

D Cl 85 805 120 216 11038 555 <50 <5 k5
C2| 24 212 104 236 18816 2,411 76 <5 k5

E Cl| 266 1396 366 1220 1984125 11724838 <5| <5
C2| 115 479 600 378 2074329 74324 1258 |<5 |<5

F Cl| <5 10 7 16 243 269 <50 <65 <5
C2|826300 998714 373642 984192 16924408 374789 115309 <50| <50

G | Cl| 142 734 85 141 91673 654 <50 < 3

H Cl| <5 <5 <5 <5 355 50 <50 <b <p
C2| 2586 376 723 379 702986 16766 1023 (<5 (<5

| |C1| 454 1632 558 1160 1453321 596B8 8710 <5 |<5
Cl| <5 42 6 10 4741 153 <50 <5 <5

L Cc2| 60 46 11 30 108472 535 52 5 <

Tab. 6.8: analytical results [pg i from soil gas monitoring during thBecember

2009 session; C1: shallow collocation at -0.8 m b.g&2; deep collocation at -3.0
m b.g.s.. C13-C18 and C19-C36 aliphatics and C12-&bmatics were lower than
d.l. (1000, 5000 and 1000 pgrespectively) for all the points.

£ o ©

g - 2 o N ) w 8 838 |9 § 5 w

o€ ¢ | §|g| & |85 |05 0% g B

AR s | =2 2 S | g2 g6l £ | S

£ < = £ T T S| ©

; ; ;

A C1l <5 9 <5 10 123 286 <5( <hH <5
C2| <5 9 6 15 179 134 <50 <f <5

B C1l| <100 563 114 390 433295 34651 1268 <[1GAQL00
C2| <100 2440| <100 1175 | 1611241056947 1738 <10D <100

C C1l <5 27 21 52 248 2617 111 <b <5
C2 <5 22 15 51 202 891 <50 <b <5
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Tab. 6.8: continued.

D C1 <5 9 6 16 68 75 <50 <5 <5
Cc2 <5 10 10 45 132 123 72 30 <5
E |C1l] <100 2530| <100 840 9416327 115695 1159 <18000
= C1 <5 9 <5 13 234 495 <5( <5 <5
C2(207526Q 226223 116861] 253661 | 9023422 113812 226100/ <100
G|Cl 738 990 332 858 2254015 28355 1976 <[16400
H C1 <5 8 <5 13 5461 318 <5( <h <5
C2| 27762 | 3000| 2648 <100| 1665291070068 99113 <100| <100
| [C1l| <100 1200 <100 1480 | 1866960814389, 1648 <100 <100
Cl| 791 8095 | 1170| 39271200747226 | 126864 7097 <100<100
L C2| 1019 1836 455 1953 1022664 163079 11609D0| <100

Tab. 6.9: analytical results [ug i from soil gas monitoring during théuly 2010
session; C1: shallow collocation at -0.8 m b.g@&2: deep collocation at -3.0 m
b.g.s.. C13-C18 and C19-C36 aliphatics and Cl11-@ddmnatics were lower than
d.l. (1000, 5000 and 1000 pgrespectively) for all the points.
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A Cl| <5 12 15 41 <50 52 69 10 <5
C2| <5 8 34 100 13909 7925% 294 26 <

B Cl| <5 9 50 102 1271 135 158 2 <5
C2| 4130| 8051 2204 836ff 9085762 500 5536 50 |<50

C Cl| <5 9 16 26 <50 256 50 16 <5
C2| <5 22 26 51 159 485 61 <5 g5

D Cl| <5 13 25 58 71 112 85 <5 <5
C2| <5 15 37 159 107 165 165 <b <5

E Cl| 1787 | 4265 1242 251D 6878111 5008&0D15| 1398 <50
C2| 1125| 7392| 1632 7175 131128850038 9822 | <50 688

= Cl| <5 12 22 63 101 829 83 1?2 <5
C2|37249 29916 8399 | 51803 369313 | 27590420456| <50 | <50

G |C1l| 3916| 5831 1101 3362 1258995 7015 2412 18B9

H Cl 7 62 120 153 7284 9969 437 110 x5
C2| 765 | 8399| 2735 5141 2976157 2218B855| <50| <5(

| |{C1l| 1698| 8205| 1418 5448 7815631 3229B60| <50| <5(

L Cl| 1704 | 2444| 1137 2876 2313608 78252U54| 827| <50
C2| 922 | 1950| 1035[10431| 1011033 9398| 15697381 <50
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Fig. 6.3: comparison (in logarithm scale) between soil gascentrations [ug i
at different points and during the 3 monitoring sess (different colours), for each
compound. C1: shallow point at -0.8 m b.g.s., G2 point at -3.0 m b.g.s.; error
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bars indicate analytical error whereas dashed rawe$ d.l. of different analytical
techniques (Tab. 6.6).

As for BTEX, they seemed to behave in an overaflilar way; it was

however impossible to specify a trend over tima gorrelation between the shallow
(C1) and deep (C2) sampling depths: for some positthey seemed to change less
than an order of magnitude (0.0.m.) with depth lfsas A, D, E, and L with the
exception, for this point, of the second sampliagipaign), whereas for others they
appeared to increase meaningfully (more than In).with depth (B, F, H).
Point F, at depth C2, for all the sampling sessi@seemed however the most
contaminated soil gas station by benzene, tolusthglbenzene and xylene: F was in
fact placed near a contaminated well, about wmébrination was unavailable (Tab.
6.5). As for xylene, however, during the winter @@mpaign, L point, at C1 depth,
revealed an anomalous maximum concentration ol/éreabther samples.

As regards detected (> d.l.) hydrocarbons both ahsence of a general
correlation between C1 and C2 monitoring depthiaffie to the same point) and of
a trend over time were noticed. Point F was cordanto be one of the highest
contaminated locations, together with points B,d&, H, | and L, for all light
hydrocarbons. E, G, L presented presence of nadehthaapours too. MTBE was
detected with concentration higher than d.l. onildeep point E, and only during the
summer 2010 campaign.

No further indication is possible to add about @36 aliphatics and C11-12
aromatics, as they were always lower than d.I..

6.2.2.2.3 Open air monitoring

Only during the July 2010 sampling campaign, alstwdoor air samples
(Coutmea) Were taken at points A, B, E, G, | and L (Fidl)6through collection into
canister (not directly by Politecnico di Milano). TBX, C5-C8 and C9-C12
aliphatics, C9-C10 aromatics, naphthalene and MTi&ie detected by MADEP
APH (2000) with d.I. equal to 50 pghfor hydrocarbon compounds and 2 pg m
for the other analytes.

Maximum measured concentrations,(Gneas,mak are reported too, by posing
data lower than d.l. equal to d.l..Results arecaidid in Tab. 6.10 and Fig. 6.4.

Of all the BTEX, xylene was found in all the santpf@ints with the highest
concentrations, in good agreement with soil gas itoong (Fig. 6.3). As for
benzene, ethylbenzene and aliphatic hydrocarbom® tvas no direct correlation
with samples of soil gas, for instance the paréidyl high value in B does not
correspond to an exclusively higher concentratiorail gas (also G, | and L points
presented concentrations of the same 0.0.m.). As @& indicates, B was placed in
a car-parking area and measurements were prob#bbtesd by some local vehicle
emissions; in fact fumes from gasoline combustimmain BTEX substances.

As far as toluene was concerned, on the contraypad correlation was
noticed. As for aromatics, naphthalene and MTBEhimgt was deduced because
detected concentrations were lower than d.l.s.
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Tab. 6.10: analytical results Gumeadltg M) for outdoor air monitoring in 6 points
during theJuly 2010 campaign. Maximum values are indicateg: eas mak00, With
values lower than d.l. highlighted in bold type.
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Fig. 6.4: analytical results [pg i for outdoor air monitoring in 6 points during the
July 2010 campaign. Segments of dashed red line, overlagmstggram groups for
each compound, represent its d.l..

6.2.3 Flux chamber monitoring

During the monitoring activities presented in 8 .B,2three sampling
campaigns with dynamic flux chamber (8 4.2.1.2)emearried out by the author for
Politecnico di Milano, to monitor the emitted flax ground surface. Summer/winter
2009 campaigns were chosen as seasonal monitarisgggested in literature (8
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4.2.3) and the second summer campaign was usefulcampare similar
environmental context but with changed contamircandition.

6.2.3.1 Field equipment

New tested FC setup (8 5.2.5) was used and mamgtonas carried out
according to an inner developed protocol which mered the results of activities
described in § 5.

In each monitoring point the chamber was sealdtidasoil by using wet sand
and dried treated air was used as the sweep flodescribed in § 5.2.4.

A sketch of the measuring system is indicated o &b and a picture of the
same in Fig. 6.6.

It was composed by:

I. a tank with some granular silica gel (Carlo Erba)irf Fig 6.5) to absorb
moisture of environmental air (1 in Fig 6.5) preegcdby a PTFE filter to
protect from environmental dust and stabilize thetisn pump (point ii).
When the gel was exhausted (it had changed coibus regenerated in an
oven at 120°C for 24 h;

ii. a suction pump (KNF Laboport) (3 in Fig 6.5); sintee outflow was
overheated, pipeline from 3 to 4 was connected gtaas midget impinger
(Sigma Aldrich, Fig. 6.7) placed in a cold watetth@wvith some ice packs) in
order to cool it and further to create a compensatiolume which stabilized
the flow;

iii. U shaped container filled with activated carbon iNdr mm to purify
environmental air from the compounds researchedamnpling line (BTEX,
C5-C8 aliphatics, C9-C18 aliphatics, C19-C36 altfsa C9-C10 aromatics,
C11-C22 aromatics, naphthalene and methyl terttbether -MTBE-)
similarly to what is indicated in 8§ 5.2.4. Activdtearbon (a.c.) was changed
for each sampling point measurement and regeneaaisatding to procedure
in 8§ 5.2.4;

iv. checking lines to verify purification of sweep diowing into the FC,
commonly constituted by two lines. One (Ck1) wasstibuted of an a.c. tube
(Sigma Aldrich) (5 in Fig 6.5), followed by a rotater (Zambelli, § A1.1.2.5)
(6 in Fig 6.5) and a valve to regulate the airflpvoperly. It was used for
analysis on BTEX, C6-C8 aliphatics, C9-C12 aliptatiand C9-C10
aromatics. The second line (Ck2) had a similarcttine, and contained a
XAD2 tube (Sigma Aldrich) (5’ in Fig 6.5) followethy an a.c. one and
another system to regulate the flow (L80418/01, B1A&.5). They were
respectively used to adsorb C13-C18 aliphatics,-C38 aliphatics, C11-C22
aromatics and naphthalene on the first one, andligbatic and MTBE on the
second one (because XAD2 does not retain themailBgtreasons are given
in 8 A2.2.4. As for the July 2009 campaign only Gkie was necessary to
verify BTEX content;
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1
® 0
L2 5 9 ‘
6

L3 40
5’ 9 ‘

Fig 6.5: sketch FC system used for field activity. 1: amtaen 2: silica gel tank, 3:

PTFE suction pump, 4: activated carbon U shape t@a&: activated carbon tube,
5: XAD2 tube, 6: flow meter to regulate inflow;{Qinto FC, 7: flux chamber, 8:
impinger and cold bath, 9: suction pump, 10: flowa& flowing through each
sampling line; Ck: check line to verify treated pureness, L: sampling line.

v. parallel line conducting the sweep gas into FOh(Fig 6.5). Another rotameter

Vi.

Vii.

(Gilmont n° 13, 8§ A1.1.2.5) and a valve regulatlee air flow at the proper rate
(Qin) diverting the excess. Mass flow controller (8.8)2wvas no longer used
because some electronic problems arose at the tatope in which the
campaigns were performed (which was often outside dptimum range, 8
Al1.1.2.3);

two glass midget impingers in series (Sigma Aldri€ly. 6.7), located in a cold
water bath (with some ice packs) (8 in Fig 6.5),revelaces to protect
monitoring tubes from moisture contained the oowfl(§ 4.2.5.3) and to pick
up condensed water for further analysis;

sampling system that was generally constitutedhioget parallel lines (L1, L2
and L3 in Fig 6.5, each one needed for a diffeggatip of analytes. Each line
was constituted by a sampling tube (Sigma Aldrehdl a constant flow pump
(SKC AirCheck -8 A1.1.2.1- or Ego Plus TT, ZambefliA1.1.2.2-) (9 in Fig
6.5), regulated at proper flow {£3\,). Flow was verified periodically by a flow
meter (SKC, § A1.1.2.5) (6 in Fig 6.5) linked tethump outflow. Tubes were
respectively an a.c. one for BTEX, C6-C8 aliphat{€8-C12 aliphatics and C9-
C10 aromatics, another a.c. for C13-C18 aliphatk9-C36 aliphatics, C11-
C22 aromatics and naphthalene and a XAD2 one falipbatic and MTBE (5’
in Fig 6.5).

The difference between{andQsampiescaped through the two open left vents (§
4.2.4.7).
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Fig 6.6: picture of FC system used for field acti

Fig. 6.7: glass midget impingers used to cold air flow alsampling line

6.2.3.2 FC measuremen

Before starting each measurement, purge of theramwiental air initially
trappedunder the FC was performed, thus @eaching a pseudsteady state insic
the chamber; sweep air was switched on for 2 hylagégd at thesame conditiol
maintained during monitoring operats, without tubes connected on L1, L2 and
lines. On the contrary tubes were already fixedCéid and Ck2 lines to verify tr
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overall mass flowed through the system, therefocesiasing the possibility to detect
chemicals on the tubes (as their concentrationse waostentially very low).
Analytical results on tubes are, in fact, expresasdotal mass adsorbed on the
support (8 4.2.5.3) and, when the monitoring doratncreases, the volume passing
through the tube increases too, with higher prdltaltio detect a mass higher than
d.l.

After 2 h, sampling tubes were connected to outflio& on one side, and to
a suction pump to the other. All the tubes wereeced with some aluminium foil to
protect them from direct sunlight that could haiterad the absorbed molecules.

FC blanks (8 4.2.3) were also performed at therimegg and end of each
campaign (called FC-blank-andFC-blank-f, respectively): FC was placed indoors
over a PTFE sheet (8 5.2.2) and usual protocolfatisved.

3 field-blank tubes (2 of a.c. and 1 of XAD2) (84.3) were opened for
each sampling point and left open long enough (& $econds) to connect the
sampling tubes to lines. Then they were storechendame way as samples, thus
representing a reference for transport and stocagelitions. They were analysed
similarly to samples (8§ A2.2), enabling any exténméerference not due to soll
vapour emissions to be quantified.

At the end of measurement, tubes were closed we#hng caps, covered by
aluminium foil and placed in closed glass pots (fmmeeach sampling point) at - 4°C
awaiting analyses. The pots were previously letinroven at 105 °C for at least 8 h
to make any VOC volatilize. Liquid samples wereleded from impingers and
placed in 5 ml glass vials (filled to the brim lifet volume of water was enough) and
stored similarly as tubes.

Tubes were analysed from DIIAR Laboratory at Pofiteo di Milano,
according to methods indicated in 8 A2.2.2 for BTEXcluding all xylene forms,
such as in § 2.1) and in § A2.2.3 for hydrocarb@mgounds, giving results
indicated as mass My C5-C8 aliphatic results were calculated by add@ig
aliphatic to C6-C8 aliphatics; the d.l. of the nelass was therefore defined as the
sum of single d.l.. Both sampling part “a” and dtirg par “b” (§ 4.2.5.3) were
analysed.

Moisture samples were analysed according to metim8#2.2.4 to evaluate
potential amounts of chemicals diluted in the agguhase.

Monitoring duration lasted approximately 5/6 h,wihe aim of simulating
the exposure of a potential receptor in the remeak area, as long as possible
compatibly with remaining time available, which garsteed a reliable assessment as
far as RA is concerned (8 4.2.5), and increasetthdumore possibility of detecting
low concentrations. Different sampling durationd dot influence comparability of
results because these were elaborated as indica$e6l2.4.2.

Each point measurement lasted 7/8 h in all, plagithe needed to mount the
system setup, and that is why one point was taldaya

Tab. 6.11 indicates the points monitored during dampaigns, for each of
which FC was placed next to the respective soilggaison (to be compared directly
with its results) on unpaved areas (8 4.1.2). Liooatwere chosen according to time
available with good weather conditions (as indidate§ 6.2.2.2.2), and insisting on
more frequented places (points E, | and L).
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Tab. 6.11: points of FC monitoring during different campaggn

A|B|C|ID|E|F|G|H]|I|L

July 2009 | x X|X|X]|X X [ X]| X
December 2009 X| X | X X | X|X
July 2010 X X X X| X

Tabs. 6.12, 6.13 and 6.14 indicate the operativanpeters for each FC
measurement.

Only BTEX were monitored during the first camparggeding only one tube,
overall requiring a lower Qmpithan in later campaigns; a lower sweep flow rags w
needed however guaranteeing FC internal presswgeethithan outside (as was
verified in 8§ 6.3.1.1.3). During December 2009 ahdy 2010 all the above
mentioned chemicals were analyzed and thereforg@ séimpling lines were active.
During the last campaign the available suction pwsometimes gave lower flow
rate (probably due to high temperature) and theadipe conditions were regulated

as a consequence.

Tab. 6.12: sampling points and operative parameters ofdtl 2009 campaign.

air flow rate | air flow rate passing | sampling

in FC through sampling tube| duration

Qin [I min_l] Qsampl [I min_l] At [min]

FC-A 6.3£0.1 1.9+0.1 300
FC-C 6.4+0.1 2.01£0.1 302

FC-D 6.310.1 2.0+0.1 305

FC-E 6.3£0.1 2.0£0.1 240

FC-F 6.2+0.1 2.0£0.1 307

FC-H 8.0+0.1 2.0£0.1 300
FC-I 6.310.1 2.0£0.1 312

FC-L 6.5+0.1 2.010.1 305

FC-blank-, | 6.3%#0.1 2.0£0.1 240

FC-blank-t,| 6.4+0.1 2.0£0.1 300

Tab. 6.13: sampling points and operative parameters of thecember 2009
campaign.

air flow rate | air flow rate passing | sampling

in FC through sampling tube| duration

Qin [I min_l] Qsampl [I min_l] At [min]

FC-D 7.5+0.1 1.5+£0.1 313
FC-E 7.5+0.1 1.5+£0.1 312
FC-F 7.5+0.1 1.5+0.1 313
FC-H 7.5+0.1 1.0+0.1 307
FC-I 7.5+0.1 1.5+0.1 310
FC-L 7.510.1 1.5+0.1 310
FC-blank-,| 7.5%0.1 1.5+£0.1 315
FC-blank-t,| 7.5%0.1 1.5+0.1 330
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Tab. 6.14: sampling points and operative parameters ofdtky 2010 campaign.

air flow rate | air flow rate passing | sampling

in FC through sampling tube| duration

Qin [I min_l] Qsampl [I min_l] At [min]

FC-B 6.3+0.1 1.2+0.1 350
FC-E 6.310.1 1.5+0.1 370
FC-G 7.0+0.1 1.5+0.1 336
FC-I 6.3+0.1 1.2+0.1 370
FC-L 7.0£0.1 1.5+0.1 373
FC-blank-, | 7.3£0.1 1.5+0.1 299
FC-blank-f,| 6.5+0.1 1.240.1 312

6.2.3.3 Recording physical parameters

Physical parameters (as measured during laboratm@le tests in § 5) were
also recorded by inserting the probes inside tlantler through one of the two left
open vents.

In detail, temperature and humidity both inside, @hd H,) and outside (d.: and
Hou) the FC were taken by using a digital thermo-igeten (TFA) (8 A1.1.1.4). The
temperature differencAT = T, - Tin and the averaged environmental temperature
during the monitoring dnir were calculated, too.

The pressure difference between the inside andtitgde of the chamber
(AP = R, - P,,) was also measured, by using Micro-manometer D& “fOprobe,
half way up the cylinder and 2 cm over ground lef@dhough not detected for all
the points) and, only during the third campaigen®2from the top, too.

During the December 2009 and the July 2010 cagngaiphysical data of
initial FC blanks were not recorded.

6.2.4 Fluxes from modelling

Available geological information showed a poor leseexamination typical
of investigations performed for characterizatiorpofentially contaminated sites for
RA purposes (8 1.2). A simple conceptual site matteltch (8 1.2) was therefore
elaborated, resulting composed of an unsaturatgdr lmade of loamy sand
monolayer.

The physical features of the site, summarized ih. &15, were therefore
defined following ex-APAT Agency indications accorg to the prevalent grain size
ratio (APAT, 2008a).

An analytical model was chosen for transport maniglbecause it requires a
low amount of input data (8 3.4.2); the followedogedure is, also for this, in
agreement with ex-APAT indications (APAT, 2008a)wamich RA is based. Johnson
and Ettinger (J&E) model (8§ 3.4.2.2) (loaded int®&® 4.05 SW -RISC, 2010-) was
preferred because it is the best-known referencelemdor vapour transport
evaluation for risk analysis.

The results obtained were therefore in agreemetit procedure commonly
followed in compliance with Italian Law (L.D. 152)@6).
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Tab. 6.15: physical properties of loamy sand sGNPAT, 2008a).

parameter inner referencel symbol | measuring unit| value
Soil density §3.2.2.3 Pb g cm° 1.7
Total porosity §3.2.1 f - 0.41
Effective porosity §3.2.1 f - 0.353
Water content §3.2.1 Ow - 0.103
Residual water content §3.2.1 Owr - 0.057
Capillary fringe thickness §3.2.1 cah cm 18.8
Effective porosity at capillary fringe  §3.2.1 fca= fe - 0.353
Water content at capillary fringe §3.2.1 Ow,car - 0.318
Air content at capillary fringe §3.21 Oa.ca - 0.035
Gaseous permeability §3.2.2.2 c Kk cnt 10’

6.2.4.1 Transport from groundwater

To simulate vapour from groundwater contaminatiéaw) the following
data were used: geological information, concernbwh capillary fringe and
unsaturated soil (Tab. 6.15), contaminant phygcaperties (Tab. 6.3), and for each
monitoring session, the proper water level deptab(16.2) and concentrations in
groundwater (Tab. 6.4).

6.2.4.2 Transport from soil gas

To simulate vapour from soil gas sdf the following data were used:
geological information concerning unsaturated €bdlb. 6.15), contaminant physical
properties (Tab. 6.3), and for each monitoring isesthe proper monitoring depth (8
6.2.2.2.2) and concentrations in soil gas (Tabs.&8 and 6.9).

Maximum flux values (Ecmay are reported too, considering for
concentrations lower than d.l.,, a value equal fa 8lo average was calculated
because of the presence of values lower than d.l..

6.2.5 Fluxes from flux chamber measurements

At each monitoring point, the average flux from #wl under the chamber,
Frc, was calculated by using equation (4.17), whetie RC area indicated in Tab.
5.6 and Mampiis defined in § 6.2.3.2.

Maximum flux values (Fc, may) are reported too, considering fordvy lower
than d.l., a value equal to d.l.. No average wésutsed because of the presence of
values lower than d.1..

6.2.6 Ambient air measurements from modelling

To simulate dispersion of vapour flux from soilanatmosphere, the box
model, commonly applied during RA for contaminatsiles, was used. This
approach complied with ex-APAT indications (APAT(Ba). Concentration in air,
Cout due to the sole contribution of soil vapour, assidered to be spread in a box h
high and L long, according to:
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_F*L
out — V*h
where h, expressing the mixed layer height, wasrtaqual to 2 m as to default ex-
APAT indication (APAT, 2008); L, indicating the lgth of the source along the
prevalent wind direction, was taken as the diagoh#tie contaminant part of the site
(8 6.2.2.1) equal to 220 m (according to a precaatlyy approach, independently of
the direction of the wind); v is the wind velocitjth a measured value of 1 n.s
Cout Was calculated with (6.1) fromgly, Fss (both two sampling depths) and
Frc, referred to the July 2010 campaign, giving respebdti Coutows Coutsc and
Coutrc Outdoor concentrations of each analyte, modefi@in correspondent
maximum fluxes of the July 2010 campaigiidFRc1.max Fse,c2,max@nd Fc may) are
called Gut,sc,c1,max Cout,s6,c2,ma@Nd Gut,Fc,max

(6.1)

6.2.7 Risk calculation

Cou, a@s indicated in 8§ 1.3, is the chemical input datwhich joined to
toxicological and exposure parameters, is useldrestimation of risk due to vapour
inhalation. Indications of ex-APAT Institute redarg RA execution (APAT,
2008a) were followed: from a statistical point aédw, when the number of measures
is lower than or equal to ten, the maximum valu® ibe used. AS & measWere less
than ten, Gutmeasmax(0f each compound) was used to calculate the disk to
inhalation. In particular cancer risk (R) for tharc@nogenic compound (benzene),
hazard index (HI) due separately to each analyteTatal HI as sum of single HI
were evaluated. Results were compared with riskenated from Guiew max
Cout,s6,c1,max Cout,s6,c2,max and Gut,Fc,max

According to Italian law (L.D. 152/2006), maximurolgrable risks due to
exposure to a potentially polluted site, are edaaRy = 10° for R from a single
substance and Hl= 1 both for HI and total HI (due to the overatpesure to non-
carcinogenic compounds).

RISC 4.05 SW (RISC, 2010) was used in all cases.tli® present case-
history, toxicological data were taken from ISSHESP database (ISS/ISPESL,
2010) (Tab. 6.16) and the exposure parameters wefault ex-APAT values
(APAT, 2008a), with the exception of site-speciistablished exposure frequency
and time of permanence (indicated in Tab. 6.17 lothadult and child potential
receptors).

Tab. 6.16: toxicological parameter values for analytes rested during outdoor
air monitoring (source: ISS/ISPESL, 2010); SF: gldactor, RfD: reference dose.

inhalation SF |inhalation RfD

[mg (kg-d)']*| [mg (kg-d)’]

benzene 2.73E-02 8.55E-03
toluene - 1.43E+00
ethylbenzene - 2.85E-01
p-xylene - 2.00E-01
C5-C8 aliphatic - 5.70E-02

C9 - C18 aliphatic - 5.70E-02
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Tab. 6.16: continued.

C9 - C10 aromatic - 1.43E-02
naphthalene 8.60E-04
MTBE - 8.60E-01

Tab. 6.17: applied exposure parameters for child and adatteptors.

Adult Child
Average lifetime (year) 70 70
Body weight (kg) 70 15
Exposure duration (year) 24 6
Exposure frequency (d yer 300 300
Time outdoors (h Q) 16 16
Inhalation rate (rth™) 1,5 1
Lung retention factor (-) 1 1

6.3 Results

6.3.1 Flux chamber measurements

Tabs. 6.18, 6.20 and 6.22 indicate the mass of oangs adsorbed on tubes
placed along check lines (Ckl and Ck2 in Fig. @&jing each monitoring session.
Tabs. 6.19, 6.21 and 6.23, on the other hand, suienanalytic results in terms of
Msampifound on each tube placed along sampling lines [(Pland L3 in Fig. 6.5).

Analysis of moisture matrix collected during sumraessions (whose results
are not reported in tables directly) revealed digide mass of each analyte (lower
than d.l.) in each sample. During the winter segstue to low temperature, no
moisture was collected in midget impingers. Reduits tubes along outflow lines,
therefore, did not have to be corrected by anytemidil amount.

All the “field and transport blank” tubes presentedass lower than d.l. for
all the analyzed compounds (data not directly iatdid) and there were no artefacts
due to incorrect technical handling or storage.

Sweep air flowing into the FC was properly treabgda.c. system, as it is
indicated by values lower than d.l., both on pa&and part b of tubes along check
lines (Tabs. 6.19, 6.21 and 6.23).

None of the FC-blanks, performed at the beginnimgl &#nd of each
campaign, presented any trace of contaminationqTé&H9, 6.21 and 6.23), and
therefore memory effects had to be excluded.

The sampling tubes captured completely contaminardss, without
breakthrough phenomena, because their parts bakeags lower than d.1..

Summing up, BTEX were detected just during they 2009 campaign, in
points | (toluene) and L (m-xylene). During the teincampaign C9-C12 aliphatics
were detected in D and H, whereas lighter class@8aliphatics) were found in |,
confirmed also in July 2010. During the last monitg campaign amounts > d.l. of
different aliphatic compounds were recorded in BGEIl and L, and in G also C9-
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C10 aromatics. Results cannot be compared dirastiVsampihad to be elaborated as
in § 6.2.5.

Tab. 6.18: contaminant mass [pg] found on a.c. tubes alohgc& Ck1 line (to
control proper air treatment), during thiuly 2009 campaign; part a: sampling part
and part b: check part.

+ 0} o % () Q ()
S| || 5| 5| 8|58
® c S | 31 | 2| 2
o o | & | | X . ,
= ° = = o = o
@
a [<0.9(<0.9|<0.9| <0.9Q <0.9 <0.9
Air Ck - A
b [<0.3/<0.3/<0.3]<0.3/<0.3|/<0.3
a [<0.9(<0.9]|<0.9| <0.9 <0.9 <0.9
Air Ck -C
b [<0.3/<0.3/<0.3]<0.3/<0.3|<0.3
a |<0.9(<0.9]|<0.9| <0.9 <0.9 <0.9
Air Ck -D
b [<0.3/<0.3/<0.3]<0.3/<0.3|<0.3
a |<0.9(<0.9]|<0.9| <0.9 <0.9 <0.9
Air Ck -E
b [<0.3/<0.3/<0.3]<0.3/<0.3|<0.3
a |<0.9(<0.9]|<0.9| <0.9 <0.9 <0.9
Air Ck -F
b [<0.3/<0.3/<0.3]<0.3/<0.3|<0.3
] a [<0.9(<0.9]|<0.9| <0.9 <0.9 <0.9
Air Ck -H
b [<0.3/<0.3/<0.3]<0.3/<0.3|/<0.3
] a [<0.9(<0.9]|<0.9| <0.9 <0.9 <0.9
Air Ck -l
b [<0.3/<0.3/<0.3]<0.3/<0.3|/<0.3
a [<0.9(<0.9|<0.9| <0.9Q <0.9 <0.9
Air Ck -L
b [<0.3/<0.3/<0.3]<0.3/<0.3|<0.3
AirCck | a [<0.9|<0.9|<0.9| <0.9 <0.9 <0.9
blank-t, | p [<0.3|<0.3/<0.3/<0.3]<0.3/<0.3
Airck | a [<0.9|<0.9|<0.9| <0.9 <0.9 <0.9
blanktn | b |<0.3|<0.3]<0.3/<0.3]<0.3/<0.3
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Tab. 6.19: contaminant mass Mmpi[11g] found on a.c. tubes during thkaily 2009
campaign; part a: sampling part and part b: checktpValues higher than d.l. are
indicated in bold type.

tube part
benzene
toluene
ethylbenzene
o-xylene
m- xylene
p- xylene

<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9/<0.9|<0.9/<0.9/0.92(<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|0.97|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3
<0.9|<0.9|<0.9|<0.9|<0.9|<0.9
<0.3|<0.3|<0.3|<0.3|<0.3|<0.3

FC-A

FC-C

FC-D

FC-E

FC-F

FC-H

FC-I

FC-L

FC-blank-i,

FC-blank-,

| |c|jo ||y | T ||| T|Y| T T | T |T|D
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Tab. 6.20: contaminant mass [ug] found on tubes along chiékk and Ck2 lines (to
control proper air treatment), during th®ecember 2009 campaign; part a:
sampling part and part b: check part.

| @ % o| 2| %) oo 0o n wc\lw8
255|582 EBE0505 050508 € | 4
8183|2| % FIFBEgEREBER 505 £ 5
EQ“%OEQ_ g - 0 T|O® EOEg
_ a |<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.30.5 |<0.2| <0.2
AIr Ck-b b |<0.1/<0.1<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
_ a |<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 |<0.2| <0.2
AIr Ck £ b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
_ a |<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.5<0.5 |<0.2| <0.2
Alr Ck - b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
JPSEE <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 | <0.2 | <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
Aok 12 <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.5<0.5 | <0.2 | <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
A oL L2 <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 | <0.2 | <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
Air Ck | @ [<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 |<0.2 | <0.2
blank-t, | p |<0.1/<0.1/<0.1]<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.1§<0.07<0.07
Air Ck | @ [<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.3<0.5 [<0.2 | <0.2
blank-k, | p |<0.1]<0.1/<0.1/<0.1/<0.1/<0.1]<0.2<0.1|<0.18<0.18<0.1|<0.18<0.07<0.07
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Tab. 6.21: contaminant mass Mmpi[11g] found on tubes during the December 2009
campaign; part a: sampling part and part b: chec&tpValues higher than d.l. are
indicated in bold type.

alg | 81888
2l lolo|B|E| 2|2 |8 B2
Sl2lelR|ec|2|sla|e|2|5|s|e|y
o Rlo|lg|2|(s|2|=8 | 8| ® | 5| | 8|
v c| 3|2 | K| % || 0| @ ~ | E | E
Q0| o3| 4 . Ll lY | M| S | N 5| s
2| 7|52 |eg|a|lQ0|0|Q|Q|0| Q| =
@ Wilg | Q|9 g o | <
OO0 | 510100
e pl? <0.3<0.3<0.3<0.3<0.3<0.3<0.60.38/<0.5 | <0.5| <0.50.5 | <0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1<0.18<0.07<0.07
e 12 <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 | <0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
o 12 <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 | <0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
o2 <0.3<0.3<0.3<0.3<0.3<0.3<0.60.31|<0.5 | <0.5| <0.50.5 | <0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
oy 12 <0.3<0.3<0.3<0.3<0.3<0.3183 |<0.3<0.5 | <0.5| <0.50.5 | <0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
e L® <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.50.5 | <0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
FC | a|<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 |<0.5| <0.30.5 |<0.2| <0.2
blank-tn| b [<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2/<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
Fc | a|<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 |<0.5| <0.50.5 |<0.2| <0.2
blank-n| b [<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2/<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
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Tab. 6.22: contaminant mass [ug] found on tubes along chékk and Ck2 lines (to
control proper air treatment), during thiuly 2010 campaign; part a: sampling part
and part b: check part.

2l lelo|E|BE| 2|8 8| 8|
glelelf|lglg|ElslE | 2|2|8|s|e|y
o Rlo|lg|2|(s|2|=8 | 8| ® | 5| | 8|
olc | 3|2 || K| |l |e|lolo|lE|E
2 9| ol x| 4 ' ARl — M | gl N s | S
2| 7|52 |eg|al0|I0|Q|Q 0| Q| =
) O | g < o | g — c
©Cl0 | 5|00 0
PN <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.%0.5 |<0.2| <0.2
Ir -
b |<0.1/<0.1/<0.1<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
A crel? <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.%0.5 |<0.2| <0.2
Ir -
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
. <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.%0.5 |<0.2| <0.2
Ir -
b |<0.1/<0.1/<0.1<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
NP <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.%0.5 |<0.2| <0.2
Ir -
b |<0.1/<0.1/<0.1<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
A on LB <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.%0.5 |<0.2| <0.2
Ir -
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
Air Ck | a |<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.30.5 |<0.2| <0.2
blank-t, | b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
Air Ck | a |<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 | <0.5| <0.3<0.5 [<0.2| <0.2
blank-tn | b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
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Tab. 6.23: contaminant mass Mmp [HQ] found on tubes during théuly 2010
campaign; part a: sampling part and part b: checktpValues higher than d.l. are
indicated in bold type.

alg | 8] 88| ¢
2l yle|o|EE|E| 8|85
gleleld|lgls|ElsE | 2|2|8|s|g|u
o % o o L) = Q = | ® © @© = @®© @ m
ol | 5|38 > | 2| ® o | o | %~ E|FE
Slo | oI X | il T oY | 2™ |8 || 5 |s
2T E|°ClE|2Ql0 Q| Q0| Q| =
e Wie | Q1S |a|d| <
Ol o]0 |00
el <0.3<0.3<0.3<0.3<0.3<0.38.6|<0.3 9 | 4 [<0.3<0.5|<0.2|<0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
el <0.3<0.3<0.3<0.3<0.3<0.3 3.5|<0.3 14 | 2 [<0.3<0.5|<0.2| <0.2
b |<0.1/<0.1/<0.1<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
e ol? <0.3<0.3<0.3<0.3<0.3<0.320.4<0.3 30 | 6 |0.3/<0.5|<0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
. a |<0.3<0.3<0.3<0.3<0.3<0.31.110.4 | 22| 9 |<0.3<0.5 |<0.2| <0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
oo 12 <0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3 25 | 5 |<0.3<0.5 |<0.2|<0.2
b |<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07
FC | a|<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 |<0.5| <0.50.5 [<0.2| <0.2
blank-t | b |<0.1/<0.1/<0.1/<0.1]<0.1/<0.1/<0.2<0.1<0.18<0.18<0.1/<0.18<0.07<0.07
FC | a|<0.3<0.3<0.3<0.3<0.3<0.3<0.6<0.3<0.5 |<0.5| <0.30.5 |<0.2| <0.2
blank-tn| b [<0.1/<0.1/<0.1/<0.1/<0.1/<0.1/<0.2/<0.1/<0.18<0.18<0.1/<0.18<0.07<0.07

6.3.1.1 Physical parameters recording

6.3.1.1.1 Temperature

Figs. 6.8, 6.10 and 6.12 indicatg {lgreen squares),oJ; (red triangles) and
AT (blue lozenges) recorded during each monitoriagnmaign. The end of purge
phase, coincident with the beginning of monitorirsgindicated by a black triangle
on x-axis. Further, for a clear reading, y-axis Wapt the same on each group of
figures.

Separately for each monitoring campaign, Tabs. ,6@225 and 6.26
summarize the average of,fand T, during each sampling day, and als@.if at the
bottom of average ol: column.AT is added, too, separately for purdel {.q9 and
monitoring ATmonit) Phases, in order to highlight difference betw#esm. For each
average, its standard deviation (s.d.) and vanatioefficient (VC) are specified.
Figs. 6.9, 6.11 and 6.13 represent these data.
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Fig. 6.8: temperature measured outside (red triangles) amgide the FC (green
squares) (on right axis), and their difference @lozenges) (on left axis) recorded
during theJuly 2009 monitoring session. Black triangle on x-axis reganets the end
of purge phase and error bar indicates instrumerggdor or its propagation on
temperature difference.

Tab. 6.24: summary table for temperature during thaly 2009 campaign: average,
standard deviation (s.d.) and variation coefficidMC) for each point, of outside
(Tou) and inside () the FC temperatures antll, separately for purged{Tpurge and
monitoring UTmoni) phases. Average temperature of the campaigr.jTand its
statistics are indicated in bold type.

Tout Tin ATpur_qe ATmonit
average s.d.| VC |average s.d.| VC |averageg s.d.| VC |averagg s.d.|VC
°C °C| % °C °C| % °C °C| % °C °C|%
A 32 2 6 30 1 3 -0.7, 09 122 3 2 | 60
C 32 2 6 34 2 6 -2 2l 105 -2 171
D 34 4 | 11 30 2 8 29| 0p 20 5 1 21
E 35 3 9 32 1 4 3 3 89 4 2 57
F 37 5] 15 30 2 8 3 1 50 8 2 29
H 32 4 | 13 31 2 6 0 2 973 2 4 | 209
I 41 4 | 11 30 3| 10 12 4 39 12 I 11
L 28 2 6 29 2 7 -1.2) 05 44 -1 2 271
blank t, 37 1 3 33 3| 10 0 2| 363 6.3 | 0.6/ 9
blank , | 27 1 5 25 1 5 15| 038 1y 1.8 02 |9
T envir 34 4 | 11
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Fig. 6.9: the July 2009 campaign: average temperature measured outsidd (re
triangles) and inside (green squares) the FC (ad AT separately for purge (full
blue lozenges) and monitoring (empty black lozengieases (b); error bars indicate

standard deviations.
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Fig. 6.10: continue.
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Fig. 6.10: temperature measured outside (red triangles) argide the FC (green
squares) (on right axis), and their difference éblozenges) (on left axis) recorded
during theDecember 2009 monitoring session. Black triangle on x-axis reganets
the end of purge phase and error bar indicatesrumental error or its propagation
on temperature difference.

Tab. 6.25: summary table for temperature during tBecember 2009 campaign:
average, standard deviation (s.d.) and variatiorficient (VC) for each point, of
outside (T.) and inside () the FC temperatures andT, separately for purge
(ATpurge and monitoring 4Tmon) Phases. Average temperature of the campaign
(Tenvi) @and its statistics are indicated in bold type.

Tout Tin ATpur_qe ATmonit

average s.d.| VC |average s.d.| VC |averageg s.d.| VC |averagg s.d.|VC

°C °C| % °C °C| % °C °C| % °C °C|%

D -04 | 04| 98] -0.9 1/ 118 0.8 - 04 | 0.8 214
E 4.5 0.8 19 4 2| 43 0.0 01 1.1 0.7 64
F 4 1| 37 7 3| 42 -4 2 58 -3 2 61
H 2.5 0.5| 24 34| 04 13 - 4 2 52
I 5 1| 26 6 2| 35 -05 - -2 2 91
L 3.0 0.5 17 0.2 | 0.8 401 0.6 - 3.3 | 0.6 17
blank , | 21 1 5 206 | 08 3 - -0.1f 05 3p8

T envir 3 2 | 445
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Fig. 6.11: December 2009 campaign: average temperature measured outsidé (re
triangles) and inside (green squares) the FC (ad AT separately for purge (full
blue lozenges) and monitoring (empty black lozengleases (b); error bars indicate

standard deviations.
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Fig. 6.12: continue.
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Fig. 6.12: temperature measured outside (red triangles) argide the FC (green
squares) (on right axis), and their difference éblozenges) (on left axis) recorded
during theJuly 2010 monitoring session. Black triangle on x-axis reganets the end
of purge phase and error bar indicates instrumergglor or its propagation on
temperature difference.

Tab. 6.26: summary table for temperature during thay 2010 campaign: average,
standard deviation (s.d.) and variation coeffici€MC) for each point, of outside
(Tow) and inside () the FC temperatures antll, separately for purged{Tpurge and
monitoring UTmoni) phases. Average temperature of the campaigr.jTand its
statistics are indicated in bold type.

Tout Tin ATpurqe ATmonit

average s.d.| VC |averageg s.d.| VC |averageg s.d.| VC |averagg s.d.|VC

°C °C| % °C °C| % °C °C| % °C °C | %
B 32 3 8 30 2 6 10| 0.2 16 L 44
E 33 3 8 31 2 7 16| 0B 48 21 04 21

G 31 2 6 30 1 4 -1 3| 433 0.7 | 0.9] 134
I 31 1 4 29 1 4 1.9 - 22| 0pb 25
L 32 3 8 30 3| 11 3 2\ 61 2 3 189
blank .| 24.0 | 0.3] 1 248, 02 1 -1.5 - -0.8 Q01 a7

T envir 31 3| 10

178



Chapter 6: field application case study

R L

b e

B e S e

TI°C]
AT[°C]

20

B E G | L blank tfin B E G | L blank tfin

Time [min] Time [min]
a) b)
Fig. 6.13: the July 2010 campaign: average temperature measured outsidee(gr
squares) and inside (red triangles) the FC (a), difdseparately for purge (full blue
lozenges) and monitoring (empty black lozengeskghdb); error bars indicate

standard deviations.

The July 2009 campaign was performed atiTequal to 34+4 °C and the
flux chamber had a fairly constant inner tempegratduring the campaign (Fig.
6.9.a). As for sampling points (Fig. 6.8), on hottiays (monitoring F and 1) the
temperature inside the FC was always lower tharestternal one and followed its
increasing trend (due to different sun irradiatihming the day); their average values
where considerably different (Fig. 6.9.a). Duriegd hot days, the two temperatures
were more similar and generally, Was slightly lower than J; (A, D and E) or
coincident (C and L), because the FC was placedrumdun umbrella.

The December 2009 campaign was performed.@t €qual to 3+2 °C. With
the exception of the day on which H was samplederaal temperature was
generally constant during each monitoring. Apaotrfrthe indoor FC blank, points
collected on warmer days (F and | in Fig. 6.10 Rigd 6.11.a) presented,Thigher
than Tou, whereas for the other days (E, H and L in Fig06and Fig. 6.11.a) the
opposite occurred or they coincided (D).

The third campaign was performed a§.+ equal to 31+3 °C. Internal
temperature was generally lower than external ¢ng. (6.13.a) and followed its
trend (Fig. 6.12)AT was therefore fairly constant during each poionitoring (Fig.
6.12).

During all three campaigns there was an insignifichfference between data
recorded during purge phase and those recordetgdunionitoring (Figs. 6.9.b,
6.11.b and 6.13.b).

As regards FC blanks, temperature was generalfgrdift from monitoring
places because they all took place indoors (8 2.3

6.3.1.1.2 Humidity
Figs. 6.14, 6.15 and 6.16 indicate internah (Rl green squares) and external

(Hout in red triangles) humidity recorded during eachnitaring campaign. y-axis
was maintained the same, on each group of figtwdayour a clearer reading.
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July 2009 campaign

Fig. 6.14: continue.
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Fig. 6.14: humidity measured outside (red triangles) anddaggreen squares) the
FC) recorded during theluly 2009 monitoring session. Black triangle on x-axis
represents the end of purge phase and error bateate instrumental errors.
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Fig. 6.15: humidity measured outside (red triangles) anddaggreen squares) the
FC recorded during th®ecember 2009 monitoring session. Black triangle on x-axis

represents the end of purge phase and error batieate instrumental errors.
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Fig. 6.16: humidity measured outside (red triangles) anddaggreen squares) the
FC recorded during theJuly 2010 monitoring session. Black triangle on x-axis
represents the end of purge phase and error batieate instrumental errors.

As far as the July 2009 campaign was concerneeinat humidity followed
a constant trend and independent of external hiyndiiring each sampling day
(Fig. 6.14). It was further higher thanJdbecause monitoring took place on hot days
and the major contribution was due to water evapmrdrom soil.

As for the December 2009, although the sampling folace at least 48 h
after rain had stopped, low temperatures (8§ 6.3 L daused soil to be wet and even
frosty in the morning. During monitoring water pediby diffused from soil into the
chamber due to a humidity gradient caused by deegvair, which gave ikifixed at
a value of 99%, independently of external valug.(Bi15).

As regards the third session (Fig. 6.16), humiditgs quite constant
throughout the monitoring of each point (apart framanomalous datum in I) and
independent of stable external one. During 2 measents it was slightly higher
than 90% (E and L) whereas in 3 other it was inréimge 50 - 77 %.

In all the monitoring sessions, during FC blanks;orded K was low,
because the chamber was placed over a Teflon sheet.

6.3.1.1.3 Pressure difference

Figs. 6.17, 6.19 and 6.21 indicate interA® half way up the cylinder (red
triangles) at ground level (blue squares) and, &yhe July 2010 session at the top
of the cover (green lozenges) recorded during eacmitoring campaign (as
indicated in 8§ 6.2.3.3). y-axis was maintained ghme, in each group of figures, to
favour clearer reading.

Figs. 6.18, 6.20 and 6.22 are summarizing pictofegverage collectedP,
separately for measured heights, for different sengpoints.

July 2009 campaign

During the first campaign monitoring was not pemied during initial FC
blank and at H place, whereas at points E and fprthige was located only half way
up the cylinder.
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Fig. 6.17: pressure differencdP = P, - Po,t measured half way up the cylinder (red
triangles) and at ground level (blue squares) relmmt during theJuly 2009
monitoring session. Black triangle on x-axis repms the end of purge phase and
error bar indicates instrumental error.
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Fig. 6.19: continue.
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Fig. 6.19: pressure differencdP = P, - Poy,: measured half way up the cylinder (red
triangles) and at ground level (blue squares) refsmt during theDecember 2009
monitoring session. Black triangle on x-axis regr@s the end of purge phase and
error bar indicates instrumental error.
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Fig. 6.20: average pressure differencfP = P, - Py, measured half way up the
cylinder (empty lozenges) and at ground level (fodlenges) recorded during the
December 2009 session, for different monitoring points; errorrbadicates standard
deviation of the average.
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FC-B FC-E
0.50 0,50 ===
0.45 0,45 == m o
0.40 + 0,40 ===
= 0.35 = 035 T
a 030 - & o030 e
o 025 ¢ a 025 T
< ) . A < = ..
0.20 : 0.20 =
0.15 > X 0.15 .-t N S
0.10 .. n.= 0.10 A oo T
. A H L] L] L S S
0.05 . 4 . 0.05
A A » . .
0.00 & f ! ! i 0.00 & . ! . :
0 100 200 300 400 500 0 100 200 300 400 500
Time [min] Time [min]
FC-G FC-1
0,50 -=m- oo 0.50
L 0.45
0,40 === oo 0.40 T
= 0.35-—-1'.---- 8 L Eaanen T e T TR PP < 035
QL 030 Frmmmmmmrm oo Q. 0.30 .
4 A i
o 025 L g 0.25 " A
< 0.20 B GGRE TS 0.20 R
0.15 p— 0151% ot B N—
0.10 S 0.10 et P B
0,05 === mm 0.05 + § 4
0.00 & . . . i 0.00 O . ! i
0 100 200 300 400 500 0 100 200 300 400 500
Time [min] Time [min]
FC-L FC-blank tg,
0,50 - m-mmm oo 0.50
0.45 o= 0.45
0.40 A e 0.40
= 0.35 R = 035
Q. 0.30--* Ay ----b- o, 0.30
o 0.251--%-og - g a 025
< 0.20 AR t e < 020
A n *
015 1 a 0.15
0 X 0.10 .
0.05 ¢ G 0.05 g 4 &
0.00 & . ! ! i 0.00 & . ! ! :
0 100 200 300 400 500 0 100 200 300 400 500
Time [min] Time [min]

Fig. 6.21. pressure differencedP = Py, - P, measured at ground level (blue
squares), half way up the cylinder (red triangles)d at its top height (green

lozenges) recorded during tlealy 2010 monitoring session. Black triangle on x-axis
represents the end of purge phase and error bacatds instrumental error.

All the measured values were positive, meaning thatchamber operated
under proper conditions. For each position, in ganemeasurements taken at
different heights at the same time were in goo@é@&gent, meaning that the chamber
was really homogeneously mixed, wherA®sover time was irregular (probably also
depending on temperature effects).

AverageAPs during the first campaign, for both probe pos#i were 0.3 +
0.1 Pa; during the second one they were equalli® £.0.02 and to 0.11 + 0.01,
respectively half way up the cylinder and at itsttwm; whereas during the third
session they were equal to 0.16 + 0.04, 0.2 £+ Adlta 0.17 £ 0.03, respectively at
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the top, middle and bottom of the cylinder. Thesdugs perfectly satisfy the

indications in § 4.2.4.8.2.
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Fig. 6.22: average pressure differencP = Py, - Py measured at ground level
(blue squares), half way up the cylinder (red tghes) and at its top height (green

lozenges).

6.3.2 Fluxes

from modelling

6.3.2.1 Transport from groundwater

Results of simulated fluxes from groundwater cheamiconcentrations
(according to § 6.2.4.1) at different monitoringsens, are indicated in Tab. 6.27.

Tab. 6.27: modelled vapour flux & [mg ni? s'] from groundwater data.

2 ©
Wl 2 e | 8] 2 |x8|u8|c8| 8 | 4
= N o S % OB |0 | OGS 8 el
TS c = s > 0 < L C = = =
"o | o S = X 16282138 | § s
£ <« = £ o T T S, ]
—_ [4%) c
July 20091.22E-034.56E-069.35E-066.73E-062.84E-031.58E-034.48E-05 -  |1.28E-07
Dec. 200$5.75E-068.73E-018.35E-071.69E-067.62E-044.25E-041.22E-051.98E-081. 15E-07
July 20103.16E-061.01E-062.04E-091.43E-066.81E-043.80E-041.07E-051.22E-082.63E-07
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6.3.2.2 Transport from soil gas

Chapter 6: field application case study

Results of simulated fluxes from soil gas chemamaicentrations (according to
§ 6.2.4.2) are indicated in Tabs. 6.28, 6.29 aB@ Gespectively for the July 2009,
December 2009 and July 2010 monitoring campaigns.

Tab. 6.28: modelled vapour flux & [mg m? s from soil gas data collected in the
July 2009; C1: shallow collocation at -0.8 m b.g.s., C2: gemllocation at -3.0 m
b.g.s.. ke maxS indicated too, with values higher than d.lbiold type.

FSG
[ma m%Y
Depth

benzene

toluene

ethylbenzene

p- xylene

C5-C8
aliphatics

C9-C12
aliphatics

C13-C18
aliphatics

C19-C36
aliphatics

aromatics

Cl1-C12
aromatics

naphthalene

MTBE

<4.34
E-09

6.87
E-09

<3.70
E-09

1.90
E-08

<2.91
E-09

<3.96
E-09

c2

<1.16
E-09

5.73
E-09

1.58
E-09

3.04
E-09

<7.77
E-10

<1.06
E-09

C1

<4.34
E-09

6.01
E-09

5.92
E-09

2.58
E-08

<291
E-09

<3.96
E-09

Cc2

1.16
E-08

3.78
E-07

9.87
E-09

2.75
E-08

<7.77
E-09

<1.04
E-08

C1

<4.34
E-09

<4.30
E-09

<3.70
E-09

<3.80
E-09

<291
E-09

<3.94
E-09

Cc2

<1.16
E-09

4.74
E-08

1.18
E-09

2.43
E-09

<<7.77
E-10

1.06
E-09

C1

7.39
E-08

6.92
E-07

8.89
E-08

1.64
E-07

<2.91
E-09

<3.96
E-09

c2

5.56
E-09

4.86
E-08

2.05
E-08

4.78
E-08

<7.77
E-10

<1.06
E-09

C1

231
E-07

1.20
E-06

2.71
E-07

9.26
E-07

<2.91
E-09

<3.94
E-09

Cc2

2.66
E-08

1.10
E-07

1.18
E-07

7.65
E-08

<7.77
E-10

<1.04
E-09

C1

<4.34
E-09

8.59
E-09

5.18
E-09

121
E-08

<291
E-09

<3.99
E-09

Cc2

1.91
E-04

2.29
E-04

7.38
E-05

1.99
E-04

<7.77
E-09

<1.04
E-08

1.23
E-07

6.31
E-07

6.29
E-08

1.07
E-07

<291
E-09

<3.99
E-09

C1

<4.34
E-09

<4.30
E-09

<3.70
E-09

<3.80
E-09

<2.91
E-09

<3.96
E-09

Cc2

5.99
E-07

8.61
E-08

1.43
E-07

7.67
E-08

<7.77
E-10

<1.06
E-09

189



Contaminant vapour emissions from polluted soil gmmlindwater

Tab. 6.28: continued

3.94| 140 | 4.13|8.81| 1.15| 4.12 | <6.91| <4.94| 6.01 | <5.93| <2.91(<3.96

el E-07| E-06 | E-O7 | E-07| E-03 | E-05 | E-O7 | E-06 | E-O7 | E-O7 | E-09 | E-09

<4.34( 3.61 | 4441 7.59| 3.75| 1.06 | <6.91| <4.94| <3.46| <5.93| <2.91|<3.94
E-09| E-08 | E-09 | E-09| E-06 | E-O07 | E-O7 | E-06 | E-08 | E-O7 | E-09 [E-09

1.39| 1.05| 2.17| 6.07| 2.28| 9.86 | <1.84| <1.32| 9.58 | <1.58| <7.77(<1.06
E-08( E-08 [ E-O9| E-09| E-O5| E-08 | E-07 | E-06 | E-09 | E-O7 | E-10 |E-09

C1

C2

F 3.94| 1.40 |4.136{9.26] 1.57| 810 | 691 | 494 | 6.01 | 593 | 2.91 |3.96
seeimad £ 07| E-06 | 07 |E-07| E-03| E-05 | E-07 | E-06 | E-07 | E-07 | E-09 | E-09

= 191| 229 | 7.38|1.99| 357| 691 | 1.84| 1.32 | 2.13 | 1.58 | 7.77 | 1.06
se.czmad E.04| E-04 | E-05| E-04| E-03| E-05 | E-07 | E-06 | E-05 | E-07 | E-09 |E-08

Tab. 6.29: modelled vapour flux & [mg m? s’ from soil gas data collected in
December 2009; C1: shallow collocation at -0.8 m b.g.s., C2: demllocation at -
3.0 m b.g.s.. & maxiS indicated too, with values higher than d.lbiold type.

3)
=3 s ) 2
Aol el el 8|e|aslaglag|gg|cs|ag] 8|,
oN|(E[ O S < L 10® S1O0OB8 |0 T |Om ©
n A [oN N ) (] > [ - o @© [ I O 1 E c m
LWER S| 2| 2| X NS o508 |95]| o g d5| € E
2 |l = | 2la|”®|PF|0G|0®|Cg|0O&| &
A=, = e
<4.34| 7.73 |<3.70{7.59| 9.72 | 1.98 | <6.91 | <4.94 | <3.46 | <5.93| <2.91| <3.96
A C1l| E-09| E-09 | E-09 [E-09| E-08 | E-07 | E-O7 | E-06 | E-08 | E-O07 | E-09 | E-09
<1.16| 2.06 | 1.18 [3.04| 3.77 | 2.47 | <1.84| <1.32| <9.22 |<1.58| <7.77 | <1.06
C2| E-09| E-09 | E-09 [E-09| E-08 | E-08 | E-O7 | E-06 | E-09 | E-O7 | E-10 | E-09
<8.69| 4.84 | 8.44|2.96| 3.42 | 240 | <691 | <4.94| 8.76 |<5.93| <5.83| <7.92
o |Cl|E-08| E-07 | E-08|E-07| E-04| E-05| E07 | E-06 | E07 | E-07| E-08 | E-08
<2.32| 5.59 [<1.97/2.38| 3.39 | 2.89 | <1.84| <1.32| 3.20 |<1.58| <1.55| <2.11
C2| E-08| E-O7 | E-08 |[E-07| E-03 | E-05| E-O7 | E-06 E-O07 | E-07 | E-08 | E-08
<4.34| 2.32 | 1.56(3.95 1.96 | 1.81 | <6.91| <4.94| 7.67 |<5.93| <2.91| <3.96
c C1| E-09| E-08 | E-08 ([E-08| E-O07 | E-06 | E-O7 | E-06 | E-08 | E-O07 | E-09 | E-09
<1.16| 5.04 | 2.96 (1.03| 4.26 | 1.64 | <1.84| <1.32| <9.22 | <1.58| <7.77 | <1.06
C2| E-09| E-09 | E-09 |E-08| E-08 | E-O7 | E-O7 | E-06 | E-09 | E-O7 | E-10 | E-09
<4.34| 7.73 | 4.44(1.21] 5.37 | 5.18 | <6.91 | <4.94| <.46 |[<5.93| <2.91| <3.96
b C1| E-09| E-09 | E-09 [E-08| E-08 | E-08 | E-O7 | E-06 E-08 | E-07 | E-09 | E-09

<1.16] 2.29 | 1.97(9.11| 2.78 | 2.27 | <1.84| <1.32| 1.33 |<1.58| 4.66 | <1.06
C2| E-09| E-09 | E-09|E-09| E-08 | E-08 | E-O7 | E-06 | E-08 | E-O7 | E-09 | E-09

E <8.69| 2.17 |<7.41(6.38| 7.44 | 8.00 | <6.91( <4.94| 8.01 |<5.93| <5.83| <7.92
C1| E-08| E-06 | E-08 |E-07 E-03 | E-O5| E-07 | E-06 | E-O7 | E-O7 | E-08 | E-08

<4.34( 7.73 |<3.70(9.87| 1.85| 3.42 | <6.91 | <4.94| <3.46 | <5.93| <2.91 | <3.96
F |C1| E-09| E-09 | E-09 |E-09| E-O7 | E-O7 | E-O7 | E-06 | E-08 | E-O7 | E-09 | E-09

481 5.18| 231|514/ 1.90| 2.10 | <1.84( <1.32| 4.18 |[1<.58| <1.55| <2.11
C2| E-04| E-05 | E-O05|E-05] E-03 | E-O5 | E-O7 | E-06 E-06| E-O7 | E-08 | E-08

G 6.41| 850 | 2.46(6.52| 1.78 | 1.96 | <6.91 | <4.94|1.37 E;<5.93| <5.83 | <7.92
C1| E-07| E-O7 | E-O7 |E-O7| E-03 | E-05 | E-07 | E-06 06 E-07 | E-08 | E-08
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Tab. 6.29: continued

Chapter 6: field application case study

<4.34| 6.87 |<3.70/9.87| 4.31 | 2.20 | <6.91 | <4.94 | <3.46 | <5.93| <2.91 | <3.96
H |C1| E-09| E-09 | E-09|E-09| E-06 | E-07 | E-07 | E-06 | E-08 | E-07 | E-09 | E-09
6.43| 6.87 | 5.23/2.02| 3.51 | 2.16 | <1.84 | <1.32| 1.83 |<158| <1.55| <2.11

C2| E-06| E-07 | E-07|E-08| E-03 | E-04 | E-07 | E-06 | E-05 | E-07 | E-08 | E-08

| <8.69| 1.03 [<7.41/1.12| 1.47 | 4.25 | <6.91 | <4.94| 1.14 |<593| <5.83| <7.92
C1| E-08| E-06 | E-08|E-06| E-02 | E-04 | E-07 | E-06 | E-06 | E-07 | E-08 | E-08
6.87| 6.95 | 8.66(2.98| 5.90 | 8.77 [ <6.91 | <4.94| 4.91 |<5.93| <5.83| <7.92

| |C1| E-07| E-06 | E-07|E-02) E-04| E-05| E-07 | E-06 | E-06|E-07| E-08 | E-08
2.36| 4.21 | 8.99[3.95] 2.15 | 3.01 | <184 <1.32| 2.03 [<1.58| <1.55[ <2.11

c2| E-07| E-07 | E-08|E-07| E-04 | E-05| E-07 | E-06 | E-06 | E-07 | E-08 | E-08

c 6.87| 6.95 [ 8.66]|2.98 1.47 | 4.25| 6.91 | 494 | 491 | 5.93| 583 | 7.92
secuma| .07 | E-06 | E-07|E-02 E-02| E-04 | E-07 | E-06 | E-06 | E07| E-08 | E-08
c 4.81| 518 | 231|514 351 | 216 1.84 [ 1.32 [ 1.83 | 1.58| 155 | 2.11
seczma £-04| E-05 | E-05|E-05 E-03 | E-04 | E-07 | E-06 | E-05 | E07| E-08 | E-08

Tab. 6.30: modelled vapour flux F [mg fs'] from soil gas data collected in the
July 2010; C1: shallow collocation at -0.8 m b.g.s., C2: gemllocation at -3.0 m
b.g.s.. ke maxiS indicated too, with values higher than d.lbiold type.

FSG
[mg m-2 «1]

Depth

benzene

toluene

ethylbenzene

p- xylene

C5-C8
aliphatics

C9-C12
aliphatics

C13-C18
aliphatics

C19-C36
aliphatics

aromatics

Cl1-C12
aromatics

naphthalene

MTBE

<4.35
E-09

1.031
E-08

1.111
E-08

3.113
E-08

<4.937
E-06

5.828
E-09

<3.96
E-09

Cc2

<1.16
E-09

1.833
E-09

6.714
E-09

2.025
E-08

<1.317
E-06

4.04
E-09

<1.056
E-09

C1

<4.35
E-09

7.732
E-09

3.709
E-08

7.745
E-08

<4.937
E-06

1.573
E-08

<3.96
E-09

C2

9.57
E-07

1.844
E-06

4.353
E-07

1.694
E-06

<1.317
E-06

<7.77
E-09

<1.056
E-08

C1

<4.35
E-09

7.732
E-09

1.185
E-08

1.974
E-08

<4.937
E-06

9.324
E-09

<3.96
E-09

C2

<1.16
E-09

5.04
E-09

5.135
E-09

1.033
E-08

<1.317
E-06

<7.77
E-10

<1.056
E-09

C1

<4.35
E-09

1.117
E-08

1.851]
E-08

4.404
E-08

<4.937
E-06

<2.914
E-09

<3.96
E-09

C2

<1.16
E-09

3.436
E-09

7.3071
E-09

3.22
E-08

<1.317
E-06

<7.77
E-10

<1.056
E-09

C1

1.55
E-06

3.664
E-06

9.19¢
E-07

1.906
E-06

<4.937
E-06

8.147
E-07

<3.96
E-08

c2

2.61
E-07

3.739
E-07

1.46
E-06

1.453
E-06

<1.317
E-06

<7.77
E-09

1.453
E-07
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Tab. 6.30: continued

<4.35| 1.916(9.183 4.791( 7.98 | 5.73 | <6.912| <4.937| 5.737 | <5.926| 7.226 | <3.96

£ Cl| E-09] E-O8|E-09| E-08 | E-08 | E-07| E-O7 | E-06 | E-08 | E-O07 | E-09 | E-09
8.631( 1.92415.904 1.049| 7.78 | 5.09 [<1.843(<1.317| 3.77 | <1.58| <7.77 [<1.056

C2 | E-06 | E-06 |E-06] E-05| E-05| E-O5( E-O7 | E-06 | E-06 | E-O7 | E-09 | E-08

G 3.403| 9.458 |4.31§ 2.553| 9.95 | 4.85 |<6.912(<4.937| 1.667 |<5.926| 1.059 | <3.96
Cl | E-06 | E-O7 |E-O6| E-06 | E-04 | E-06 | E-O7 | E-06 | E-06 | E-O7 | E-06 | E-08
5.909| 1.027 |4.614 1.163| 5.75 | 6.89 |<6.912(<4.937| 3.021| 5.926 | 6.399 | <3.96

H Cl| E-09 | E-O7 |E-08| E-O7 | E-06 | E-06 | E-O7 | E-06 | E-O7 | E-O7 | E-08 | E-09
1.773| 6.265|1.659 1.041| 6.27 | 4.09 [<1.843|<1.317| 6.184 | <1.58 | <7.77 | <1.056

C2 | E-O7 | E-O7 |[E-O6| E-06 | E-04 | E-05| E-O7 | E-06 | E-O7 | E-O7 | E-09 | E-08

| 1.475| 1.21816.076 4.137| 6.17 | 2.23 | <6.912| <4.937| 3.567 | <5.926| <2.914| <3.96
Cl | E-06 | E-06 |[E-O6| E-06 | E-03 | E-04 | E-O7 | E-06 | E-06 | E-O7 | E-08 | E-08
1.481| 9.767|1.81| 2.184| 1.83 | 5.41 |<6.912|<4.937| 1.696 | <5.926| 4.819 | <3.96

L Cl| E-06 | E-O7 |E-06| E-06 | E-03 | E-04 | E-07 | E-06 | E-06 | E-O07 | E-07 | E-08
2.136| 4.467 |2.045 2.112| 2.13 | 1.73 |<1.843|<1.317| 2.886 | <1.58 | 2.146 | <1.056

C2 | E-O7 | E-O7 |E-O6| E-06 | E-04 | E-06 | E-O7 | E-06 | E-06 | E-O7 | E-O7 | E-08

= 3.40| 3.66 |6.08] 4.14 6.17| 541 | 691 | 494 | 357 | 593 | 1.06 | 3.96
secimax| F.06 | E-06 |E-06|] E-06 | E-03 | E-04 | E-07 | E-06 | E-06 | E-07 | E-06 | E-08
= 8.63 | 1.92 |591] 1.05]| 2.76 | 1.57| 1.84 | 132 | 3.77 | 158 | 2.15| 1.45
seczmax| F.06 | E-06 |E-06| E-05 | E-03 | E-04 | E-07 | E-06 | E-06 | E-07 | E-07 | E-07

6.3.3 Fluxes from flux chamber measurements

Vapours flux F and rax of each compound and sampling point, for the three
monitoring campaigns are indicated in Tabs. 6.332,65.33.

Tab. 6.31: vapour flux Fc and Fcmax [Mg m? s from the July 2009 FC
campaign; bold type indicates values higher thdn d.

Frc % : 3o 5 . 2 5

[mg m?sY S 2 2N < = > ?

o A 5} o o
FC-A <5.62E-07 <5.62E-07 <5.62E-07 <5.62E-07| <5.62E-07| <5.62E-07
FC-C <5.51E-07 <5.51E-07 <5.51E-07 <5.51E-07 <5.51E-07 <5.51E-07
FC-D <5.33E-07 <5.33E-07 <5.33E-07 <5.33E-07| <5.33E-07| <5.33E-07
FC-E <6.87E-07 <6.87E-07 <6.87E-07 <6.87E-07| <6.87E-07| <6.87E-07
FC-F <5.23E-07 <5.23E-07 <5.23E-07 <5.23E-07| <5.23E-07| <5.23E-07
FC-H <6.94E-07 <6.94E-07| <6.94E-07 <6.94E-07 <6.94E-07| <6.94E-07
FC-I <5.21E-07 <5.21E-07 <5.21E-07 <5.21E-07| 5.33E-07 | <5.21E-07
FC-L <5.54E-07 5.98E-07 | <5.54E-07 <5.54E-07 <5.54E-07 <5.54E-07

Frc, max 6.94E-07| 6.94E-00 6.94E-O)f 6.94E-97 6.94E{07 6.94H-
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Tab. 6.32: vapour flux Fc and Fecmax [Mg ni* s7] from the December 2009 FC
campaign; bold type indicates values higher thdn d.

O
C q’
2o | 8| 222 pl8udngesalNg &,
Fec 1l @ 1 2| = | 2O0GBOGOTOEBOBOG 8 | m
2 c | 2| 2| | K| R|WEGSNElDEG ESE E|E
Mmgm™sT o | S| | X| 1| X|08Re-emes=s 5=
Tl g ol eg| ol ®BBOTOT"- GO & <
© c
FC-D <2.785<2.79<2.75<2.75<2.75<2.75<5.5Q 2.75|<4.59<4.59<2.75<4.59<1.83<1.83
E-07|E-07|E-O7|E-07|E-07| E-O7|E-07|E-07| E-O7| E-07| E-07| E-O7| E-07| E-07
FC -E <2.76<2.76<2.76<2.76<2.76<2.76<5.52<2.76<4.60<4.6(0<2.76<4.60<1.84<1.84
E-07|E-07|E-07|E-07| E-O7| E-O7| E-O7| E-O7|E-O7|E-O7| E-O7| E-O7| E-07| E-07
FC -F <2.789<2.75<2.759<2.79<2.75<2.759<5.5(0<2.75<4.59<4.59<2.75<4.59<1.83<1.83
E-07|E-07|E-07|E-07| E-07| E-07| E-O7|E-O7| E-O7|E-O7| E-O7| E-O7| E-07| E-07
FC -H <4.21<4.21<4.21<4.21<4.21<4.21<8.42 4.35|<7.02<7.02<4.21<7.02<2.81<2.81
E-07|E-07|E-O7|E-07|E-07| E-O7|E-07|E-07| E-O7| E-07| E-07| E-O7| E-07| E-07
EC -l <2.78<2.78<2.78<2.78<2.78<2.78 1.70(<2.78<4.63<4.63<2.78<4.63<1.85<1.85
E-07|E-07|E-07|E-07| E-07| E-O7|E-04| E-07|E-O7|E-O7| E-O7| E-O7| E-07| E-07
FC -L <2.78<2.78<2.78<2.78<2.78<2.78<5.56<2.78<4.63<4.63<2.78<4.63<1.85<1.85
E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07| E-07
= 421 4.2 4.23 4.21 423 4.23 1.7 4.3 7.03 7.04 4.23 7.04 2.81 2.81
FC.max | E-04 E-09 E-07 E-09 E-07 E-04 E-04 E-07 E-01 E-04 E-04 E-07 E-07 E-01

Tab. 6.33: vapour flux Fc and Fcmax [Mg m* s'] from the July 2010 FC

campaign; bold type indicates values higher thdn(dontinues on the next page).
2 . 0
o |82 ,8n82828288 &,
Frc g o o %\ = %QEQEQEQEQ“Q“E m
mgm?s’l 5| 32| X| 5| X|8ge598580528 2|5
2 =12 o] e|a| FOTOTOTC 5O 7 &
Q c
FC.p  |$256<2.58<256<2.56<2.5<2.5¢ 7.35<2.5§ 7.6 3.42<2.56<4.27<1.71<1.71
E-07| E-07| E-07| E-07 E-07] E-07| E-06| E-07|E-06|E-06| E-07| E-07| E-07 E-07,
Fo.g  [$1:92<1.92<1.92<1.92<1.92<1.92 2.25<1.92 8.9§ 1.2§<1.92<3.21/<1.2§<1.28
E-07| E-07| E-07| E-07| E-07] E-07| E-06| E-07|E-06|E-06| E-07| E-07| E-07 E-07
FC.g [$240<2.40<2.40<2.40<2.40<2.40 1.63<2.40 2.40 4.80 2.40<4.00<1.60<1.6Q
E-07| E-07| E-07| E-07 E-07] E-07 E-05| E-07|E-05/E-06| E-07| E-07| E-07 E-07,
FC. |$246<2.48<2.46<2.46<2.46<2.4§ 9.01 3.28 1.8( 7.37<2.46<4.09<1.64<1.64
E-07| E-07| E-07| E-07 E-07] E-07| E-07| E-07|E-05|E-06| E-07| E-07| E-07 E-07,
Fo.L  [<2.16<2.16<2.16<2.16<2.1§<2.16<4.31<2.1§ 1.80 3.59<2.16<3.59<1.44<1.44
E-07| E-07| E-07| E-07| E-07] E-07| E-07| E-07|E-05|E-06| E-07| E-07| E-07 E-07
F 2.5q 2.59 2.59 2.59 2.59 2.5 1.63 3.24 2.4q 7.39 2.59 4.29 1.74 1.71
Fe.max | .07 E-07 E-07 E-07] E-07] E-07 E-05 E-07|E-05E-06| E-07] E-07 E-07 E-07
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6.3.4 Comparison between modelled and calculated fluxes

Figs. 6.23, 6.24 and 6.25 present a direct comparis each monitoring
place, for each researched analyte, betwegn (B 6.3.2.1, in violet), & c1 and
Fscc2 (8 6.3.2.2, in red and green respectively), apd (8 6.3.3, in light blue
colour), respectively during the July 2009, Decen#i®9 and July 2010 monitoring
sessions.
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Fig. 6.23: continue.
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Fig. 6.23: modelled vapour flux F [mg fns?] (in logarithm scale) from contaminant
concentrations in groundwater (violet), shallowlsggas —C1- (red) and deep soil gas
—C2- (green) and calculated ones from FC measur&snéght blue), for each point
monitored during thduly 2009 campaign; dashed boundaries indicate values lower
than d.I. (F calculated by posing concentrationMyzmp= d.l.).
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Fig. 6.24: continue.
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Fig. 6.24: modelled vapour flux F [mg fns?] (in logarithm scale) from contaminant
concentrations in groundwater (violet), shallowlsgas —C1- (red) and deep soil gas
—C2- (green) and calculated ones from FC measur&snéght blue), for each point
monitored during th&ecember 2009 campaign; dashed boundaries indicate values
lower than d.I. (F calculated by posing concentator Msamp= d.l.).
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Fig. 6.25: continue.
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ethylbenzene
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Fig. 6.25: continue.

198



Chapter 6: field application case study

naphthalene MTBE
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Fig. 6.25: modelled vapour flux F [mg fs] (in logarithm scale) from contaminant
concentrations in groundwater (violet), shallowlsgas —C1- (red) and deep soil gas
—C2- (green) and calculated ones from FC measuré&r{éght blue), for each point
monitored during thduly 2010 campaign; dashed boundaries indicate values lower
than d.I. (F calculated by posing concentrationMyzmp= d.l.).

Graphs in Figs. 6.23, 6.24 and 6.25 compare flot#ained from different
sources.

As for the July 2009 campaign (Fig. 6.23fof all BTEX was higher than
all the other fluxes, with the exception ofde2in F which was the highest flux
between modelled and calculated ones. Only foretwduthe FC quantified a flux
higher than d.l., which was 17 and 57 times respalgt Fsg ciand kg c2in relation
to the same point (L). L was in fact placed nearataconcrete platform and
construction works could have modified the struetwf the soil, creating a
preferential path that the model was not able tautate (because of the simplified
hypothesis used).

Fsc.c2in Fwas the highest estimated flux also during the evi@D09 campaign (Fig.
6.24) for BTE, whereas for p-xylenesdr1in L was revealed to be the maximum
one because it came from anomalous detected coatient(see Fig 6.3).dw for
BTEX during this campaign was lower than the sumarex because concentrations
were lower (Tab. 6.4) even if water table was higlméhich means that the level of
the water table does not affect the vapour flux muc

In the 2010 campaign (Fig. 6.25), detected (> &dgswere more in line with &\s
than in previous campaigns as far as BTX fluxesewamcerned (B and H at C2
depth, E, G, I, L) or, with the exception of F, lewRegarding ethylbenzene, they
were generally higher tharsf.

As for December 2009 and July 201@c$~were, for all the BTEX, lower than d.l.s
For the majority of points d.l.s were higher thajgs: not providing any meaningful
comparison; however for others they were lowerjcaiihg that modelled F were
overestimated as compared to measured ones.

In all the three campaigns point F showed the hghes,cz, but during July 2010
they were comparable to other points because widerably decreased. This point
was placed next to a well which had been foundaa@dntaminated in 2008 (Tab.
6.5); no further information is available, but & ipossible that groundwater
contamination tended to decrease over time beazusatural attenuation (as can be
seen in Fig. 6.2).
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As for hydrocarbons, they were not researched duhe first FC campaign.
For the lightest ones (C5-C12 aliphatics), in sumgg®9, kw was higher than the
value defined from soil gas; regarding C5-C8 altjsa they corresponded with
each-other in some points (E, I, B and F, thetlast of which only at C2 depth, in
Fig. 6.23).

As regards the winter 2009 campaigawRvas in line with the highestsg (B, E, G,

I, F and H, the last two of which only at C2 depih,Fig. 6.24). Quantified dc
(involving C9-C12 aliphatics measured in points 2l &) were in good agreement
with Fsg ¢ absolutely different fronfrss c2(Frc was higher than it in D and lower in
H), and lower than gy.

During the July 2010 campaigryir and Fsg showed the same values as the previous
campaign (slightly lower for points F and H). As f05-C8 aliphatics measured by
FC, detected (> d.l.) &cs were lower than dg detected in the same points, and
always lower than &y (from 42 to 756 times, as a reference to pointsn@ k
respectively), with the exception o§&ci1in B (Fig. 6.25). In this case, shallow soll
stratum composed of gravel (Tab. 6.5) probably mag®murs move easily in soil;
this heterogeneity was not considered in simplifieddel hypothesis (§ 6.2.4). As
for C9-C12 aliphatics, &w and kg gave roughly the same indications and FC
revealed a contaminant (higher than d.l.) vapaux iih I.

As for C9-C10 aromatic hydrocarbonsswwas constant and always higher
than Fsg during all campaigns in all the points, with thegption of point H in the
December 2009 session. Estimated values seemadraase over time, with higher
values in summer 2010. During that campaiga iR G was quantified, with a value
lower than kg

Heavier aliphatics (C13-C18 and C19-C36) and Cl12-@mbmatics, in the
detected matrices (soil gas and, with the exceptbrduly 2009, also by flux
chamber) always resulted lower than d.l.s.

As far as naphthalene is concerned, during theZQ@® campaign it was not
collected either from groundwater or by FGg$ were lower than d.l. (with the
exception of deep soil gas in D) in both campaigesformed in 2009. &ws
modelled from the December 2009 and July 2010 teswére similar. In the first
session, comparison with<ds was not meaningful because these last were lower
than d.l.s having values higher thagB.

As for July 2010, severalseswere gquantified and in some points they were higher
than ksws,even if no quantifiable flux was verified with tRe€.

In the first two campaigns MTBE was quantified (H.)donly in flux
modelled from groundwater; in the third sessiowds quantified in deep soil gas
placed in point E, too.

To sum up, modelling flux directly from groundwaissncentration always
performed an overestimation of fluxes probably lbseat does not take into account
biological aspects happening in the soil.

As far as kg was concerned, fluxes from the two monitored dgpth
considering only quantified points (>d.l.), ofteavg contrasting information. This
was true for all the campaigns. During the July 2@@ssion, in some cases they
were in good agreement (such as point A for tolugneints B and L for
ethylbenzene, p-xylene and C9-C12 aliphatics), siomes the shallower depth gave
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higher fluxes (points D and E for all BTEX) or lowg and H for all BTEX and
hydrocarbons, and B for benzene, toluene and CHljghatics). During the
December 2009 campaign the estimated flux fromuledepths of each point, with
exception of F and H, seemed more lined up anceimeal with kg cihigher than
Fsc.c2 (for BTEX, C5-C8 aliphatics, C9-C12 aliphatics aBé-C10 aromatics, with
the exception of point D). During July 2010 a geeatifference was seen for point
B, where s cawas lower than & c.for BTEX and C5-C8 aliphatics (also for points
A and L for this class); F and H confirmed theend and the other points had
similar modelled fluxes from the two depths.

As a general note, it seemed that reciprocalioglships betweendg at two
depths, in each point and for all the compound&vi@d the same behaviour of soil
gas concentrations, meaning that soil gas condemtraveighs more than depth as
for flux estimation.

If fluxes from the two depths coincided, it would eam that the
biodegradation on the site was poor, probably duleigh concentrations. Modelled
fluxes, in fact, were affected only by diffusiors (aypothesis in J&E model) using
both C1 and C2 data; however concentration in CQulshbe affected by the
biological depletion which occurred along C2-Cltal€e; thus & cishould be
similar to Fsg cominusthe biodegraded amount along 2.2 m of the distarteeen
them.

Low temperature can affect biological activity amdnter conditions
generally slow down the rate of biodegradation.sTénuld justify higher soil gas
concentration in C1 in winter (Fig. 6.3) that cali$egher kg c1 at point B as for
C5-C8 aliphatics detected during the December 2@88ion.

Evaluation from soil gas is therefore difficult tefine. Natural attenuation
phenomena or some small heterogeneities in soil heawily influence vertical
profile of interstitial gas concentrations alongl.s@herefore it is impossible to
provide a recommendation as to which depth it isebéo sample from and use to
define the flux properly, due to insufficient infoation collected by a cost-
acceptable characterization and the lack of bic&lgparameters (such as £Q@, or
oxidation / reduction potential) that should be maned during soil gas monitoring.
These data might be used, for example, in a debpei of modelling, also
considering biodegradation, that is loaded in amotrersion of the J&E model (§
3.4.2.2). Governmental Agencies, relatively to Rwe however still sceptical about
considering natural attenuation and impose a morservative approach without
consider it (§81.3; APAT, 2008a)

Figs. 6.26, 6.27 and 6.28 present a summarisingpadson between dy
Fsc.c1.max Fse.c2max@nNd Fec, maxOf €ach monitoring session, respectively for BTEX,
aliphatic hydrocarbons and aromatic ones includidgBE.

As for benzene, dg comaxWas the maximum value in all three campaigns
(higher in winter), followed by &y (decreasing over time), whereasck:1 max
slightly increased over time. Toluene, ethylbemzemand p-xylene showed a
behaviour similar to the previous compound, butegsrds toluene, in summer 2010,
Fsc.cimawas higher than & c2.max ethylbenzene in &y sharply decreased in July
2010, whereas p-xylene revealed anomalogiscEmaxin December (coming from
point L), of about 4 0.0.m. higher than same flaother sessions.
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For all the BTEX, in generalgt max always minor than d.l., was lower than
all the other modelled fluxes; it was slightly heghthan Eg c1maxin July 2009 as
regards to benzene and ethylbenzene, and in tieeofdke latter, two 0.0.m. higher
than Fsw, but no quantitative comparison may be drawn.
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Fig. 6.26: vapour flux [mg rf s (in logarithm scale) derived from contaminant
concentrations in groundwater cly- (violet), maximum flux from shallow s& c1,max
(red) and deep soil gas sEc2max (Qreen) and from FC measurement$cFnax
(light blue), for each monitoring session, regagliBTEX compounds; dashed
boundaries indicate values lower than d.1..
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Fig. 6.27: vapour flux [mg nf s (in logarithm scale) derived from contaminant
concentrations in groundwater ¢z~ (violet), maximum flux from shallow s& c1 max
(red) and deep soil gas sEc2max (Qreen) and from FC measurement$cFax
(light blue), for each monitoring session, regaglialiphatic hydrocarbons; dashed
boundaries indicate values lower than d.l..
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aromatic hydrocarbon and MTBE
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Fig. 6.28: vapour flux [mg nf sY] (in logarithm scale) derived from contaminant
concentrations in groundwater clg- (violet), maximum flux from shallow s& c1 max
(red) and deep soil gas sEc2max (Qreen) and from FC measurement$cFax
(light blue), for each monitoring session, regagli@romatic hydrocarbons; dashed
boundaries indicate values lower than d.1..

Lighter aliphatic hydrocarbons were all quantifiddaximum fluxes of C5-
C8 aliphatics were all modelled from soil gas dathereas Ew showed a slightly
decreasing trend over time. Calculateg f.xwas lower than all other maximum
fluxes. lsw and kg maxwere in good agreement as for C9-C12 aliphatics.tlkis
class, t00, Fc, maxWas up to two 0.0.m. lower than the predicted eslu

C13-C18 and C19-C36 aliphatic hydrocarbons were deiected in the
groundwater because they are insoluble. Their cdret®ns were lower d.l. in soil
gas samples and, on the contrary, in July 2018ll e 5 FC monitored points, their
fluxes were higher than d.l., with average valuegespectively 15- 10+ 6-10° mg
m? stand 4-10 + 2.10° mg m? s* (as standard deviation), and with a minimum
value of 8:18 mg m? s* and 1-18 mg m? s*. This is a meaningful discovery
because FC was revealed able to detect also cotndris due to hotspot or
heterogeneity that conventional methods may naatlet

As far as C9-C10 aromatic compounds were concelfrggs were in good
agreement with & mas With the exception of low & c1.maxmonitored during the
first campaign.Frc max Was an undetectable value lower than modelled flukat in
July 2010, in point G, & was quantified at 2-10mg m? s* not too far from the
maximum oneC11-C12 aromatic compounds were not researchedounngwater
and with the other two techniques undetectableegalere found.

Few Of naphthalene was the not comparable with othee$ along winter
session, because they had too high d.l.s. Durityg2D10 it was lower thandg c1 max
(found in point G, followed by points E and L) aRdg c2max(found in L). Not
quantifiable Fcs were found, but the d.l. was comparable wigh & maxand higher
than ksw.

MTBE was quantified only in groundwater and in glemil gas, during
summer 2010 campaign at point E. Values undemgatte found by FC, however
d.l.s were comparable with detected fluxes.
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6.3.5 Ambient air measurements from modelling
Fig. 6.29 presents modelled concentrations [ flom Few (yellow), Fsg,

cimax(red), e c2max(green) and from g, max(light blue), calculated as indicated in

§ 6.2.6, in comparison with results from air measwnts (violet, taken from Tab.

6.10).
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Fig. 6.29: continue.
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Fig. 6.29: comparison between outdoor air concentrations g (in logarithm
scale) during theJuly 2010 campaign, for each point where direct measurements
(violet) were taken. Modelled concentrations frogyKyellow), Fsg from shallow
soil gas —C1- (red) and deep soil gas —C2- (gremmj from Fc (light blue) are
represented; dashed boundaries indicate values fifolower than d.l..Note: &
flux from concentrations in groundwaterg& flux from concentrations in soil gas;
Fec: flux from FC measurements.

The comparison between,measdnd estimated values underlines the added
contribution included in directly measured valugspending on sources external to
vapours flowed from soil. As for the relationshipstween estimated values from
groundwater, soil gas and flux chamber, they wére ¢ame as those between
respective fluxes (8 6.3.4), because of their dlipegportionality to flux due to (6.1).

As far as benzene was concernegd, &ws were higher than all the other
estimated values. & mea§ Were lower than d.l. for the majority of monitorpdints,
with d.I. higher than G cw Coutmeasvas, however, quantified at point B, resulting
the highest of all the other values.

Most of GutmeafOr TEX were quantified with values higher thanthk other
estimated outdoor air concentrations.

As for C5-C8 aliphatics, &tmeaswere comparable between the measured
points, independently of their position, in goodesgnent with G, cwand in general
also with Gy sg with the exception of point A; quantified,frc were always lower
than Gutmeas NO correspondence was noticed between highgm&Gsand Guisc
probably because & measWere affected by the environmental air background;
further measurements, taken in a similar contexfréan the potential contaminated
site, should have been taken.

Coutew and quantified Gimeas @S regards to C9-C12 aliphatics were
comparable and higher at least for up than 3 o.them Gy rc (< d.l.). At points B
and L (only C2 depth), they were in poor agreenvaitit Cy;sc In point | Gy rc
was quantified with a valuef 0.03 pg it lower than Gu.sc and not directly
comparable to not quantified,§meas(With d.I. > G rQ.

As for C9-C10 aromatic hydrocarbons a similar gitbmawas noticed for
point G. Relatively to the other pointsgewwas higher than &:sc The d.l.s of
Cout measwere too high to be meaningfully compared with otbstimates, whereas
Coutrcs(< d.l.)were however compatible with them.
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As regards naphthalene and MTBE,easand Guirc followed the same
trend, but Gy,cwwas lower than g scin three points for the first compound and
comparable to G scin the only detected point for MTBE (E).

Fig. 6.30 presents a comparison, for the 9 comg®uesearched during
outdoor air measuring, betweeuneas, mafOn the x-axis) and estimated fow max
Cout,sG,c1,max Cout,56,c2,max aNd Gut,rc,mafON the y-axis).

As a general trend, almost all the estimated walere lower than measured
ones. In particular, as for oGrcmax With the exception of C5-C8 aliphatic
hydrocarbons (equal to a value 61 times lower B&aRmeas, ma% all the estimates
were more than 2 0.0.m. lower than measures.

Coutow maxWas always lower thangG meas, maffom less than 1 o0.0.m. for C9-
C12 aliphatic and C9-C10 aromatic hydrocarbons,more than 3 o.0.m. for
ethylbenezene and naphthalene.

Coutsc.cima@nd Guisc.c2matvere generally more than 1 0.0.m. lower than
maximum measured values (generally between 1 amd.&h. for deep soil gas and
more variable for shallow points), with the exceptiof a few points less than 1
0.0.m. (C9-C12 aliphatic for both and ethylbeneziemeC1); as for C5-C8 aliphatic
hydrocarbons, they were higher thanGeas max(@t point | for C1 -in good
agreement with values of points E, G and L too- ahghoint E for C2 -in good
agreement with values of points B and L too-).
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Fig. 6.30: comparison between maximum outdoor air conceiumat [pug n’] for
each analyte, concerning tlBealy 2010 campaign, in x-y graph with logarithm scale.
On x-axis: Gutmeas,maxON Y-axis: Gutrc max(blue lozenges), & cw malred squares),
Coutsc.crmadgreen triangles), Gusc.czmadyellow circles); symbols explained in
8 6.2.4.3. Thick dashed line indicates x=y valules small dashed line y=10 or 10
x and thin pointed dashed line y=Ibovalue.
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6.3.6 Risk calculation

Results of RA performed according to § 6.2.7 adécisied in Tab. 6.34.

Rioi was exceeded by calculating R just fromiGeas madfor both receptors.
HI due to inhalation just of C5-C8 aliphatic hydaoloon vapours is higher thangll
from Gout measma@Nd Gut meas majust for child receptor and fromyfesc maxdor both
receptors. H) was exceeded for C9-C12 aliphatic, C9-C10 aromatid
naphthalene, for child receptor, just fromGneasmax FOr all the estimations the most
sensitive receptor was the child. Total HI was maxn from Gyt sc c1mafollowed
by Coutmeas,max Cout,s6,c2max andCoutcwmax ON the contrary, assessments from
Coutrc maxgave a total HI lower than Hl

Tab. 6.34: calculated risk (R), hazard index (HI) for difeeit analytes, and total Hl

on from Gutmeas,max Cout,Fc,max Cout,ow,max Cout,sc,c1ma@nNd Gutse,c2,max fOr both
potential receptor of the sites. Values higher thraaximum tolerable risks are

indicated by bold types.

Cout,meas,max Cout,FC,max Cout,GW,max Cout,SG,Cl,max Cout,SG,CZ,max
adult| child | adult | child | adult | child | adult | child | adult | child
16| 1.2 7.4 5.8 9.2 7.1 9.9 7.7 2.8 2.5

benzen R E-05| E-05 | E-08 | E-08 | E-O7 | E-O7 | E-O7 | E-O7 | E-O07 | E-O7
HI 20| 6.2 93 | 29 11 3.6 1.2 3.8 3.5 11

E-01| E-01 | E-04| E-03| E-02| E-02 | E-02 | E-02 | E-03 | E-02

toluene | HI 12| 3.7 56 | 1.7 | 2.2 6.8 7.9 2.5 4.0 1.2
E-03| E-03 | E-06 | E-05 | E-05| E-05 | E-05 | E-04 | E-05 | E-04

ethyl- HI 40| 1.2 28 | 87 | 2.2 6.9 6.6 2.1 2.2 6.9

benzene E-03| E-02 | E-05| E-05| E-07 | E-07 | E-04 | E-03 | E-04 | E-04
28| 8.8 40 | 1.2 | 22 6.9 6.4 2.0 3.3 1.0
E-02| E-02 | E-05| E-04 | E-04 | E-04 | E-04 | E-03 | E-04 | E-03
C5-C8 54| 1.7 89 | 28 | 3.7 1.2 3.4 1.0 15 4.7
aliphatic E-01| E+00 | E-03 | E-02 | E-01 | E+00 | E+00 | E+01 | E+00 | E+00
C9-C12 51| 16 18 | 55 | 21 6.4 2.9 9.2 8.5 2.6
aliphatic E-01| E+00 | E-04 | E-04 | E-O1 | E-01 | E-O1 | E-01 | E-02 | E-O1
C9-C10 99| 31 56 | 1.7 | 23 7.2 7.7 24 6.2 1.9
aromatic E-01| E+00 | E-04 | E-03 | E-02| E-02 | E-03 | E-02 | E-03 | E-02

naphthal HI 6.6 | 20 6.2 | 19 | 44 1.4 3.8 1.2 7.7 2.4
ene E-01| E+00 | E-03 | E-02 | E-04 | E-03 | E-02 | E-01 | E-03 | E-02

MTBE | HI 66| 20 6.2 | 19 | 95 2.9 1.4 4.4 5.2 1.6
E-04| E-03 | E-06 | E-05| E-06 | E-05 | E-06 | E-06 | E-06 | E-05

p-xylene HlI

29| 91 17 | 52 | 6.1 1.9 4.5 1.2 1.6 5.0

Total Ml |1 00| E+00 | E-02 | E-02 | E-01 | E+00 | E+00 | E+01 | E+00 | E+00

6.4 Conclusions
This chapter presented the comparison betweentsesudlifferent approaches

used to improve site-specific risk assessment duiahalation of volatile organic
contaminants.
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Fluxes resulting from modelled estimation (by Jamand Ettinger model)
using groundwater and soil gas concentrations wenepared to results of the flux
chamber measurement with the setup defined in puewihapter.

As a general trend, the applied model tends toestenate compared to the
observed values, probably because it does notitédke@ccount the biodegradation in
the soil or lateral air movements, since it is 1808.4). A good agreement or a slight
underestimation (such as toluene detected in pothiring the July 2009 campaign
or C13-C18 aliphatic hydrocarbons detected durhmgy fuly 2010 campaign) was
however found for some pollutants, indicating timatdels offer a slightly unreliable
assessment of vapour transport, that is not alwhgsmost precautionary one,
because they are based on simplified hypothesgd, sgonceptual site models, not
considering therefore either natural attenuation sonall heterogeneities (in
agreement with 8 1.3). It is therefore impossiblgtovide a recommendation as to
which depth it is better to sample from and useléfine the flux properly; any
further information on the season to choose for itbdng to have precautionary
assessment may be extracted, too.

Maximum fluxes were also used to calculate outdooncentrations to
compare with direct measurements. It emerged thah@asurement overestimated
the contribution of risk due to vapour inhalatidncontaminated vapours from saill,
as a reference to all the other approaches, bectese are also affected by
environmental pollutant background. FC techniqureth@ contrary, considering only
soil vapours, gave a completely acceptable risk.
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v

A REMEDIATION TECHNIQU E:
BIOCHAR-AMENDED SOIL

7.1 Introduction

VOCs are a wide spread, well-known cause of soifl gnoundwater
contamination. Conventional techniques used to desie soils affected by them are
generally in situ or on site techniques which vacgording to the level and kind of
contamination. Next to more complex techniquesgebtasn physical-chemical or
biological principles, such as Bioventing/Soil Vapd&xtraction (in unsaturated soil)
or Biosparging/Air Sparging (for impacted grounderasystems), simpler biological
techniques are also suggested.

The level of human and technical involvement in pinecedure is variable.
The simplest approach is monitoring of in situ natattenuation (MNA) consisting
in regular checking over time of the decrease ofsnaoncentration, mobility or
toxicity of pollutants in soil and groundwater, dicenatural physical, chemical and
biological mechanisms that occur in soil (Bonom@0%2). If treatment time has to be
reduced, also ex situ biological technologies fasaturated soil such as landfarming
or more engineered biopiles may be applied.

The aim of the experimental tests presented indh&pter is to evaluate the
effects of an innovative, little known low-cost isitu landfarming treatment,
consisting of soil amendment with biochar.

All the tests presented in this chapter were peréat at Civil and
Environmental Laboratory of Newcastle UniversityK(U

7.1.1 Biochar

Biochar is a high-carbon, fine-grained residue Wwhiwas produced in
centuries-old techniques by smouldering biomasferdig from charcoal only
because its primary use is not for fuel, but fori@gtural and environmental gain
(IBI, 2010). Today it is produced by a slow (Figld) or fast (Fig. 7.1b) pyrolysis
process, consisting in heating biomass in a kilthenabsence of oxygen (Lehmann,
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2007), producing an exothermic reaction whose lygpets are a black liquid, tar,
and a mixture of CO and.Hcalled syngas, both useful as biofuels.

BIOMASS

| Heat for drying Gas

Reactor P

Char
 Heal for  « BIO-OIL

" pyrolysis
Fluidising Q‘X Gas recycie
-

a)
g 1
i ]
§
=
b)

Fig. 7.1: sketch of a) fast (Bridwager et al., 2000) andIbyvs(Best Energies, 2010)
pyrolysis process applied for biochar production

Biomass pyrolysis is a well established techniqae the production of
biofuel, but the commercial exploitation of biochgrproducts as soil amendments
is still undeveloped. In Japan, which has the ktrgearket for such products,
approximately 14000 t yrare traded annually for soil use (Okimori et aDD3).
The other more common uses are gasification taeixthe residual energy, or the
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production of high value products h as activated carbon (Sohi et al., 2009).
biochar market is, in fact, still in its infancyutbthere are several small prod
sellers and local research groups (Regional Bioghaups) supporting local reseal
and projects in the countries indied in Fig. 7.2.

Fig.7.2: map with Regional Biochar Groups seats (IBI, 2C

Biochar is mainly used in some practices to lockbeoa in thesoil and
represents diosequestratic technique able to capture and store atmospheri,
(Novak et al., 2009Zimmerman, 201); Fig. 7.3 shows the complexity of potentie
beneficial interactions of biochar in the contek natural cycles and anthropoge
interventions.

> co,
v
SOIL - MANAGE - PLANT
organic matter ~ | climate change | biomass
¥ N A
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CROP ENERGY |
productivity capture
+ ) 4
water [« —| Nsupply |- — — — — »| N,O effect
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soot charcoal biochar

| acricULTURAL |
development |

Fig. 7.3: interactions of biochar in the environment, inviog physical (purple
arrows), natural (orange arrows) and anthropoge(ned arrows) interactions (Sol
et al., 2009).
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The CQ sequester in biochar is different than the natwadbon cycle
according to plants, whose matter decomposes kapitiér their deaths, emitting
CO, again in an overall neutral carbon cycle (Fig.a).4rhe process of pyrolysis
produces, instead, a much more stable material,sabfect to normal microbial
decay, representing therefore a soil carbon pod| making it a carbon-negative
process (Fig. 7.4b) (Lehmann et al., 2007). Addaity, it has been shown to
decrease nitrous oxide and methane emissions fr@im teus further reducing
greenhouse gas emissions.

Mes :Et!-pr! wethideavwal Mt canbon wiibideawal
from atmasphane; 096 Pram nfmosphere: 3055

Il
i
1
i
{ Rioenergy
carhian reutral
Lrinduces
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| Frong forisil fuiedsd
Sol arbon
WS S AN
Carbon sequestration | carban negative
b hesis: M i
;! r;hhsxzmlw (roduces emissions |
. rhnn ! from biamass) .
a) b)

Fig. 7.4. interactions CQ mass balance due to plants (a) and to biochar
sequestration (b) (Lehmann et al., 2007).

The stability of carbon that is the length of timiechar will remain in the
soil, depends on the feedstock material, the pgrelgonditions, the particle surface-
volume ratio and soil conditions, ranging from 160.0,000 years, with 5,000 being
a common estimate (Cheng et al., 2008).

Charcoal is applied to soils by currently usecdg# machinery or equipment
used to spread fertilizer; given the variabilitydiochar materials and soils there are
no indications about the amount to add to soihalgh it has been shown that rates
between 0.5 and 5 kg hhave often been used successfully (I1BI, 2010).

In general its behaviour depends on its physicdl@emical properties, due
to different production techniques (Fig. 7.5) (Gasét al., 2007; Lehmann et al.,
2007), principally connected with temperature amthdice residence time parameters
(Sohi et al., 2009). As for soil advantages, idehigh organic matter that is slowly
oxygenated and transformed into physically stahle dnemically reactive humus,
therefore increasing its fertility (Glaser et &Q02), as such as what happened on
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anthropogenic soils (Terra Preta) in central Am&zol influences cation exchange
capacity (Liang et al., 2006; Brodowski et al, 208%iner et al., 2007), buffers soil
acidification, allows greater availability of phdspus and less phytotoxic

aluminium leaching, and, in some cases, it incieagater retention (only where

large amounts of biochar are added, in the rantge4%% in weight) (Novak et al.,

2009). Its pH is basic due the presence of catiansong which calcium and

potassium are important for biological activity @het al., 2007 in Miglietta et al.,

2010), however, due to surface oxidation, new &andtional groups are formed and
pH may decrease releasing aluminium. It works &silking agent too, useful for

really fine soils. Regarding nutrients, its additi soils seems not to provide them
directly, but to reduce significantly leaching qipdied nitrogen fertilizers, related to

the higher exchange capacity and the increaseacsudrea (Glaser et al., 2002);
however the carbon to nitrogen ratio is too higload 200) to sustain biological

activity alone (Novak et al., 2009).
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Fig. 7.5: influence of furnace temperature on carbon recg\availability (in black
line) on the left y axis; pH (in red), cation exdga capacity, CEC (in blue) and
specific biochar area (in yellow), all indicated aght y axis (Lehmann et al., 2007).

The effects on soil biology seem relevant, becéusehar has the potential to
alter the microbial biomass and composition (Steir#009). The majority of
conducted experiments show that biochar amendnrestdt in enhancement of
beneficial fungi (Warnock et al., 2007) and nitrodeing microbes (Rondon et al.,
2007); however, the physical, biological and chainprocesses that it may exert on
microbial communities are not completely underst®ohi et al., 2009).

Biochar may be produced from a wide range of bssnaaterials, from
forest residues and consumer waste to purpose-grmps (Rutherford et al., 2009).

It is an amorphous form of graphite formed wheoniass, reaching the
ignition temperature of 275°C, spontaneously caisvier the more stable amorphous
graphitic bonds (Fig. 7.6), gas and liquids. Grapis composed of two dimensional
sheets of strongly bonded carbon held together by Wer Waals forces, being
therefore able to absorb other molecules (Reel, &(99).

Biochar obtained by pyrolyzing organic feedstotkoav temperatures (250
to 400°C) includes aliphatic and cellulose typeisithighly absorbent and almost
amorphous, contains C=0 and C-H functional groupsking as nutrient exchange
sites. Biochar produced at higher temperatures @0@00°C) has a diversified
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organic character: it contains poly-condensed aticmstructures, more regular
graphite islands, fewer oxygen functional groupd, draving stood dehydration and
decarboxylation processes, lower ion-exchange iumak potentially limiting its
usefulness in retaining soil nutrients (Novak et 2009). Its structure has to be well
analysed, because it may contain constituents ttaxiboth humans and animals.
Those of special concern are (i) crystalline siltbat may be produced at high
temperatures from rice husk, (ii) organic compourglech as PAH and dioxins,
derived from certain waste sources and (iii) heawgtals using contaminated
biomass feedstock.

Jﬁ@ 2%%@/ B
ﬁ ig o J@ &
Fig. 7.6: amorphous graphitic bonds constituting biochausture (Reed et al.,
2009).

Its application is useful also to treat contamedasoil and sediment. It has a
proved capacity to adsorb persistent and high-wweighhpounds, such as polycyclic
aromatic hydrocarbons (PAHs) (Cornelissen et 8062 Brandli et al., 2008; Hale et
al., 2010a), polychlorinated biphenyls (Sun et 2009) and pesticides (Yu et al.,
2010), and its capacity to retain metals (Beeskewle 2010), because of its ion
exchange capability, thus limiting their bioaccuatigdn and potentially toxic effects
on biological organisms. In particular some studiage shown the positive effect of
adding strong sorbents during biodegradation okuoig pollutants, especially on
heavily contaminated sites, thus reducing treatménie of conventional
biostimulation techniques (Hale et al, 2010b). Heeve the impact of strong
sorbents on the biodegradation of more readilylalvks and biodegradable organic
pollutants such as VOCs has so far not been fallgstigated.

This chapter deals with the effect of biochar oghdwiour of volatile
petroleum hydrocarbons, which are among the moshnoan environmental
pollutants in soils and are often present at PArtaminated sites.

7.2 Materials and methods

7.2.1 Pollutant mixture

A mixture of 12 typical constituents of gasoline karosene was prepared
from high purity chemicals obtained from Sigma-Adtir(Dorset, UK). Their weight
percentage was chosen according to typical fuelpositions analogously to what
was performed in other previous tests in literafifasteris et al., 2002). They may
be divided into four family groups: straight chabranched and cyclic alkanes and
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aromatic. The list of the compounds, including thehysical and chemical
properties, is summarized in Tab. 7.1.
It comprises:

- their chemical structure;

- the used percentages in volume in the mixture 1744,

- the level of purity of the used chemicals (Sigrakrich) (P) [-];

- their molecular weight MW [g mdl;

- the maximum saturation vapour pressufe & (§ 2.2.2) at 20°C (§ 7.2.4 and
7.2.5), as a pure liquid phase [atm], reached fidPBPWIN, belonging to
Estimations Programs Interface for Windows (EPI  t&ui
(http://www.epa.gov/opptintr/exposure/pubs/episuiten);

- their chemical densitypj at 20°C (Sigma- Aldrich) [g ril;

- the calculated mole fraction (X) in the mixturgdccording to (2.2), where

L _P*VH*R
| MW
- the derived saturation vapour pressuye,fh a mixture as from (2.1) and perfect
gases law, at 20°C, expressed as saturated gasnt@imon in the head phase of a

closed system Gal[g m> = pg mr']
c =X rMwr P%usai *10°

»al R*T
where R = 0.0821 | atm mbK"and T = 293.15 K.

Sulfur hexafluoride (S§ (Sigma —Aldrich, Steinheim, D) was used as a
volatile recalcitrant tracer under aerobic condisio

In Tab. 7.2 other physical-chemical properties (8) 4referred to 25°C,
which is the common reference temperature are atekil; with the aim of making a
relative comparison of their behaviour in the eoniment.

(7.1)

(7.2)
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Tab. 7.1: Composition of the petroleum hydrocarbon mixtuv8s: volume percentage in the mixture; P: chemipatity; MW:
molecular weight; ﬁ)’V, sat:NAPL vapour pressure as a pure liquid phase fronBMWIN Software; X: molar ratio; £ : Saturated gas
concentration in the mixture.

Molecule o P, sat p
Brutal CAS Chemical | Y7 P MW 1 @2°c | @20°c X Cosar
Measure unit Structure number Structure % % g Tor atm g mrt ) ug mit
n-pentane CsHi, 109-66-0 | o 5 99.0 72 0.55806 0.626 0.061] 101.88
n-hexane CeHus 110-54-3 | o 9 95.0 86 0.1703 0.660 0.093 56.62
methylcyclopentane &1, 96-37-7 Q/ 8 99.8 84 0.1834 0.749 0.101 64.62
cyclohexane CoHa 110-82-7 O 8 99.8 84 0.12445 0.779 0.105 45.60
Isooctane
(2,2,4- -a4-
timethypentane) CgHis 540-84-1 | > 15 99.0 114 0.05371 0.692 0.128 32.52
methylcyclohexane {1 108-87-2 O/ 12 99.0 98 0.04847 0.770 0.132 26.12
toluene CiHg 108-88-3 @ 4.0 99.8 92 0.02882 0.865 0.053 5.86
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Tab. 7.1; continued.

n-octane CeHus 111659 | 8.0 99.0 114 0.01441 0.703 0.069 473
_ CeH 108-38-3
m-xylene e /@\ 5.0 99.0 106 0.01179 0.868 0.057 2.98
CoHro 29222-48-
1,2,4TVB 3
(1,2,4-
. 6.0 98.0 120 0.0019 0.889 0.061 0.59
trimethylbenzene)
n-decane CroHz 1241851 14.0 99.0 142 0.001572 0.730 0.101 0.94
n-dodecane CraHas 112-40-3) 6.0 99.0 170 0.000393 0.748 0.037 0.10
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Tab. 7.2: Summary of different physical-chemical proper{ieasiculated at 25°C) of
the compounds which are the object of the presesearch; (a): Pasteris et al.
(2002) - addendum; (b) experimental data from Estioms Programs Interface for
Windows (EPI Suite) h{tp://www.epa.gov/opptintr/exposure/pubs/episuiteah);

(c): Schwarzenbach et al., 1993; (d): calculate¢ading to the method of Fuller
for organic material (Schwarzenbach et al., 199§.9e22);(e): Sander, 2010(f):

Wilhelm et al., 1972# constants referred as [atm®mmol?] and transformed in

indicated unites using perfect gases law.

Molecule Henry'slaw | Octanol-water | Air diffusion
constant @ 25 partitioning Water solubility fficient
°C coefficient coe
Symbol H log Kow S D
Measure unit - = mol Igf’l‘s_l log (Tkg™) mg I* et s*
(m0| Iwater )
n-pentane 50.67 (a) 3.62 (c) 22.52 (b) 0.0822 (d)
51.91 (b, #) 3.39 (b)
n-hexane 68.38 (a) 4.11 (c) 7.81 (b) 0.0744 (d)
73.54 (b, #) 3.90 (b)
methylcyclopentane 141148250:56‘3#) gég gg; 31.62 (b) 0.0785 (d)
cyclohexane 7.33 (a) 3.44 (c, b) 48.76 (b) 0.0794 (d)
6.13 (b, #)
Isooctane 132.35 (a) 4.09 (c, b) 3.61 (b) 0.0641 (d)
124.20 (b, #)
methylcyclohexane 174.'5273((;1,)#) 3.61 (c, b) 17.22 (b) 0.0725 (d)
toluene 0.26 (a) 2.69 (c) 471.12 (b) 0.0780 (d)
0.27 (b, #) 2.73 (b)
n-octane 120.67 (a) 5.18 (c, b) 0.87 (b) 0.0638 (d)
131.14 (b, #)
m-xylene 0.26 (a) 3.15(c) 161.92 (b) 0.0714 (d)
0.29 (b, #) 3.20 (b)
1,2,4,TMB 0.27 (a) 3.65 (c) 3.86 (b) 0.0662 (d)
27.53 (b, #) 3.94 (b)
n-decane 293.05 (a) 5.01 (c, b) 0.09 (b) 0.0566 (d)
210.39 (b, #)
n-dodecane 293.05 (a) 6.1 (c, b) 0.01 (b) 0.0514 (c)
334.18 (b, #)
Sulfur hexafluoride 125.82 (b, #) 1.68 (b) 0.02 (f 0.093
Carbon dioxide 0.75 (e) 0 1450 (b) 0.17

7.2.2 Material Characterization

7.2.2.1 Material Origin

Two different matrices were used during the te€dse was used as a
reference material, a sandy soil obtained fromKhgy Gate Building construction
site on the Newcastle University campus at the Ul other one was biochar type
NBN 010 obtained from EPi-Energy (Environmental Bowternational, UK) and
produced by fast pirolysis (Fig. 7.1a) from woodpshin a fixed bed reactor at high
temperature (800 °C) and heating rate, in the poesef an inert gas.
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7.2.2.2 Biochar petrography and screening carbon fingetprin

Biochar structure was analysed by Dr Elisa LopepeCat Sir Joseph Swan
Institute of Newcastle University. Both an opticaineralogy/petrography technique
and a thermogravimetric (TG) applied to a quadrepolass spectrometer (QMS)
were performed.

Polarized light microscopy (PLM) is generally ugedidentify minerals in
thin sections. In the case of biochar, the samme mounted in an epoxy resin,
immersed in oil and placed under white incidenthtliggnd blue light excitation
(fluorescence mode). Polarized light with the additof A retarder plate was also
used in order to check the anisotropy of the maeriThe total magnification was
500 times.

The TG analysis is based on pyrolysis and vapaoisgirocesses according
to a thermal protocol and the lost mass is recotbemigh a thermo-balance. When
it is coupled to QMS, different components may dentified according to the mass
to charge (m/z) ratio due to ionization effect.this specific case the TG data was
processed by targeting the carbon dioxide (m/ztrdkes from the QMS, and using
‘Grams’ software to estimate the stability of tharbon present in each of the
samples. Thus the proportion of the four main carlpools in biochar (labile,
recalcitrant, resistant, inorganic) was estimat€de proportion of labile carbon
provides an indication of how rapidly biochar magcdy, and therefore the
availability of organic carbon for microorganismihies et al., 2009). At the same
time the C:N:S content was defined.

7.2.2.3 Grain size distribution

Soil grain distribution curve was obtained on nisaé&nples of 500 g of wet
soil, dried at 105°C to reach constant weight (ediog to ASTM, 2006). Each
sample was poured into the top of a stake of 7edesiquare mesh sieves
(conforming to ASTM, 2009), where the sieves havarger screen openings were
placed above the ones with smaller openings (4 2amm, 1 mm, 60@m, 425um,
212 um and 63um). At the base there was a round pan, called ¢beiver; the
column was placed over a mechanical sieve shakedmgpfor 15 minutes.

Retained soil on each sieve i§la ratio of total dried massdvd_t
In order to calculate weight percentages of soilhwgrains lower than i-sieve
(passing it), B this relation was applied (Scesi et al., 1997):

M ried _ZM i
P= 2 %100 (7.3)
dried t
The results were compared with the data providgd Oerwentside
Environmental Testing Services (DETs) geology labmy (Co Durham, UK)
according to BS 1377-2:1990 method (British Staddh990).
Biochar was ground and sieved to a particle siZ&8 um.
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7.2.2.4 Soil porosity

Soil porosity f was calculated on a volume prineigchnique. A known volume
V of dry sample was poured into a graduated cylntdten a volume V'’ of deionised
water was poured (measured by weight in order hiesie greater accuracy) and the
new volume V” was measured. Porosity was giver{®ugesi et al., 1997):

e V)

\
Porosity was calculated on 3 equal parts of dry smmple and V' was chosen in
order to reach V” = V.,

(7.4)

7.2.2.5 Soil and biochar density

Particle or solid densitps was calculated according to ASTM F1815-97
(ASTM, 1997), on 6 parts of soil sample and forchiar on 3 parts. Different glass
pycometers (with proper tips) were used, each tgiedand then filled with
deionised water and weighed again (WT) to defireertht volume. Each part was
poured into a pycometer and weighed (ST), and fhieal with deionised water,
shaken to send the air out in order to fill theseddo the brim, and finally weighed
(WST). All the weights are expressed in grams. i€lartdensity [g mf] was
calculated as:

~ ST-T
~ WT-[WST- (ST-T)]

Ps (7.5)

ps for biochar-amended soil was calculated using #&ghesl averaged of
biochar and soil solid density.
Bulk densityp, was calculated from f (§87.2.2.4) apd

Py =ps* (L-T) (7.6)

7.2.2.6 Moisture

For each water content w determination 3 parts afrisn sample were used
(weight among 15 and 25 g). Previously dried at°@0%nd tared glass/ceramic
crucible vessels were used. Matrix samples wetarldhem in an oven (at 105°C),
for 24 h, then placed in a desiccator and finalgrghied. Moisture is expressed as the
percentage of the ratio of water to dry soil cothten

Biochar contained no water.

7.2.2.7 Organic carbon content

Organic carbon content was determined accordirggrtedified method C in
ASTM D2974-07a (ASTM, 2000) and Karam (1993). 3tpaf dried soil sample
were placed in ceramic crucibles (tared at 5501 laft in muffle at 550°C for 2
hours, then they were left to cool in a desiccaboambient temperature and then
weighed to obtain a measure of soil content withalatile solids (VS). Organic
content ratio §; was estimated as 58% of VS content (Wiedemeieal.et1999;
Schumacher, 2002) and referred to dry soil. Theltesvere compared with the data
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provided by Derwentside Environmental Testing Smwi (DETs) geology
laboratory (Co Durham, UK) following a documentedhiouse Method nr. DETSC
2084 by combustion and infra red detection.

7.2.2.8 pH

The pH was measured according to Method D 4972(85a M, 1995). A
solution in deionised water with Ca@.01 M was prepared. Wet soil was added to
the solution according to 1:1 solid to liquid ra{@0 g of soil: 20 ml of solution),
whereas biochar, due to its bulk, to a 1:3 solidiqaid ratio. 3 independent parts
were prepared for each analysed sample. The m&iueze shaken for 1 h at 100
rpm, then solid-liquid phases were separated iardrifuge for 13 minutes, at 4000
rpm, and at the end pH was measured by an electpbfiimeter and the values read
20 seconds after continuous stable value was rdache

7.2.2.9 Nutrient content

Soil nutrients content, in terms of a) phosphorusl @pecifying nitrogen
species [b) nitrite, ¢) nitrate and d) ammoniacdatogen] was determined by
Derwentside Environmental Testing Services (DETe€plggy laboratory (Co
Durham, UK) by a documented in-house method; iniqdar for a) DETS 042 by
ICP-OES (inductively coupled plasma optical emissspectrometry), for b) and c)
DETS 055 by ion chromatography and for d) DETS 019.

7.2.2.10Microbiological analysis

Several matrix samples were stored for future nbiclogical analysis, such as
cell counts or denaturing gradient gel electropsisré€©GGE) for DNA analysis. For
each sample 3 independent parts were poured mitisstd glass bottles and covered
with a 1:1 solution of ethanol and sterile deiodiseter (autoclaved), and then left
in a freezer at -20°C, as indicated in literatdreaftzen et al., 1998; Brown, 2006).

7.2.3 Chemical analysis

Analyses were performed directly at Civil and Eomimental Engineering
laboratory of Newcastle University. As for the gatsase, VOC identification and
quantification followed the method described intPas et al. (2002), in GC-FID,
whereas CgQ O,, and Sk analyses were performed in GC-MS, as detailedA2.8.

Daily gas standards were used to calibrate instniroatputs given as peak
areas. For VOCs, 0.5 mlof the head space of a vial containing the same
composition of pollutant mixture used for tests/(8.1), where injected into a 60 ml
vial. Different volumes ¥ (20, 40, 60, 80, 100 ul) of this gas phase mixiuege
injected in GC-FID. Theoretic gas concentrationgsoCin Tab. 7.1 and proper
dilution factor were used for calibration.

5 0.5 ml of head space were diluted into 9.5 mlipfreside the syringe in order to avoid sorption on
syringe Teflon flange during injection. 0.5 volumvas chosen among different attempts.
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Since the instrument was quite stable over timeragye standards were used:
for each i-compound, and eachVthe average of the areas recorded during test
time length was calculated. Linear regression ve&asl Wo interpolate them:

Mass=a*Area+Db (7.7)

Two different sets of standards were applied, besauuring the break
between the two column tests involving differenttmcas, maintaining operations
were executed on GC, which therefore needed a a&bration set.

Three heavy compounds, 1,2,3,TMB, n-decane anddeaime were hard to
detect in the presence of more volatile compouRds.each of them, 3 ml of single
pure compound were poured in a vial, and 0.5 nthed#d phase were taken via an
airtight syringe. This amount was diluted in a 60 vial following the same
procedure used for the mixture.

As for GC-MS analysis, since the instrument used waite unstable over
time, for each analysis run, one starting and oring standard set were performed,
in order to check no variations in detection durihg same run. Environmental air,
taken at 20 = 2°C, was used as standard for oxggdrcarbon dioxide. 1 ml of pure
Sk gas (Sigma —Aldrich, Steinheim, D) was injected ébgastight glass syringe
directly into the vial containing air [closed wiffeflon Mininert valves (Supelco,
Bellefonte, USA)]. Outputs (in terms of areas) fronection of 5 different ¥rof the
air mixing (such as for VOCs) were interpolatedibgar regression for C{and Q,
and by a power function for &F

For all the analytes, areas from 60 ul standaetiions (the same volume
used for test samples) were transformed into cdraon values using the
calculated calibration parameters. The ratio pedsggn between their standard
deviation and average, for each i-compound, wagl e analytical variation,
Vcanalysis[%] .

NAPL analysis on VOC mixture was performed by teciams of inner
Environmental Chemistry Laboratory at Newcastle wdrsity. Samples were
prepared by diluting each 5 pl of NAPL in 10 mida¢hloromethane (DCM) (Sigma
—Aldrich, Steinheim, D), with a dilution factor @020. They were analysed in GC
and different i-VOCs were recognised on the basitheir characteristic retention
time on the used column.

To prepare liquid standards, pure VOC mixture wiagetl in DCM as VOC:
DCM in volume = 1:1& From this diluted VOC solution 7 different starawere
prepared with different dilution factors, with vahe ratio of diluted VOC on DCM
equal to 32.3, 9.0, 2.3, 1.5, 1.0, 0.7 and 0.4aDare interpolated by using linear
regression as similar to (7.7).

n-pentane could not be detected because of theidente with the detection
time of DCM used as solvent. Some problems were falsnd on n-hexane when
delay mode analysis was erroneously performed gy l@boratory. To define
analytical variability, 1 ml of initial pure VOC miure was analysed in triplicate
according to previous procedure. Areas were tramsdd into concentration values
using the calculated calibration parameters, amdr#tio between their standard
deviation and average, for each i-compound, wagl e analytical variation,
Vcanalysis[%] .
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Details about the analytical technique, averagedstals and detection limits
for VOC analysis and VGaysisfor all the analytes are indicated in Appendix 2.

7.2.4 Laboratory batch microcosm experiments

Microcosms tests were performed to define adsampéiod biodegradation
kinetics. In both the cases, tests were perfornmedark (to avoid photoxidation
reactions) glass vials of ~ 63 ml (Hx@ = 9.5 cmxtr) closed with Teflon
Mininert valves (Supelco, Bellefonte, USA) at rodemperature (20 + 2C) (Fig.
7.7).

Tests were performed on three different matric@swet soil, b) wet soil
amended with biochar in 2% w. biochar/w. dry sojl,biochar (just for sorption
tests), in triplicate for each test.

Each microcosm vial was filled with an indicatecet@ls in § 7.2.4.2 and
7.2.4.3) amount of matrix, stored for 24 hoursaamn temperature, and then qui2
of NAPL pollutant mixture was injected by glassisge on the empty high glass
wall of the vial in order to avoid direct contacithva part of the sample; in a few
minutes (2-3 minutes) no liquid drop could be seerthe vial, because the volatile
compounds has evaporated into the gas phase. diié phase was chosen in order
to avoid errors linked to gas injection, especidtly less volatile compounds that
could be adsorbed on syringe flange; this wouldehgiven low repeatability to the
process and, therefore, not representative regaisseen in preliminary tests).
Counts were performed to assure that the gas ctvatien of each compound in the
gas volume inside the vial (due to completely vbation of the introduced NAPL)
was less than the maximum calculated gas concemtr@iie to Gsaas from (7.2).

Soon after the screw tips were closed, 2 ml oftilgf gas tracer were
injected by a gas tight syringe through Mininertiwéa in order to monitor possible
gas phase leaks.

After the bottle was shared, initial conditions wenonitored: 6Qul of gas
head space were collected via a gas tight syriogg®C analyses (in GC) and soon
after the same procedure was repeated to monito(iSC-MS). Using the same
method, gas samples were taken every day and lgiracalysed to monitor
microcosm gas phase concentration changes. For VID&andard set was used for
data elaborations (8§ A2.3).

Real vial volume (Ma) was evaluated for each vial by filling it with tea
and weighing it; water volume (M) was evaluated according to 87.2.2.6 on 3
replicates for each matrix; solid volume) was calculated as dry masssM
divided by solid density (§7.2.2.5) and real ailwoe Vyas by using:

éés: Vvial— Vwater— Vsolid (7-8)
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FHH

Fig. 7.7: microcosms for sorption and biodegradation tests.

7.2.4.1 Blank vials

Blank controls were performed to account for sampin glass and lids. Two
empty vials were autoclaved at 1ZD for 30 min, to destroy any biological activity,
as in preparation for sorption tests.

Blank vials were considered as reference to kneagtks concentration really
present in the gas phase of vials. For each i-VDE,average and the standard
deviation of the daily sampled gas concentratioesewcalculated for each sample.
The mean between the two replicates gave the eadollstarting condition for
microcosms tests: fanki Error on Ganki (6Cpiank,) Was calculated as the maximum
between the standard deviation on 2 replicates thadpropagation of variables’
uncertainties (8 A3); the considered errors weth ME,naysisand standard variation
of each duplicate average concentration.

The blank tests lasted 8 days.

7.2.4.2 Sorption tests

Filled microcosm vials were autoclaved at £2Dfor 30 min to destroy any
biological activity. Aluminium foil and screwed piac caps were used to close the
vials during treatment, but they had to be lefglgliy open in order to prevent vial
breaking due to pressure conditions in the autecldwsses in weight after this
treatment were measured and original moisture con@s therefore replaced by
sterilised demineralised water.

Vials were filled with: a) 30 g of wet soil, with w 0.111 + 0.007 \ghterJary
i~ (as standard deviation), b) 3 g and b’) 15g ofch@-amended soil (in
duplicate), with w = 0.126 + 0.003,GerJdry amend soil- (as standard deviation), c) 0.25
g of dry biochar.). Material amount was chosen lideo to assure that gas phase
concentrations were above the detection limit and observe the effect of
compound/adsorbent material ratio. Details arecatedd in Tab. 7.3. The tests lasted
for a period of 12 days.

For each j-triplicate of each k-matrix, only stai@oy concentrations (starting
at ta) were chosen, in order to define adsorption atlibgum conditions. §,: was
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established excluding the initial concentrationattincluded in averagegSs statijk,
would have givera standard deviation higher than the analyticaltian. For each
i-VOC, the average on the stationary sampled gasesdrations were calculated,
giving Cgas_stat,ij{ HD mlgas_l]-
The amount in the water phasgafer,ijkwas calculated agif Mhyater ]
Cwater,i,j,k: Cgas_stat,i,j,l[Hi (7-9)
for H; see values in Tab. 7.2.
The mass adsorbed on k-matrix;Mpg] was given by:
Ivli,j,k = (Cblank,i - Cgas_stat,i,j,k’)c Vgas,j,k' Cwater,i,j,k* Vwater,j,k (7-10)
It was assumed a linear simple relationship betwaissolved and solid
phases as indicated in (2.7) and therefore each Kaig Goid)*(Hg Mlgash)™ =
Mlgas Osoiid ] Was evaluated as:

Kk = Csolid,ijk * Cwater,ijk (7.11)
where Goja,ijk IS the concentration of i-adsorbed on k-solid:
Csolid,ijk = Mijk * Msolid,j,k-l (7.12)

For each matrix and each compound, average adsorgtnstants were

calculated, considering the effective j-replicati&s
Jik
DK,
Kdi,k - == (7.13)
Ji

Error on Kdyk, oKdix, was calculated as standard deviation among J
replicates.

Kd; from soil tests (a) where compared with theorétredues (Kds:iso) got
from an analytical relationship (Wiedemeier et 4999), function of sing.f (8
7.2.2.7) and k,, (they were used average values of in Tab. 7.2):

K, oy = 172% £, *¥10PP7109 w01 (7.14)

For b and b’ tests, in order to choose the mopresentative Kd their

estimated values Kdl; soii+biochatvere calculated on a weighed average basis:
Kd = 2% Kd, piochar T 98%0™ Kd (7.15)

and they were compared with experimental ones.

esti soil

esti,soil+biochar

7.2.4.3 Biodegradation tests

Vials were filled with: a) 30 g of wet soil, with w 0.107 + 0.003 \ghter Qry
soil - (as standard deviation), b) 15g of biochar-amersiéigwith w = 0.126 + 0.003
OwaterQdry amend soil (@s standard deviation). Details are indicateddh.T7.3. The tests
lasted for a period of 6-10 days according to pefformance.

During tests C@and Q were also monitored i) to exclude potential risk o
oxygen limitation available just in the vial heagase volume and ii) monitor
evolution of biological activity. Results were egpsed as percentages in volume
(equal to mole ratio percentages) from perfectiaay7.2).

They were used first order degradation rates inpf&se, Keg gas, i,j,k[s'l],
according to (3.27), as it was suggested in othmeiles evaluations (Pasteris et al.,
2002; Hoener et al., 2003).

The solution of (3.27) is:
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c_
InZ9shk = (T ) (7.16)
Ogasi, j,k
Incgas_ij.,k =-K deggasj,j,kt +K deg}asi,j,kto + InCOQaSinjvk (7.17)

where 0 subscript indicates initial condition.

(7.17) shows that kg gasijkis the slope of a In(Gszij)-t line, and
therefore linear regression was used for modethegrelationship between these two
variables, applying minimum square theory by the aof excel (Microsoft). This
function returned also standard error of the estonacKgeg gas,ijkx FOr compounds it
was evidenced an initial lag time, lasting frorhtti) due to volatilisation from liquid
phase and reaching equilibrium with adsorptiontidhidata (before t*) were
therefore excluded; undetectable values (lower ttetaction limit, d.l., indicated in
8§ A2.3) were disregarded too. For highly degradabtenpounds, for which
concentrations at second sampling time were alrdadser than the d.l., that
concentration was set equal to d.l.. It was theppesed that they had reached d.l.
exactly when the second sample was taken, andfdineréor those compounds
Kdeg,gas,ijkmay be underestimated. No further intermediate #aggimes could
have been taken because of technical GC run length.

Since microorganisms use substrates dissolved iterwahe first-order
degradation rate was referred to the aqueous ppassage from gas-phase to water-
phase first order degradation rataeggvater,i,j,k[s'l], was calculated on the basis of the
following relationships:

d(Vga <),k ga ,i,j,k+Vwater,j,k* Cwater,i,j,k+ M solid,j,onlid,i,j,l) — _ * * C

= o *V )
degwat,i,j,k water,j,k
dt gwat,l,) J

water,i,j,k

(7.18)
where Vjas k Vwaterk@Nd Msgiia k are the averages o)k Vwater,jkand Mg 0N the
3 replicates. Eq.7. 18 becomes:

d(vgaSj k CgasL i, Kt waterjk CgasL ik / Hi + Msolid,j,k * Kdi CgasL ik / Hi) —
dt
= K degnatijk * Viwaterjk Cgasl ik IH (7.19)
ngasl,j,k =—K x Water] k /H *C__
dt degwatj, j,k Vgasj,k + Wate”k/H + MSO“dJk * Kdl k/H gasi, j,k
(7.20)
and calling fiater,i jxthe mass fraction of each compound in the aqueloasep
fwateri,k - Vwaterj k * Cgasi, ik -
Vgasj,k * Cgasl,j,k + Vwaterj k * Cwaten ik +M solid, j,k * Csolidi,j,k
_ 1
Vgasj,k *H, +1+ Msolid,j,k * Kdi,k (7.21)
Vwaterj,k Vwaterj,k

(7.20) becomes
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ngaSLJ',k - * f *C =-K *C
T - degwatj,j,k ' water, jk gasi,j,k — deggasi, j,k gasi, j,k (7-22)
and therefore
Kdegwaterj,j,k * 1:waterj,j,k = Kdeggasj,j,k (7-23)
finally giving
Kde N
— ggasi, j,k
Kdeg,watelqi,j,k - f (7.24)
wateri, j,k

For each matrix and each compound, avek@gwater,ixON replicates was
calculated. Keg water,ik€r10rs,oKgeg water,,x Were estimated as the maximum between
standard deviation and error propagation in theramee from ocKgeg,gas,ijx and
measures uncertainties ifif(according to error theory in Appendix 3).

Tab. 7.3: summary of composition of microcosm tests.

Wl | drog | VO |V ol g
. wet matrix
Vial | solid
matrix M solid,j,k Vwater,j,k Vgas,j,k
g g mi ml
=8 B1 0 0 0.000 | 64.200
£9 B2 0 0 0.000 | 64.000
al 30 26.995| 3.005| 50.203
a2 30 26.995| 3.005| 50.503
" a3 30 26.995| 3.005| 50.703
o bl 3 2.665 | 0.335| 62.702
‘é b2 3 2.665 | 0.335| 62.352
=1 b3 3 2.665 | 0.335| 62.602
S bl 15 | 13.372] 1.678| 56.686
b'2 15 13.283| 1.667| 56.436
cl 028 | 0.2510| 0.03| 63.37%
2 028 | 02516| 0.03| 63.473
§ al 30 27.092| 2.908| 50.562
= a2 30 27.092| 2.908| 50.162
2 a3 30 27.092| 2.908| 50.262
o bl 15 13.327| 1.673| 56.811
> b2 15 13.327| 1.673| 56.711
§ b3 15 13.327| 1.673| 55.711
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7.2.5 Laboratory column experiments

7.2.5.1 Experimental apparatus

After batch tests, column experiments were perform&ng the same glass
column for each test, with the geometry indicatedFig. 7.8, placed in vertical
position.

The column shape changed along vertical axis zhatbottom there was a
neck connected to a funnel, and then a cylindecmM3ong, and with a 9.4 cm inner
diameter. The column had 4 different lateral sangpports each placed 7 cm from
the top of funnel shape ¢jz Each port was sealed with inert GC septa (igact
rubber plugs, Thermogreen LB-2, Supelco, Bellefott8A) and the empty volume
between the column core and the septum was filiéd glass wool in order to avoid
dead volumes.

L

Fig. 7.8: column geometry details.
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Tests with two different matrices were performedhe fume cupboard at 20 +
2 °C. The first tested matrix was soil, and the owl amended with 2% biochar on
a dry weight basis. For each column two differeotifidary conditions (b.c.) were
posed (Fig. 7.9): the first with column top leftesp and, the other with a beaker
placed on it. This covering had an inner diamelighgy bigger than the external
one of the column, so that a certain gap remaimddden these two elements (Figs.
7.8 and 7.9.b). The beaker worked as a sort ofcstain stationary chamber (8
4.2.2.1) and was used to determine flux emittethftbe column; it had, in fact, two
sampling ports on it, closed by the same GC septhealateral ones. A picture of the
two column conditions may be seen in Fig. 7.10.

a

94 Flux chamber

cm
-1 Port 4: z=28 ci
= Port 3: z=21 ct

45 cn — Port2: z=14 ci

udad

= | Port 1: z=7 cm

ZOZOCFT

Glass wool

Vial with
NAPL sourct

a) b)
Fig. 7.9: schematic drawing of the column experimental appes, with both open
(@) and closed by a beaker (b) boundary conditions.

7.2.5.1 Filling up

Before filling up the column, the funnel was packetdh glass wool to
separate the matrix from the contaminative sou®e7.5.3), then, for both
matrices, the core was homogeneously packed uR.® em from 3, to a total
volume of 2.96 I.

For tests with soil, the column was filled with 408 kg of wet soil, reaching
a soil bulk densityy soi col0f 1.367 kg d.w. i, with the water content indicated in §
7.3.1.5, being 21.6% {Ssoi co) Of the total porosity (0.48 frm™) which was
calculated from (7.6) and knowimpg soil col@ndpsindicated in § 7.3.1.4.

For tests with biochar-amended soil, the column fliasl with 4273.2 kg of
wet amended soil, achieving a soil bulk denpiyoirbiochar coOf 1.442 kg d.w. i,
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with the water content indicated in 8§ 7.3.1.5, be85.4% (S, soil+biochar cg Of the
total porosity (0.44 tm’®).

After packing, the soil column was left undisturlded 6 days to monitor the
background respiration. At the end of open b.c. gberce vial was removed and
column behaviour was monitored for 2 days befoaetisg with closed b.c..

a)
Fig. 7.10: pictures of column apparatus for both open (a) aloded by a beaker (b)
boundary conditions.

)a b)
Fig. 7.11: pictures of some details of column apparatus: V&@rce at the bottom
of the column (a) and beaker with two sampling $da impose closed boundary
conditions (b).
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7.2.5.2 VOC Source

After initial condition monitoring (8 7.2.5.4), atlay 0, a vial containing 10
ml of the pollutant mixture (8 7.2.1) was tightlprmected to the bottom of the
funnel shaped end of the column using a Teflondindber seal (Fig. 7.11.a).

Before changing boundary conditions or startinge@& matrix test, the source
was replaced in order to assure that the initimlddeons of each experiment were
similar; to check the availability of all the compuals in the LNAPL phase of the
source, before source positioning and soon alteeinoval, a 1 ml NAPL sample of
it was taken, and analysed in three replicatesrdoupto § 7.2.3.

7.2.5.3 Column monitoring

Tracer tests
At the end of soil closed column experiment, traests were performed: a
vial with 5 ml of Sk was tightly connected to the bottom of the colusimilarly to
§ 7.2.5.3 and, with high frequency, gas sample® waden from different ports. $F
experiments were used to verify analytical functissed to define tortuosity and
calibrate the gap area between column and beat#r skt into the numerical code.
For both the matrices, still with closed columrsimilar test was repeated in
duplicate, with a vial, at the bottom, containin@£gas. The exact volume of gas is
unknown, because the vial had to be left open tmect it to the column, which thus
made the tests independent of each other. Thete wese used to verify GO
transport model hypothesis (8§ 7.2.5.5).

Background conditions

At first, after packing, the soil column was leftdisturbed for 5 days and
just biological parameters f@nd CQ) were monitored, in each port, to record the
background respiration. Closed b.c. was impose®frdays, then the beaker was
taken off and open boundary condition was monitooed

Soil gas sampling

After background monitoring, both biologic paramistand the 12 chemical
compounds began to be monitored daily.

The reactive transport of VOC vapours was studigdaling air samples
from interstice gas through a 100 pL gastight giassge (Hamilton) (Fig. 7.12.a).
Volumes varied from 20 to 60 pl in order to collectmass included inside the
analytical range. Samples were collected from gamth and, relatively to closed
column, from top beaker too (Fig. 7.12.b). The mateof GC septa was elastic
enough to guarantee perfect gas tightness for ainatidn of the test, also without
changing them after sampling punctures, as shownpt@yiously experiences
(conducted by Dr. David Werner). They were analyaedording to the procedure
indicated in 8 7.2.3. To avoid perturbation of VO@isasurements due to adsorption
on sampling medium, good gas sampling behaviourfelbmved, such as dilution of
sample gas with clean air inside the same sampdipignge, or let syringe
components split between one sampling and the next.

Similarly, other gas samplings were taken for asedyof CQ and Q in
another instrument (§ 7.2.3).
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Soil open b.c. lasted 13 days, closed b.c. 14 days,for biochar-amended
soil they lasted respectively 14 and 15 days. tteoto avoid cross contamination,
each day sampling started from higher ports, withelr VOC gas concentrations, to
lower ones.

Matrix final condition

At the end of each matrix column test, when theiwwl content was emptied,
matrix samples were taken in correspondence witardnt sampling ports, in order
to check its final conditions. In particular pH &mss (according to 8§ 7.2.2.8) and
moisture content (8 7.2.2.6) were performed), aathmes for possible future
microbiological analyses (8§ 7.2.2.10) were stored.

a) b)
Fig. 7.12: gas sampling with 100 pL gastight glass syringenf later ports (a) and
one port of beaker on column top for closed boupdanditions (b).

7.2.5.4 Modelling code

The transport of VOC vapours inside soil and biodraended soil was
modelled by a transport code to understand colesults better.

In the code the matrix is described as a poroudiume consisting of soil air,
soil water and the solid matrix, in agreement veitil description of § 3.2.1, and all
the solid surfaces are hypothesized as being wéteth Mendoza et al., 1990). The
VOC partitioning among these phases may be destriipe an instantaneous,
reversible linear equilibrium, as described in 43.1This is affected by matrix
properties too and, as it is shown in Fig. 7.13.

As described in § 3.3.2, for this case transp@timanism is due to diffusion in
the gas phase and there is a net loss due to déigradccurring as (3.27) just in the
water phase where substrates are available fordssmrhe addition of biochar,
increasing sorption capacity, reduces the VOCs aainations in both soil air and
soil water, retarding in this way the spreadingv@C vapours and potentially the
VOC biodegradation.
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)

Alr (Osand CO
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Water

Biochar
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Fig. 7.13: conceptual representation of soil constituents pratesses affecting ti
fate of VOCs in soils, also consiing the effects of biochar.

It was supposed that the amount of degraded VOCs wmnpletely
mineralized, without giving subprodu. Just 60% of degraded carbon became;
40% were hypothesized becoming transformed in nemdiss (as revealed frc
previous studies performed at Newcastle Univers@®), and als&Fs transport was
simulated in a way analogous to VOCs, considerimgthe latter just diffusio
phenomenon, whereas for the former also carbonlilegum with other wate
phases. In padular the amount of C, in equilibrium with carbon anionic forn
was taken into account:

COs(gas)+ H20 € H,CO; (7.25)
H,CO3¢<>H" + HCOy (7.26)
HCO; <> H' + CO* (7.27)

Ky and K constants described the equilibrium between molamcentration:
(indicated with [ ]) respectively in (7.26) and47), as
K1 = [H][HCO3] [H.CO4 (7.28)
K, = [H'][CO4*] [HCO3]™ (7.29)
where pk= 6.3 and pk= 10.25.
From (7.28) and (7.29) respectively they were ati
[HCO37] = Heo#Cgas,cot g/ 0w * 10PHPK (7.30)
[CO5?] = [HCOs] * 10PHPK; (7.31)
The total mass of CQvas therefore the sum of the mass aygasy H2.COs, HCOs),
CO5> (all these last three forms stay in aqueous phasdind just the free volatil
amount of the total mass of G, this had to be divided for retardation factor do
repartition, R:
R= 0+ Oy /Hcog*(1+10PH PR+ of2°PH- pKi-pK2) (7.32)
Eventual precipitation or dissolution of solid pb&aC(; was neglecte
Sk and CQ physical parameters used in mocre indicated in Tab. 7.
A monodimensional (function of z coordinate) findéference model wa
developed to simulate the VOC concentration indbleimn study as a function
time. Numerical procedure to solve ordinary différal equations was arxplicit
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procedure based on Euler method (Cheever, 201id) aentral differencing for the
first and second derivative terms. As for geometng, column was divided in 70 z
nods, with a grid-spacing (the distance between d¢amtiguous z) of 1 cm, and it
was assumed constant in diameter over the wholsroolength; however, the “extra
volume” in the funnel neck (z from 1 to 12) was ralbed as filled by an inert solid
medium, whos@, (-) was equal to 0.0198,, (-) was equal to s (-) was equal to 0
andt, (-) was equal to 1. Funnel part (z from 13 to ZBytially fill by glass wool,
was considered in a similar way; real porosity wWasved by the amount of water
necessary to fill it (similarly to § 7.2.2.4), edua 0.6. Its different shape in z was
modelled at each j step as an inert porous soldiung whosed, (-) changed with z.
The other parameters were the same of funnel nagk hety value was estimated
from the total and air-filled porosities according the relationship (3.23) and
verified by data from tracer tests (8 7.2.5.4).

As far as b.c. were concerned, at the bottom,:2,=Lno flow condition was
posed to simulate the bottom of source vial. Thers2:21, the vial and funnel
boundary condition was determined by the VOC gasseltoncentration in the gas
space under the matrix filled column, which wasghkted according to (2.1). For
each time step the amount of pollutants in the aqumeous phase liquid (NAPL)
source was recalculated based on the volatilizdhionat the bottom of the column.
The open upper b.c. was determined by assumingadrzero VOC concentration
at the top of the column (for z from 65 to 70), &ese it was kept under the fume
hood. As for the closed b.c., the beaker createddifferent compartments at the top
of the column. The top one was hypothesized asmikkd volume (due to its small
height); the other was a slice between column aakér through which some gases
were lost. The section of this cavity wall, callgap area, was quantified from the
SKs tracer experiments y a trial and error proces®r@ve column, for z from 65 to
69, the concentration was calculated from massibalamong vapours coming from
the source, tapped by the beaker basis (simulgtedro flow condition at z = 70)
and what was lost. Leaking flux was simulated a&srésults of diffusion transport in
air (without solid matrix), from the well-mixed wohe toward outside the column,
along a distance equal to the length of the cawigyl, by using (3.18). VOCs
concentrations outside the gap volume were posexdsiece it indicated a position
under the fume hood.

Gas concentration, tortuosity and each phase cowene therefore functions
of space (z coordinate). For the performed tegggtiverning equation for transport
(3.29) and (3.30) became therefore:

[9 (2)+ w(Z) Kdpd S(z)J dC,(z,t) _
H, H, dt
dC,(z,1)
d{e (2) 7, (2)D"% @j
_ ’ ’ dz _ C|g (Z t) .
= dZ degwater w( ) I ( 33)
wherebs is
8= Vs Vio "= po- ps” (7.34)

and other symbols have been already introducedhapt@r 3.
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Parameters used in model were defined as followsind O° from literature
indications (Tab. 7.2)8, from characterization data (8 7.2.5.2) and (3&);from
relation in Fig. 3.1 and, 6s from (7.34),pp in 8 7.2.5.2 ancps (8 7.3.1.4), and
finally batch test results for Kd (Tab. 7.14) angdate(Tab. 7.17).

Switching from one matrix setting to another wasdemdy removing or
adding % signs at the appropriate lines for the(likes 42-45), keg water(lines 48-52)
or initial moles (lines 118-121).

7.3 Results

7.3.1 Material Characterization

7.3.1.1 Biochar petrography and screening carbon fingetprin

The petrography microscopy research revealed alwdftie material, where
the dominating particles were isotropic networkigigF7.14.a and 7.14.b), similar to
Fig. 7.6, typically deriving from the combustion wbody tissues, surrounded by
char fragments. Tar- (Fig. 7.14.c) and coke-likig.(F.14.d) particles, due to heating
in poor oxygen conditions, displayed in fine mosand anisotropic structures, were
also present. Some mineral grains (Fig. 7.14.e-tshjused/partially fused thermally
altered wood particles (Fig. 7.14.g9), and coal ipia resembling sapropelic-type
(Fig. 7.14.h), were also identified inside the nxatf network fragments.

Fig. 7.14: continue.

235



Contaminant vapour emissions from polluted soil gmmlindwater

Fig. 7.14: results of biochar petrography microscopy: a) woderived char
network; b) same as a) but analysediaetarder plate; c) tar-like form; d) coke-like
anisotropic particle; e) mineral grain in groundnsa®f chars; f) mineral crystal
(calcite); g) unfused thermally altered wood; h)neral matter surrounded by
sapropelic-type coal.

TG-QMS analysis, processed by Gram’s software (Fi@j5), revealed that
resistant carbon was the dominant form, prese68%i (typical in high temperature
pyrolysis), recalcitrant C was present at 21%,l#dle content was very low (3%),
no inorganic matrix was found and 8% of the contess not identified.
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Fig. 7.15: Grams software results to interpret TG_QMS analys

C: N: S was found to be 288:4:1, therefore indiggat very high C/N ratio,
76.82 and a poor nutrient supply.

7.3.1.2 Soil grain size distribution

Tab. 7.4 shows the results of soil grain size ithistion tests indicating for
each granular range net weighf Mtained on the smaller opening size sieve. Tab.
7.5 indicates passing percentagesa® described in 8§ 7.2.2.3, as average [%)],
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standard deviation [%] and variation coefficient][®h the 2 replicates. Fig. 7.16
shows grain size distribution curves, in semi-litgan scale, where on x-axis there
is sieve mesh size and on y-axis P

Tab. 7.4: results of soil grain size distribution with imdition of net weight Mg]
retained on the smaller sieve mesh size of eadbatet! range.

> 2000 pm

2000 - 1000 pm
1000 - 600 pm

600 - 425 um

425 - 212 um

212 - 63 um

<63 um
total

Sample A 105.2120

77.282078.7546| 46.2190| 97

4422| 43.3234

==

6.7239 | 454.957

Sample B 121.6609

80.077684.3753| 40.0772| 91

.6022| 32.9342

[=

4.6777 | 455.405

Tab. 7.5: weight percentages of soi| 8nd its statistics (average, standard deviation
and variation coefficient — VC-) with grains low#an i-sieve.

S S g
o o o E1 3 3 £
o o ) o L0 N =
o o o o N — ™
< N —l © < N ©
v v % v v v %
Sample A [%]| 100 77 60 43 32 11 1.5
Sample B [%]| 100 73 56 37 28 8 0.9
Average [%] | 100 75 58 40 30 10 1.2
Standard 0
deviation [%0] 2 2 3 2 1 0.3
VC [%] 0 2 4 7 7 15 23
100
T 90 //
a’ 80
o 70 /f{/
(@]
£ 60 7
c Y
8 50 /
& )
o 40
> a
c 30
@ 20
< 10 vl
0 et
10 100 1000 10000
grain diameter [um]

Fig. 7.16: grain size distribution curves for tested soil.
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Analyzed soil was composed mainly of fine gravély®as dry weight -d.w.),
sand (74 % divided in 17% of very coarse sand, 2f @oarse sand, 21% of middle
sand and 8% of fine one) and 1% of silt.

From grain size distribution graph, 60% of passyngins (P= 60%) had
diameter equal to 1140 pumddpand for P= 10% (Do) equal to 220 um. Uniformity
coefficient U = B/Djp resulted in 5.18 at the range between uniform lasd
uniform soils.

The results from DETs geology laboratory reportexbih composed of sand
93%, silt 6% and 1% clay. The poor correspondente our results confirmed lack
of uniformity in soil used.

7.3.1.3 Soil porosity

Results of tests on soil samples, made as indicat&dr.2.2.4, are indicated
in Tab. 7.6.

Tab. 7.6: results of tests for soil porosity; symbols aating to § 7.2.2.4.

Sample v v f
(ml) (ml) @)
A 12.3 3.55 0,290
B 21.0 6.70 0,319
cC 17.5 6.40 0,366

Average soil porosity value was 0.32 = 0.03 (asddad deviation), with a
variability of 9.6%.

7.3.1.4 Soil and biochar density

Results for tests on different soil and biochar glasy made as indicated in 8§
7.2.2.5, are indicated in Tab. 7.7.

Tab. 7.7: results for soil and biochar solid density; syrtgbaccording to § 7.2.2.5.

matrix sample| T ST | WT | WST Ps
g g g g |gmt

A 321 | 42.2| 813 87.5| 2.589

B 31.2 | 412 811 87.2| 2.564

. C 341 | 441| 829 89 2.564

ol D 33 43.1| 82.3 88.6 | 2.67
E 271 | 37.1 76.7 82.8| 2.564

F 326 | 42.6| 826 88.8| 2.631

A 346 | 353 | 844 83.2| 0.368

biochar B 254 | 25.8 75.4 74.3| 0.266
C 8

254 | 26.7 74.6 73.0| 0.44
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For soil, average solid density was 2.62 + 0.04Kgs standard deviation),
with a variability of 1.4%. According to (7.6), ag data in § 7.3.1.3, bulk density
was 1.77 + 0.09 kg'i (due to error propagation, as in Appendix 3), veitiiariation
coefficient 4.8%. For biochar, just solid densitgsrdetermined, equal to 0.36 £ 0.07
kg I'* (as standard deviation), with a variability of &%.

For soil with 2% biochaps was calculated according to a weighed average to

2.57 + 0.04 kgt (as error propagation from error on the two mateys), with a
variability of 1.4%.

7.3.1.5 Soil and amended soil moisture

Test results to define initial water content ofl soid biochar-amended soil,
according to method in 8§ 7.2.2.6, are indicatedah. 7.8.

Initial soil moisture was 8.2 % 0,2% (Gater § ary soil %) as standard
deviation, corresponding to a variation coefficieh.4%; that one of soil amended
with 2% biochar was 12.11% 0,2% (Gater g'ldry soil %0) as standard deviation,
corresponding to a very low variation coefficiebit]l 3%

7.3.1.6 Soil organic carbon content

Results of soil organic content ratigJf made as indicated in § 7.2.2.7, are
indicated in Tab. 7.9.

Soil organic carbon content was equal to 1.18%08%. (g g‘ldry soil %0) as
standard deviation, with a percentage variabilify 208%. Results from DETs

geology laboratory (0.8%) gave an underestimatibB8286 as a reference to inner
evaluation.

Tab. 7.8; results of soil and biochar-amended soil initbisture determination.

Sample Wet | Dry | Water W
P soil | Soil | content
g g g %
A 54.99 | 2521 1.99 | 7.89
= B 42.99| 25.11| 209 | 832
o
@ C 50.09 | 25.11] 2.09| 8.32
D 54.99 | 2521 1.99 | 7.89
= A 204 | 182| 22 | 12.09
t o ‘C__U
38 B 185 | 165 20 | 12.17
) =
e 185 | 165| 20 | 12.13
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Tab. 7.9: results of soil organic content ratio determiratj symbols according to §
7.2.2.7.

Sample Dry sall Muffled soll VS bc
g g g %

45.2363 44.3328 0.9035 1.158

B 45.1038 44.1493 0.9545 1.227

C 45.1537 44.2533 0.9004 1.156

7.3.1.7 Natural/amended soil and biochar pH
Results for tests on soil, soil with 2% of bioclzerd pure biochar samples,
made as indicated in § 7.2.2.8, are indicated im 74l0.

Tab. 7.10: pH test results for soil, soil with 2% of biochand pure biochar; A, B, C:
3 replicates, SD: standard deviation, VC: variatiomefficient [%0].

A B C |averagef SD | VC
- - - - - %
soll 8.01 7.94 7.92 7.96 0.04| 0.48
soll
+ 8.12 8.10 8.06 8.09 0.02| 0.31
biochar
biochar| 9.20 9.32 9.02 9.2 0.1 13

Soil had a slightly basic pH whereas biochar hatigher one that could
impede biological activity. Soil with 2% of biochatill has got a pH similar to soil,
even if it is higher than results from mass balance

7.3.1.8 Nutrient content
The soil nutrient content is indicated in Tab. 7aklit was reported on DETs
geology laboratory’s certificates of Analysis.

Tab. 7.11: soil nutrient content (from DETs geology labongfpas mg k{jdry soil
(d.s.).

Phosphorus| Nitrite Nitrate A”.‘mon'a' TOtaI oxidised
Nitrogen nitrogen
P NO, NO; N'NH4+ Oxidized N
mg kg'as. | Mg Kg'as.| Mg kg'as| Mg kgles. | Mg kg'us.
490 <1.00 3.9 6.7 3.9

Total nitrogen content was lower than 7.89 mg Nldlggson (equal to
0.00079% of dry soil weight), corresponding (byngsi,cin 8§ 7.3.1.6) to 0.067% of
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organic content weight. As for phosphorus, itsltotamitent was 0.049% of dry soil
weight, consistent with common sandy soil (INEA1@J corresponding to 4.1% of
organic content weight and it was 62 times highwant total nitrogen content.
Therefore, the used soil seemed really poor espeamanitrogen content, because
literature indicates an optimum ponderal ratio leetw organic biodegradable
carbon, nitrogen and phosphorus, C:N:P, of 100:1Bdnomo et al., 2005), with
extreme values of 350:10:1. Nitrogen content w&862of the minimum suggested
content.

7.3.2 Laboratory batch microcosm experiments

7.3.2.1 Blank vials
Fig. 7.17 indicates £sin blank vials for each i-compound.
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Fig. 7.17: Cgssin 2 replicates (B1 and B2) of blank vials. Erroarb indicate
analytical variance (Tab. A2.3).

In Tab. 7.12 Gankiand its statistical evaluation are reported.

Tab. 7.12: Cpanki (8 7.2.4.1) (mean between all gas concentratiakent at different
times into the 2 blank replicates) used as referatarting condition for microcosms

tests.
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7.3.2.2 Sorption test

SK; average concentrations in each of the j,k-vialth e exception of al
flask (that was therefore not considered duringdat elaboration), had a standard
deviation lower than analytical variation, and #fere no leaks were considered in
those test vials.

Fig. 7.18 indicates &sjk at different times for three different researched
matrices: a) soil, b) amended soil and c) biocBample al confirmed leaks of the
most volatile compounds. Furthermore gas conceotiat stationary conditions for
n-decane and n-dodecane were higher thayi@ Tab. 7.1. Thus was because the
gas phase composition due to evaporation of adanguantity of NAPL was
different from head space over an infinite sourbre.particular, very volatile
compounds were suddenly moved to gas phases, aahiewncentrations much
lower than the saturated ones; thus allowed sefaiile compounds to reach their
maximum saturation gas concentration.
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Fig. 7.18: time behaviour of VOC air concentrations in diffiet prepared replicates
and for each observed matri€yas - for sorption tests with a) soil, b) amended
soil and c) biochar matrices. No error bars, indicg analytical variance are
reported for clearer reading.

As it is possible to see from Fig. 7.18.b the com@ions in gas phase, for
almost all the compounds, were quite similar fa&r thamounts of tested amended
soil, but for aromatic compounds (toluene, m-xylemal 1,2,4 TMB) they were
consistently lower for the two 15 g replicates.

Evaluated initial times of stationary conditions aeported in Tab. 7.13; Tab.
7.14 shows calculated Kdvalues [mM}as Osolid ] With error and variation coefficient
indications, as indicated in § 7.2.4.2.

As for adsorption on soil, Kgsoivalues (7.14) are indicated in Tab. 7.15

along with the logarithm of the ratio between tlkperimental data values (“a” tests
in Tab. 7.14,) and them. Experimental values drslightly lower than the estimated
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ones. In general the difference is lower than aewoof magnitude, and a little higher
for methylcyclohexane and 1,2,4,TMB, without rduggany particular correlation
with any chemical or physical property.

Tab. 7.13: times from which, for each i-compound in each jgk-vstationary
conditions were maintained stable{}; *: sample not considered due to proven
leaks.

1 (D] 1
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bl 1289| 1289| 1289| 1289|1289 1289 1289| 1289| 1289 | 1289 1289| 1289
b2 1290| 1290|1290} 1290| 1290( 1290| 1290| 1290| 1290 | 1290 1290| 1290
b3 1289| 1289| 1289| 1289|1289 1289| 1289| 1289| 1289 | 1289 1289| 1289
b'l 90 | 90| 90| 90| 90| 90 298690 | 2986| 2986 90 | 90
b'2 119 | 119, 119 119 119 119 301%19| 3015 119 119 119
cl 7229|7229|5789| 1469| 1469| 1469| 7229| 1469| 10196| 7228| 1469| 1469
c2 7229|7229|5789| 1469| 1469| 1469| 7229| 1469| 10196| 7228| 1469| 1469

Tab. 7.14: adsorption coefficient values Kd [mif‘gfor each i-compound and each k-
matrix analysed, according to § 7.2.4¢Kd;, [ml g™] indicates error on calculated
Kd,xand VC is the percentage of the variation coefficjeo] .

1 q') 1
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matrix) |oKd| 16 | 36 | 7| 4 70| 3] 16 69 3 08 190 3572
(b’ vials)
. 20779
Biochar | Kd | 3993/ 6039|265|114| 2271|267| 2834|20283| 718| 862 5 1097264
(cvials) [ kd| 920| 986| 43 33 778 136432 | 4541 130149] 20294 137358
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Tab. 7.15: theoretical adsorption coefficient values &dsoi[m! g*] from (7.14) and
logarithm of the ratio among the experimental detitues and them.

2 o (_3 w % Q _S (b () m () 8
S| 8§35z 8|58l 2|5 | &8 |8 |8|¢8
5| 8 =E 5|85 2|8 | % | <|8|c%
e r =3 5| 3|s<| 8 z & | 2|8
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Kd ...
|09[Kd"50"J 00| 0.1f -0.1-0.6/-0.2| -1.1| -04| -0.7f -09 -1.3 -0/50.6
estj,soil

The ratio between Kdeached from b) and b’) is reported in Tab.7.16: it
seems that distribution coefficient depended oratheunt of tested matrix. With the
exception of aromatics, Kd for lower matrix contemtre higher, and sinceyfs;
were similar, it means thats§q,; were higher, and therefore that more Was
adsorbed for unit of Mg As for aromatics, for which g&swere lower in b’) vials,
Kd had the same magnitude, and for toluene it was digher, meaning that the
sorption capacity was proportional, for this compmuto biochar-amended soil
presence.

Tab. 7.16: ratio between experimental Kd values (Tab. 7.1d8nfrb (with 3 g of
amended soil) and b’ (with 15 g of amended sodfste

1 [¢D] 1
) ° S| o |8 2 2
AR I A AR AR
g | X128 & g |lg/c| 8|2 |00
o O |=c| o |=X| = o ? <t ) §e)
e 121583 81§82 |23
ST ] TR R =
Kd,in 3gbtests
- , 3.48 | 5.258.94/10.0813.7410.06 0.55|4.72| 1.13|1.08|1.19| 2.03
Kd,in15gb'tests

From Fig. 7.19 in which Kg;; soil+biocharffom (7.15) and experimental Kd
from b and b’ tests are compared, it appears thasbresults fitted estimated values
better, and they were therefore used as representdtbiochar-amended soil.

Fig. 7.20 presents a comparison between Kd vahresoil and amended-soil
matrix, split for different chemical families. Tlagldition of 2% biochar increased
the Ky values of the straight chain, cyclic and brancakkeénes approximately by a
factor F of 1.1 to 4.2, since

Kd. o
F - Kld,mehar - 10'09 Kd ibiochar | ng\,son (735)

i, soil
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This is consistent with the increase by a factdri@.the total organic carbon content
(TOC) (from 1.18% to 2.89 % of the dry solid madgg to biochar amendment.

5
* A
4-
LE A
[%}
o
s
2 * A
X * A
o 2 * A
o A A
1 A
* A
A
0 T
0 1 2 3 4 5
lOQ deoi|+bi0char
¢ 15gb' test A 3gbtest

Fig. 7.19: comparison, for biochar-amended soil, between lalgar of estimated
value Kdst; soil+biochar aNd experimental K@i+viochar (from Tab. 7.14) from b and b’
tests.

As far as aromatic behaviour was concerned, F veaserglly higher, in
particular for toluene for which it was 35.6, besauof the ability of these
compounds to interact with the aromatic surfacéhefbiochar (Fig. 7.6). m-xylene
and 1,2,4-TMB showed lower F probably due to metrglups on the aromatic ring
interfering with these interatomic interactions.
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Fig. 7.20: Comparison between logqsKml g%) in soil and soil amended with 2%
biochar soil, split for different chemical familieBhe continuous line is the bisectrix,
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whereas the dotted one indicates Y values highem X values by about 0.6 log
units.

7.3.2.3 Biodegradation test

SKs average concentrations in each of the j,k-vial hastandard deviation
lower than analytical variation, and therefore @akis were considered in test vials.

In Fig. 7.21 Gas,jk are indicated at different times for three diffaren
researched matrices: a) soil and b) amended soil.
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Fig. 7.21: behaviour over time of VOC air concentrations fdfedtent replicates and
for each observed matriXCyaszijk ,for biodegradation tests with a) soil and b)
amended soil. No error bars indicating analyticaliiance are reported for clearer
reading.

In all the performed tests oxygen concentrationsewaways higher than
251.28 pg mt, equivalent to 18.6 % as volume percentage ividlehead space.
In detail, average and standard deviation of oxygartent during test period were:
20 £ 2 %, 22+ 2 %, 23+ 2 % in respectively al), @) vials with soil; 21 £+ 3 %,
21 £ 4 % and 23+ 3 % in respectively bl), b2), wa)s with biochar-amended soil.

COsinitial content had an average and standard deviati 0.7 + 0.1 pg i,
equivalent to 0.038 £ 0.006 %, and therefore simdaatmospheric one.
CO; increased by 2097+ 8%, 1090+ 5% and 1416+ 6% otisedy in al), a2), al3)
vials with soil, where the error expresses the agagpion of variables' uncertainties
due to analysis uncertainty (8 A3); in vials witledhar-amended soil it increased by
426 £ 2 %, 417 + 2 % and 647x 3 % respectivelylin b2), b3).

Tab.7.16 present t* , the time since whiclg.G,jx were used to define
degradation rates, and Tab. 7.18 and Fig. 7.22 she@tvageKgegwater,i, kand their
Kdeg,water,i,,lerrors-

Tab. 7.16: t*[min] from which gas concentrations are usedregression analyses to
define degradation constants.

! Q ! )
15 s|=El S 8= S8 35|8 S
(i) | 81 £ 128 2| 8|22 5 |¢|F |28
c c g 5 2 g c S h c z
al 30 | 1742 1271|1271| 5635 | 1271 30 | 30| 30| 389 30 30
a2 30 | 30| 387 12794275| 1273 30 | 30| 30| 387 30 30
a3 30 | 387| 12791279| 4275 | 1279 30 | 30| 30| 387| 1279 30
bl 269 | 269 269 269 2826 269 18 269 18 18 269 269
b2 294 | 294| 294) 294 294 294 45 294 45 45 294 294
b3 319 | 319| 319 319 4343 319 78 319 T3 73 319 319
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Tab. 7.17: average water-phase first order degradation raleﬁ,g,water,i,k[s'l], their
errors  oKgeg,water,i,j,k [sY] and variation coefficients (VC) [%]; *: possible
underestimated rates.

1 ()] 1

] o |2 < o |2 m ) 2

S| 5(3g 5| 5|3 e 2|85 8

o | @ >8] ¢ o =23 =2 9 > <« | @ | B

e | S |EgQ 8| g€ e | 2| & | TS

c c g % 1) g c S o c it

Kogw | 3.7 | 29| 12| 64| 16| 41| 89 1.7 | 73| 18| 1.7 | 1.6
ater e3|e2|e3|e4d|e2|e4d| ed| el |ed|e3]|el] el

T;:) 0Kieg | 1.2 1 03| 11| 06| 02| 40| 31 05|130]04)| 10| 04
water | €3] €e2| e3| e4d | e2| ed| e4 e-l | e4 | e3|el] el
VC | 32 10 92 9 13 98 35 29 0 2P 59 25

| Kigw| 21| 5756|111 18| 16| 15 21 | 51|50)| 37| 31

S| ae e2|e2|e3|e3|e2|e3|e2*|el*|e3|e3|el]el

'{2 6Kgeg,| 04 261 0902|107 03| 01 00904 |11)|04)|03

?) waer | €2 e2| e3| e3| ee| e3| e2 e-l |e3|e3|el] el

vC | 19 | 46| 16| 18| 39, 19 7 4 8 22 11 10
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1.E-04

1.E-05-
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Fig. 7.22: comparison, in logarithm scale, between degradatiates Kegwater,ik
[s™] in soil and biochar-amended soil; error bars indteaKdeg,Water,i,j,k[s'l].

As it is possible to deduce from Fig. 7.22, bioclmiesence increased

biodegradation rates also considerisi§degwater,ijk the ratio between degradation
constants in soil and in amended soil varied frorh fbr isooctane to 16.9 for
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toluene. Higher degradation rates were observetitmhar that did not correspond
to lower CQ increases; this might be due to biochar capadigbsorbing CQ@ gas
(8 7.1.1).

High Kgeg water,ijkvalues were obtained for straight-chain alkafes( 7.17,
equivalent to a half-life of only a few seconds tbe dissolved portion of these
compounds in the batches. Such a short half-lifg mdicate that the solubility of
these compounds may have been greater than pikdiated on Henry's constant,

for instance because of the presence of microhidastants or other dissolved
organic matter in soil pore water.

7.3.2.4 Conclusions

The difference between abiotic and biotic testsbimith soil and amended soil

matrices is more clearly presented in Fig. 7.23enehthe average behaviour over
time of Gyas,i k0N the J replicates is indicated.
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Fig. 7.23: continue.
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Fig. 7.23: VOC soil gas concentrationggs i«in batches containing either 30 g of soil
( ~®—abiotic test, —o— live soil) or 15 g of soil amendedhn2% biochar —&—
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abiotic test, —@— live test). Error bars represent thmximum between standard
deviation and error propagation due to analysis enainty.

It is possible to see that in the non-sterile wathout biochar (green rhombi
in Fig. 7.23), straight-chain alkanes and monoatantaydrocarbons were rapidly
biodegraded, whereas the biodegradation of cyclidd éranched alkanes
(cyclohexane, isooctane, methylcyclopentane, meyoiohexane) was characterized
by a lag phase before the its onset, roughly ctergisvith the time needed to
degrade the straight-chain alkanes (n-pentaneameesn-octane, n-decane and n-
octane) and monoaromatic hydrocarbons (tolueneyleng and 1,2,4-TMB).

In the soil amended with biochar a lag phase wasdetected even for
branched and cyclic alkanes.

7.3.3 Laboratory column experiments

7.3.3.1 VOC Source

Results on VOC source at the beginning and endgeha@nd closed b.c. for
soil and biochar-amended soil column tests arertepan Fig. 7.24 and Fig. 7.25
respectively.

n-pentane and in some cases n-hexane are nottedlicacause of analytical
problems with solvent peak that arose at the sateation time as these compounds,
overlapping them (8§ 7.2.3).

In Fig. 7.26 it is indicated the chemical compasitof the pollutant mixture
(as molar ratio) at different source sampling tim&l§ the analysed compounds are
present in all the final samples taken, which mehasthere was always an amount
of each VOC in NAPL source, and that thereforeghgas a continuous release of
vapours of each VOC during the performed testsnten absences of any VOC in
interstitial gas were just due to transport phenteme

For open boundary conditions it is possible to #e® compounds were
depleted with different behaviours according toirth@pour pressure: those with
higher R decreased more than those with lowet Phis is why the NAPL
composition varied during the tests, and the fmatture resulted richer in heavier
compounds.

With a few exceptions (cyclohexane in biochar-aneensoil), it seems that
the initial concentrations of each VOC at the bemig of two different boundary
conditions, for each matrix, were comparable, atersng the analytical uncertainty.
The general initial composition of the source, tfeg two matrices, was also similar,
and therefore column tests results were compartdue,
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0.160

0.140

Cin NAPL source (g mt?)

M t0 open soil col Mtfinopensoil col 10 closed soil col M tfin closed soil col

Fig. 7.24: VOCs concentration [g ] in NAPL of source taken at the beginning
(t0) and end (tfin) of open and closed b.c. fol solumn test. Error bars indicate
the maximum between standard deviation on 3 refglécand analytical variation
coefficient. n-pentane is not indicated because anélytical impossibility to
determine them, as indicated in § A2.3.
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Fig. 7.25: VOCs concentration [g rif] in NAPL of source taken at the beginning
(t0) and end (tfin) of open and closed b.c. fouonh test with soil amended with 2%
of biochar. Error bars indicate the maximum amortgndard deviation on 3
replicates and analytical variation coefficientpentane and 3 data on n-hexane are
not indicated because of analytical impossibil@ydetermine them, as indicated in §
A2.3.
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10 open soil col tfin open soil col 10 closed soil col tfin closed soil col

) A)‘(

t0 open soil+biochar col tfin open soil+biochar col t0 closed soil+biochar col tfin closed soil+biochar col

2999

B n-hexane B methyl cyclo-pentane B cyclo-hexane
B jsooctane ® methyl cyclo-hexane HEtoluene

¥ n-octane = m-xylene 1,2,4TMB

B n-decan n-dodecan

Fig. 7.26: chemical composition of the pollutant mixture (aslar ratio) at different
source sampling times, for soil (a) and biochar-aded soil (b). n-pentane (for both
the matrices) and n-hexane (just for soil plus barg are not indicated because of
analytical impossibility to determine them (8§ 7)2.3

7.3.3.2 Tracer tests

Results for Sktext on soil column are indicated in Fig. 7.27.

The trial-and-error procedure made it possible tangify the gap area
between the flux chamber and the soil column edemtao 1.5 cri Diffusion from
(3.23) was verified by the good coincidence betweasasured (symbols) and
simulated (continuous line) results in all five {sor

Results of CQtests, as described in § 7.2.5.4, are indicatdelgn7.28; for
soil (al and a2) and biochar-amended soil (b1l &)dHe experimental data, in the
two replicates, and relative simulations, are preeg

The general trend in each port of each test seemspresent experimental
data qualitatively, but suitability is still to benproved, probably because carbon
equilibrium is more complex than was assumed, ddipgnon pH changes (8
7.3.3.5.3) during the test in each port, microlgadal activity and any subproducts
released during biodegradation process.
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Fig. 7.27: Sk tracer test used to determine the size of theagap between the flux
chamber and the soil column.
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Fig. 7.28: continue.
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Fig. 7.28: results of duplicates of CQests, as described in § 7.2.5.4, in each of five
sampling ports, for soil (a1l and a2) and biocharearded soil (b1l and b2) closed
column. Experimental data are indicated by greemlsyls, whereas simulations by
black continuous line.
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7.3.3.3 Background conditions

Fig. 7.29 indicates the results from @d CQ monitoring that took place
soon after filling up with soil, as described ii7.82.5.4. The arrow in graphs indicates
the moment in which the beaker was taken off.
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Fig. 7.29: continue.
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Fig. 7.29: O, (a, a’) and CQ (b, b’) percentages in soil gas, at different sanmypl
ports of soil column soon after the filling up @7.2.5.4). Arrow indicates the
moment in which the beaker covering the top wasnakf, leaving open boundary
conditions. Graphs a and b describe gas percenbedviour over time, whereas a’
and b’ underline comparison between different pdesor bars indicate analytical
uncertainty (8 A2.3).

As it possible to deduce, initial oxygen contenthe soil column was, in all
the sampling ports, near to atmospheric leveld) aiit average value on the sampling
period of 21+1% (as standard error). 8&as near to natural atmospheric content,
with an average value of 0.05+0.02%. An increasthis gas was not noted during
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closed boundary conditions, meaning that the nbthidogical activity was low.
Small values on '8 day were probably due to GC-MS analytical probldrasause
the same behaviour was observable in oxygen.

7.3.3.4 Open boundary conditions

7.3.3.4.1 Biological parameters

The behaviours of ©and CQ (as volume percentages) during column tests
with open boundary conditions, are indicated insFig.30 and 7.31 respectively,
both for soil (Fig. 7.30.a and 7.31.a) and for bemeamended soil (Fig. 7.30.b and
7.31.b).
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Fig. 7.30: O, volume percentages behaviour along soil (a), arattar-amended
soil (b) column tests with open boundary conditidasor bars indicate analytical
uncertainty (8 A2.3).
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Fig. 7.31: CO, volume percentages behaviour along soil (a), amathar-amended
soil (b) column tests with open boundary conditidasor bars indicate analytical
uncertainty (8 A2.3).

With the exception of some outlier points, dueatlytical problems with
GC-MS, it is clear that the two columns were cordddn aerobic condition, with an
average oxygen content of 20+3% for soil and 22#2%biochar-amended soill
(errors indicate standard deviation on all samptiats).

As for CQ, in soil an increase was seen from initial valugsorted in 8
7.3.3.3 till 8-8" day, of about 2599+1031%, 3995+1563%, 4860+1894%,
2773£1097% (with uncertainty due to analytical erqropagation on ratio
computation, equivalent to VC = 39 %), as a refeeeto initial values, respectively
in ports 1, 2, 3 and 4. After that time a slow éase began till 0.30+0.05% (as
standard deviation of final time concentrationtfoe four ports).

As for biochar-amended soll, it followed a simitegnd, but with a less sharp
increase, equivalent to 3554+1357%, 4017+1572%,081230%, 3134+1235%
(uncertainty calculated as previously, equal to B9%aching 0.24+0.07% (as
standard deviation of final time concentration floe four ports). These behaviours
could be associated to a first phase of fasteradagion of VOCs followed by a
slower one, where substrates were less degradechiaedalized to CQ
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Simulations of CQ@ trend from modelling, only for a representative
intermediate port (port 2), are shown in Fig. 7.B8haviours of C®@in presence or
absence of microbial activity are indicated, fothbeoil and biochar-amended soil.
The model concentration outputs, expressed as [, mtere transformed into
volume percentages through the inversion of (R&sults from simulation present
the same increasing followed by decreasing tremsh $iring experiments, but in
both cases the maximum concentration was reaclrédrehan in tests. Simulation
seems to suit soil better than amended soil colubetause the ratio among
maximum concentrations values from model and tasport 2, is respectively 1.9
and 4.4.
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Fig. 7.32: CO, modelledvolume percentages over time, in port 2, for saitla
biochar-amended soil open column tests. Visibleslinndicate biodegradation
simulation: thick green long dashed lines indicatnd in soil and thin light blue
short dashed line trend in biochar-amended soilool. Faint blue continuous line,
and red dotted line indicate respectively soil amdchar-amended soil without
biodegradation.

It seems that biodegradation in column tests irewla lag time that was not
considered in model formulation; furthermore bio@degtion activity is lower than
behaviours in batch tests, and there were prolaibiye CQ absorption phenomena
that were not considered. In biochar-amended cojumract, in view of higher
degradation rate (Tab.7.17), lower £€dncentrations were found.

7.3.3.4.2 VOC monitoring

Fig. 7.33 indicates the behaviour, for each i-V@ECgas concentration over
time, recorded during soil and biochar-amended solumn tests with open
boundary conditions, in each sampling port (po¢a)l port 2 (b), port 3 (c), port 4

(d)).
For port 2 only the concentrations predicted byuassg either no

degradation (fegwater= 0) Or using the d¢g waterdata (Tab. 7.17) are illustrated next to
them. Only one port is indicated because of sinblemaviour of modelled curve in
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each port, changing just in maximum concentratieached (as it is possible to
deduce also from experimental data and Fig. 7.34).
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Fig. 7.33: gas concentration [g r] for each i-VOC versus time, for open column
tests, for each VOC in each sampling port (port)l, port 2 (b), port 3 (c), port 4
(d)). Soil data are indicated by green lozeng —— biypchar-amended soil by
orange circles —e— ). Error bars indicate analyticanance. As for b’, thick lines
indicate soil column and dashed lines simulationhwbiodegradation. In detalil

simulations for SOIL: continuous blue lin== ) witlhdoiodegradation, long
dashed green line<= = ) with biodegradation; for biactamended soil: thin
dotted red line .- ) without biodegradation, shoristad light blue line - = = )

with biodegradation.

Simulations of some representative compounds fcin part are attached, too
(Fig. 7.34); four molecules were chosen, three dfferent chemical and
biodegradability behaviour (n-pentane, cyclohexamne toluene), and the fourth one
chemically similar to toluene (xylene) in orderverify the model easily. It is clear
that for each compound the difference between amegnd another is just in the
numerical amount of the concentrations, and naettineir trend shape over time.

From the benchmark between Figs.7.33.b and 7.3Bdhaviours of 12
studied VOCs may be divided in chemical family greuAll the n-alkanes initially
presented huge increase in concentration, andalsemoother decrease, for both soil
and biochar-amended soil. The final behaviour ckdrigr specific compounds. At
the end of the test, n-pentane, n-dodecane andandgwith the exception of the
last sampled points) reached values similar toréiselts of simulation considering
biodegradation. As for n-hexane and n-octane, t@icentrations initially increased
in line with the predictions for a system withoubdegradation. Then after 1 day
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concentrations decreased rapidly in both soil aldwgth biochar and became more
consistent with simulations in which th@ekwater values determined in the batch
study were used. In particular for the soil withdidchar, n-octane concentrations
increased again after 10 days above the levelsgbeedoased on theydg waterdn Tab.
7.17, indicating a decreased microbial degradataie. In general the modelled
transport curve did not suit properly the behavioiuthis compound.

Soil: C4[g ml™] Biochar-amended soil: G[g ml]
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Fig. 7.34: results of simulations, at different ports, favilscolumn and biochar-

amended column, considering microbiological acyivivith degradation rates
resulting from batch tests. Gas concentrations [g]rfor n-pentane (with blue line),

cyclohexane (with green line), toluene (with ligphie line) and xylene (with yellow
line) are presented.

As far as cyclic compounds were concerned, cysiahe followed the same
trend of concentration versus time reached by tloelalp) however maintaining
concentration values between levels from simulationth and without
biodegradation, for both natural and amended $amither details cannot be added
because of great analytical uncertainty.

Branched alkanes (isooctane) in soil seemed taadegbadly, because
experimental data were well fitted with no-degramatcurve. The presence of
biochar favoured biodegradation, in fact the degtiad model suited experimental
data well.

Branched-cyclic compounds were well degraded, bo#woil and in biochar,
where experimental data followed the same trendnadelled ones; for methyl
cyclo-hexane the behaviour on soil was hardly olzg#e because of high analytical
uncertainty and low dg watevValue.

As for toluene, concentrations at port 2 in théugm without biochar
initially increased in line with the simulation assing no biodegradation,
intermittently decreased to very low levels comsistwith the prediction based on
the kiegwatervalue from the batch study, then started to risaimragFor the soil
amended with biochar toluene concentrations rerddiedow the detection limit (8
A2.3). Even at the lowest port 1 (Fig. 7.33) tol@erould only once be detected in
soil amended with biochar 33 min after the starthef experiment with a measured
concentration of 1.4 1%(g cni).

m-xylene and 1,2,4-TMB concentrations followedsail, a trend similar to
n-octane and n-decane respectively; the first camg@pin fact, after a period of
good agreement with simulations considering biodegtions, showed gradual
increasing of concentrations. In biochar-amendddtgs same trend was noticed for
both molecules. They quickly spiked in biochar-adezhsoil towards the end of the
experiment, indicating a temporary decrease inntierobial degradation of these
compounds.
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7.3.3.5 Closed boundary conditions

7.3.35.1 Biological parameters

As for soil column, during sampling just beforers8tay with new b.c., value
concentrations of 23.2 £ 0.3% v/v (VC = 1%) of &d 0.219 £ 0.007% v/v (VC =
3%) of CQ were recorded. Regards biochar-amended soil, atahe time, initial
values of Q@ and CQ were 21 + 1% v/v (VC = 6%) and 0.06 + 0.01% VvAC(™
25%); in both cases data were the average andasthddviation on the four lateral
ports, lower than what had been detected at thekti first b.c. tests (8 7.3.3.4.1).

The behaviours of ©and CQ (as volume percentages) during column tests
with closed boundary conditions, are indicated img.F7.35 and Fig. 7.36

respectively, both for soil (Fig. 7.35.a and 7.3@ad biochar-amended soil (Fig.
7.35.b and 7.36.b).
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Fig. 7.35. O, volume percentages behaviour over time in soil énd biochar-
amended soil (b) column tests with closed boundamydition, at the height of
sampling ports. Error bars indicate analytical umizenty (8 A2.3).
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Fig. 7.36: CO, volume percentages behaviour in soil (a), and beoeimended soill
(b) column tests with closed boundary conditioristhe height of sampling ports.
Error bars indicate analytical uncertainty (§ A2.3)

Experiments conducted with closed boundary conbtiwere also performed
under aerobic condition: with an average oxygentexdnof 22+2% for soil and
21+2% for biochar-amended soil (errors indicatedéad deviation on all sampling
points). All the concentration variations were withnalytical errors.

In soil column C@ increased till 10 -13" day, of about 299+153%,
243+131%, 259+137%, 331+164% and 263+138% (with etainty due to
analytical error propagation on ratio computaticag, a reference to initial values,
respectively in port 1, 2, 3, 4 and inside the leea the column top. The maximum
values were similar to one checked for open b.g. (F31.a). After that time a slow
decrease began till 0.37+£0.03% (as standard demiafi final time concentration for
the four ports), equivalent to 1.7 times the ihw@ue.

As for biochar-amended soil, it reached its maximemmcentration on '8
day, equivalent to 1142+474%, 1218+504%, 817+35646+285% and 978+412%
(uncertainty calculated as previously, equal to imaxn 42%), reaching, at the end
of the test a value of 0.8+0.1% (as average oangdpsing ports), equivalent to 12
times the initial concentration.

Simulations of C@ trend from modelling, just for a representative
intermediate port (port 2) are indicated in Fig377. For both soil and biochar-
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amended soll, trends of this gas are indicateghr@sence or absence of microbial
activity, similarly to Fig. 7.32. Results from sitation presented the same increasing
followed by decreasing trend seen during experigebut in both cases the
maximum concentration was reached earlier tharestst(huge difference for soil
matrix) as previously seen for open column condgjotoo. The ratio between
maximum concentrations values from model and testthe considered port, is 1.4
soil and 1.8 for biochar-amended soil column.
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Fig. 7.37: CO, modelledvolume percentages over time, in port 2, for saitla
biochar-amended soil closed column tests. Visiblesl indicate biodegradation
simulation: thick green long-dashed line indicatesoil and thin light-blue short
dashed line in biochar-amended soil column. Faiomtmuous blue line, and red
pointed line indicate respectively soil and bioclaanended soil without
biodegradation.

Comparison between experimented and simulated fdatelosed boundary
conditions column tests confirm the observationsdendor open column in
§7.3.3.4.1.

7.3.3.5.2 VOC monitoring

Fig. 7.38 indicates the behaviour, for each i-V@E€,gas concentration in
time recorded during soil and biochar-amendedcaiimn tests with open boundary
conditions, in each sampling port (port 1 (a), gdib), port 3 (c), port 4 (d), flux
chamber (e)).

For the top port only, placed on static flux chamtlesing the column, the
predicted concentrations are indicated by assumithg@r no degradation or using the
Kdegwaterdata (Tab. 7.38.e’). Only this port was indicabsgtause it was considered
the most meaningful one of the closed b.c. tests.
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Fig. 7.38: gas concentration [g ] for each i-VOC versus time, for open column
tests, for each VOC in each sampling port (porg)l, port 2 (b), port 3 (c), port 4

(d), beaker (e)). Soil data are indicated by gréerenges —— ), biochar-amended
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soil by orange circles —a— ). Error bars indicate aghtal variance. As for e’,
thick lines indicate soil column and dashed linesuation with biodegradation. In
detail simulations for soil: continuous blue lin===) without biodegradation,
long-dashed green line== = ) with biodegradation; fmochar-amended soil:
thin dotted red line - ) without biodegradation, shdashed light blue line

(= — —) with biodegradation.

Simulations for the same representative compousdsi@ 7.34 (n-pentane,
cyclohexane, toluene and xylene) are indicatedgn F39.

Comparison between experimental data and modeflead in the port
located in the beaker closing the column is shawrigs. 7.38.e and 7.38.¢e".

As far as n-alkanes were concerned, a compoundfispbehaviour was
observed: n-pentane and n-hexane followed, for solilimn, a trend similar to
transport without biodegradation; whereas in biograended soil, at the end of the
test, a behaviour intermediate between simulatédatsons with and without
degradation. n-octane and n-decane gaseous caateamir quickly decreased in
biochar- amended soil, in good agreement with satiar trends, whereas for natural
soil, they presented an increasing trend over t{fodowed for n-decane by a
decreasing stretch) reaching values inside the erabgtween two simulated
scenarios; n-dodecane was always lower than thectitmt limits for both the
matrices, with the exception of a point that cobéve been caused by a sampling
error (such as polluted syringe).

Soil: Cy[g mi™] Biochar-amended soil: G[g ml™]
w10’ Port 1 w 107> Paort 1
25 1.5
2
“I L
— 1.5
g 1
o 0.5 .
05 3
0 : I:I
i 5 10 15 = 0O 10 20
Tin ey ' Tirme [davy]

Fig. 7.39 results of simulations, at different ports, forilscolumn and biochar-

amended column, considering microbiological acyivivith degradation rates
resulting from batch tests. Gas concentrations [g]rfor n-pentane (with blue line),
cyclohexane (with green line), toluene (with lighte line and xylene (with yellow
line) are presented.
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Fig. 7.39: continued.
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Cyclo-hexane, isooctane and the branched forms yoficc compounds

(methyl cyclo-pentane and methyl cyclo-hexane),indursoil column, showed

concentrations similar to the model without consite biodegradation. Towards the
end of biochar-amended soil test, however, they patsented a behaviour
intermediate between simulated situations withaitldout degradation.
For all three aromatic compounds (toluene, m-xyland 1,2,4 TMB) with

unamended soil, a constant increasing trend in gogr@éement with the model
without biodegradation was noticed, whereas for raded soil gas concentrations
were always lower than the detection limits (§ A2.3
It is important to remember that closed boundanyd@tions were performed
after the open ones, that is after 15 days of lgatation had been performed, and
some discrepancies with notes of § 7.3.3.4.2 cbaldue to the depletion of the less
available nutrients (no oxygen deficiency could dnaaffected biodegradation,
because of results from biologic parameters manigp§ 7.3.3.5.1).

7.3.3.5.3
Results for pH (following procedure in 87.2.2.8)damnoisture content
(following indications in 87.2.2.6), measured a #nd of both matrix columns, for
different sampling ports positions, are indicated ab. 7.18.

Matrix final conditions

Tab. 7.18: pH and moisture content tests results from soitl @oil with 2% of
biochar samples, taken at the end of closed boyndamnditions. Samples were taken
at different sampling ports heights: from the lowere (portl) to the top of the
column. Each pH datum was calculated on 3 replgatehereas for moisture an
only one datum was taken per port; uncertainty iieeg by standard deviation on

three replicates; VC: variation coefficient [%].

Port 1 Port 2 Port 3 Port 4 cc;rlgr%n average [\0//((5
pH 7.5+0.5 | 7.85+0.007.87+0.02 7.89+0.01 7.93+0.00f 7.8+0.3| 3.5
S W
@ [Gwater 9.46 9.01 8.33 7.46 6.98 8.2+0/9 11
g_ldrv soil %]
+ 5 pH 7.94+0.03 7.96+0.01) 7.95+0.02 7.99+0.04 7.92+0.05| 7.95+0.040.45
35| W
n g [water 12.45 11.98 12.12 12.18 11.95 12.1+0.2 1.5

g_ldrv soil %]

The average pH inside both the columns was the ,saea 7.9, that is a low
basic condition not inhibiting biological activityn soil column considering data
variation, pH was kept equal to initial conditiofiap. 7.10), whereas for biochar-
amended soil it was lightly decreased.
Regarding moisture, the average values in bothnmaduhad similar water
content, as a reference to initial values in Ta®. 7

293



Contaminant vapour emissions from polluted soil gmmlindwater

7.4 Conclusions

The petroleum hydrocarbon flux emitted from the edghe soil column may
be viewed as the measure of the amount of compthatdvas not attenuated within
the soil.

Conceptualization of the soil processes, illusttate§ 7.2.5.5, was based on
the assumption that the first-order degradatioasrédr the dissolved VOCSydg water
were constant over time and not affected negatibglyhe biochar addition. From
preliminary batch tests, biochar would be expetteaffect, above all, the emissions
of strongly sorbable compounds such as aromatis.one

The results of this study suggest, however, thet ilodegradation rate of
petroleum hydrocarbons in soil is not constant duee, but appears to fluctuate
quite significantly, leading to intermittent spikesd reductions in the gas-phase
concentrations of these pollutants. To add furttwnplexity, the degradation rates
of different compounds appear to be interdepend®nterall, the results of the
performed experiments are most consistent wittctimeept that the reduction of the
dissolved aromatic compounds concentrations, dgrémg sorption to the biochar,
may have allowed for the increase in the degradatiothe dissolved cyclic and
branched alkanes, which were only poorly degradedoil without biochar. This
observation is likely explained by a critical facsuch as low nitrogen availability (8
7.3.1.8) that may have occurred in the soil ingagéd, limiting the overall amount
of petroleum hydrocarbon degradation. Consequetitty,amount of C@produced
was comparable for the soil with and without biacfiag. 7.36).

Clearly, the interactions between soil, biochar #ralintrinsic soil microbial
communities are more complex than stated in thgirai modelling assumptions.
Moreover, the impact of biochar on the fate of VO@eds to be further investigated
for different soil types and also under field cdiutis.

Nevertheless, it is encouraging to note that nardental effect of the biochar
addition on the natural attenuation of the moredifgabiodegradable and more
volatile petroleum hydrocarbons was observed s $hudy.
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CONCLUSIONS

Flux chamber technique is useful to measure vaflones at soil surface,
isolating environmental background contributiontthas not to be considered for
Risk Analysis at contaminated sites. In Italy androst part of Europe, its use is
still limited to analyse greenhouse gases emittecth flandfills and even less for
application to contaminated sites. Thanks to thkalgoration between the Soill
Remediation Group of Politecnico di Milano and sohloeal Environmental and
Health Agencies, it is being recommended as a ussdlin the guidelines that are
being assessed by the Region of Lombardy (Politeati Milano et al., 2010).

The results of the present research revealed ytmandgic flux chamber setup has
to be designed considering results of purge andngpitests, built of inert material
and used according to proper protocols. Tests pagd on the commercial chamber,
in fact, resulted unsatisfactory since it was noimmbgeneously mixed due to the
inappropriate sweep gas injection system and timeedshape. Purge duration, also,
took more than 2 h 30 min because the materiahg made of (Plexiglass) adsorbed
organic compounds. A new setup was defined, whegitaced the dome with a flat
PTFE cover, old inappropriate gasket with a PTFE and changed the inflow gas
injection system for a Teflon spiral. This new cloamn resulted homogeneously
mixed, with purge duration shorter than 2 h. An @&nbair treatment system was set
up to be used as sweep gas and monitoring procedasedrawn up. In particular,
sampling line details and analytical protocol wetefined. The importance of
recording physical parameters, such as temperdtuneidity and pressure difference
between outside and inside the FC, was affirmea rssommended monitoring rule.
Thanks to the results of this work, a new reseaatftract between Politecnico di
Milano and an lItalian private company is forthcogiifhe aim of the work will be
to develop a smaller chamber, in order to reduagetime and allow shortening
field activities. A fluidodynamic model will be deloped to optimize chamber
geometry and sweep air injection device.

As for field scale tests, flux data from FC measwgnts were compared to
modelled fluxes (Johnson and Ettinger model in RES@5 software). As a general
trend, the applied model tended to overestimaten éva good agreement or a slight
underestimation was found for some pollutants amesosampling locations,
suggesting models to offer an unreliable and neagd precautionary assessment of
vapour transport in soil. Dispersion box model wagplied to calculate air
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concentrations from each approach to compare Wwéhrteasured air concentrations.
This information was used for Risk Analysis. Airncentration measurements
resulted to overestimate risk in comparison witttted other approaches because of
the pollutant environmental background. New dynaihix chamber campaigns
have been already planned to perform monitoringtlaér contaminated sites. The
aim will be to compare results between traditioteadhniques and flux chamber
results, also for different pollutants (chlorinatmimpounds) and conceptual models.

As biochar-amendment tests, results performed atvchistle University
showed that the biodegradation of petroleum hydbmoss was not constant over
time and was interdependent of the presence of atirapounds, leading to sudden
rises and falls in the gas-phase concentrationsir Biehaviour was probably more
complex than stated in the original modelling asstioms. It appeared, however,
that biochar increased sorption of aromatic comgdsuwithout having negative
effects on microbial activity. In particular, tolue vapours were effectively adsorbed
on the amended matrix allowing increase in the al#aion of cyclic and branched
alkanes, which were only poorly degraded in sothaut biochar. In general, in both
column tests, biodegradation rates were lower thase simulated using data from
batch results, probably because soil nutrientspamticular nitrogen, were not
sufficient to support a long-term biodegradationtivity. Nevertheless, it is
encouraging to note that no detrimental effect lné tiochar on the natural
attenuation of the more readily biodegradable andremvolatile petroleum
hydrocarbons was observed in this study. Furthezstigations, however, need to be
performed to evaluate biochar amendment for diffesmil types (potentially less
poor in nutrients) and for different biochar types)y. Future work will require more
detailed biological analyses to observe the effentbiomass composition over time.
Finally, tests at field scale for long periods suggested too.
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APPENDIX 1

MEASURING INSTRUMENTS

In this Appendix technical features of instrumenised during the
experiments described at Chapter 5, 6 and 7. Hivgled in two sections: one
containing information about instruments used t@soee physical parameters and
control or/and check air flow meters during testthwhe flux chamber (at DIIAR
laboratory of Politecnico di Milano or on site)etBecond one about what was used
to define physical properties of the matrices usg#dCivil Engineering and
Geosciences, Laboratory, of Newcastle University.

Al.1 Instruments used for experimentation at Politenico di
Milano and for FC field activity (8§ 5 and § 6)

Al.11 Instruments for physical parameter determinéion

A1.1.1.1 Multifunction digital micro manometer DKDO"R° (WOHLER)
Working temperature: from -5 to 40 °C

Tab. Al.1: technical features of micro pressure gauge DCF80

inner external .-
Inner humidity
pressure temperature temperature
probe
probe probe
Measgrmg hPa, Pa, mbar, °C and °F °C and °F %
unit MMyoc, PSI
Measuring from -20.0 to from - 20.0 to from O to 100 %
range *100 hPa 60.0 °C 60.0 °C
* 2% for 0-90%
0
precision rfqgé?;lferO:/glfe +2°C +2°C range; = 3% for
91-100% range
0.1 Paor0.01
Patill 1100 Pa
resolution and 1 Pa +0.1°C +0.1°C 1%
for values highe
than 1100 Pa

319



Contaminant vapour emissions from polluted soil gmmlindwater

Al1.1.1.2 Multifunction measuring instrument Testo 435. IAQ (Indoor Air
Quiality) Probe

Tab. Al.2: technical features of micro Testo-435 probe.

Absolute pressure temperature humidity
Measuring unit hPa, inchyc °C and °F % (relative humidity - RH)
Measuring range | From 600 to 1150 hPafrom 0 to 50 °C| from O to 100 % RH
precision +5 hPa +0.3°C +2 % RH (2 -98 % RH)

Al1.1.1.3 Temperature probe Checktemp-1 (Hannaumsnts)

Tab. A1.3: technical features of Checktemp-1 temperaturddero

temperature

Measuring unit °C °F

Measuring range from -50.0 to 150.0 °C from -58.0 to 302 °F
+ 0.3 °C (from -20 to 90 °C) £ 0.5 °F (from -2 to 194 °F
+ 0.5 °C (outside that range) = 1 °F (outside that range

precision

Al.1.1.4 Digital thermo-igrometer (TFA)

Tab. Al.4: technical features of digital thermo-igrometer.

temperature humidity
Measuring unit °C % Relative Humidity (RH)
Measuring range from -10.0 to 60.0 °C from 10 to 99 % RH
- + 0.8 °C (from 10 to 30 °C) £ 3.5 % RH (from 30 to 80 % RH)
precision + 1 °C (outside that range) +5 % RH (outside that range)
Al.1.2 Instruments for air flow regulation

Al.1.2.1 SKC AirCheck XR 5000 Sample Pump
Working temperature: from 0 to 45 °C

Tab. A1.5: technical features of SKC pump.

pressure
Measuring unit ml min™*
Measuring range from 1000 to 5000 ml mih
precision + 5 % of set-point after proper calibration phase

Al1.1.2.2 Ego Plus TT (Zambelli) Sample Pump
Working temperature: from 5 to 40 °C (with relativemidity in the range 30-90 %)
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Tab. A1.6: technical features of Ego Plus TT pump.

pressure

Measuring unit

ml min?

Measuring range

from 20 to 7500 ml min

precision

+2%

Appendix 1

Al1.1.2.3 Thermal mass flow controller Model 80D{McMillan Company)

Recommended working temperature: from 10 to 40 °C

Tab. A1.7: technical features of Mass Flow Controller (80D}1

pressure
Measuring unit | min™
Measuring range from 0 to 10 | mirt

+15%

precision

Suitable gases

Clean, dry, non corrosive gases

Al.1.2.4 Mass flow controller (ALBORG)
Tab. A1.8: technical features of Mass Flow Controller (AALBG).

pressure

Measuring unit

| min?

Measuring range

from 0 to 10 | mift

precision

+1.5%

Suitable gases

Clean gases

Al.1.25 Rotameters
Tab. A1.9: technical features of used rotameters; *: to certvin | min' by using its

calibration table

Type Measuring unit | Range Precision
Gilmont n. 13 | min™ 0.2-14/ 0.2 (from0t0 0.2 | m_i'ﬁ)
' +0.5 (from 1 to 14 | min)
Gilmont n. 14 | min™ 1-39 +1
SKC | min* 0.4-5 +0.1
Zambelli | mir* 0.3-4 +0.1
T45787 mm * 0-150 +1
L80418/01 mm * 0 - 150 1
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Al1.1.3 Other used instruments

PID: Phocheck Plus

Tab. A1.10: technical features of Phocheck Plus.

pressure
Measuring unit mg m° of TPH equivalent
Measuring range 0.001 — 10000 mg th
precision 5%
Suction flow 220 ml min"
Working temperature From -20 to 60 °C
Suction pumps: DYMAX 30, Charles Austen Pumps (&gl
KNF Neuberger Laboport.
Muffle: Nabertherm L9/11/C6.
Oven: Heraeus UT 6060; G®-Therm 075.

Al.2 Instruments used for experimentation at Newcdke
University (8§ 7)

Al.1.1 Instruments used for matrices characterizatin

Sieves Endecotte Ltd, London , UK

Oven: UMS500, Memmert, Germany

Muffle: Gallenhampe Muffle Furnace - Size 1

Centrifuge : Eppendorf- centrifuge 5810, Scientifaboratory supplies,
UK

pH-meter 3020 pH-meter, Jenway, UK
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APPENDIX 2

ANALYTICAL METHODS

This Appendix presents the analytical methods peréadl to analyse chemical
compounds involved in the presented experiments.

It is divided in three sections: 8§ A2.1 a genenéldduction about GC features;
§ A2.2 about inner methods used at DIIAR Laborat@yglitecnico di Milano) to
analyse i) ethanol sampled in glass balloon dufiung chamber setup definition (8
5), ii) BTEX sampled on activated carbon (a.c.) emibduring air treatment
verification (8 5) and field measurements (8 6i), fieatures of methods for air
hydrocarbon compounds analyses, sampled on tubssrding to MADEP
indications (8 5 and § 6) and iv) BTEX and hydrd&cers on condensation; § A2.3
on methods performed at Newcastle University, diyday the author, for i) VOCs
and ii) @, CO, and Sk compounds in air phase or, by the inner envirortaien
laboratory, for iii) VOCs as pure NAPL phase.

A2.1 Gas chromatography

This section presents further details to what Wiasady presented in § 4.2.5.3.
Gas chromatography (GC), is type of chromatograpbgd for separating and
analyzing compounds that may be vaporized withegbchposition. It is based on a
repartition technique among a moving (or mobileaggh and a stationary one. The
first one is a carrier gas whereas the secondadayer of liquid or polymer on an
inert solid support called a column. The samplatiéihy having either gaseous,
liquid or solid phase) has to be transformed inegas phase and being analyzed
interacts with the walls of the column, which isated with different stationary
phases. In this way each compound is eluted afferefit time, called the retention
time of the compound.

The basic elements to characterize each differ€haalysis are:

- column inlet (or injector) providing the means ndroduce a sample into a
continuous flow of carrier gas. Generally the samiplintroduced into a
heated small chamber via a GC syringe through misegt may be used in
Splitless or Split way, where respectively the ctatgogsample or a portion
Is swept by the carrier gas into the column, adogrdto analyte

323



Contaminant vapour emissions from polluted soil gmmlindwater

concentration (respectively for low and high oneProgrammed
Temperature Vaporising (PTV) injector is on theestinand used when
low-boiling solvent are involved: the detector tesrgiure is chosen
slightly below the boiling point of the solvent artie sample is
continuously evaporated and vented through thé |

carrier gases that are usually inert such as helioittogen, argon,
hydrogen and air, depending on the detector besed;u

GC columns that are divided in packed and capikkatymns. The first one
(with length, L, from 1.5 to 10 m and an internardeter,[], of 2- 4 mm)
are made of stainless steel or glass and contpatking of finely divided,
inert, solid support material (e.g. diatomaceoush¢ahat is coated with a
liquid or solid stationary phase, influencing wiygte of materials will be
most strongly adsorbed. The second ones have a srmegfl internal
diameter 0 = a few tenths of mm) and are longer (L=25 + 60 timgy are
made of fused-silica and coated with the activeennals;

thermal program, which is the temperature rangedesteto make the
compound volatilize into the GC,;

detector, which is generally a flame ionizationed&dr (FID) or a thermal
conductivity detector (TCD). FID is sensitive priniyato hydrocarbons: it
contains a small hydrogen-air flame that burns ¢hemical compound
giving an ion current directly proportional to aytal concentration;
chromatogram, which is instrument output to electtarrent produced by
the detector, through which analyte concentratisndeduced via a
calibration curve (prepared with some known anatgtiecentration).

A2.2 Chemical analysis performed at DIIAR Ilaboratowy
(Politecnico di Milano)

A2.2.1 GC configuration for Ethanol determination

GC Model: DANI 8610;

injector: split mode, at temperature equal to 200

carrier gas: nitrogen;

GC column: SUPEL-Q PLOT, capillary column, coateg b porous

polimer for gases with low molecule weight (L=30 m;=
0.32 mm);

thermal program: 35 °C for 5 min, 10 °C niitill 150 °C, then 150 °C for 10

detector:

min;
FID (T = 240°C);

detection limit (d.l.): 0.07 mg'

variation

coefficient (VGnaysi: + 15 %.
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A2.2.2 GC configuration for BTEX measures

BTEX, sampled on a.c. tube, were chemically desbrbeparately from
sampling part a and backup part b (8§ 4.2.5.3) usadpon disulfide (C$§ as a
solvent, and analyzing it through ISO 16200-1:26Gthod.

According to the amount of solvent that the opartthemical technician
had to use to dissolve contaminant from the adstorbetrix, different detection
limit may be reach. Three different volumes wered)ss indicated in Tab. A2.1.

GC Model: TRACE GC;

injector: PTV (Programmed Temperature Vaporisingdtor) used in
splitless mode, at temperature equal to 35 °C;

carrier gas: nitrogen;

GC column: NUKOL, capillary column idoneous for samts (L=30 m;

[0 = 0.32 mm; stationary phase thick fuh);

thermal program: 35 °C for 3 min, 6 °C rfitill 120 °C, then 12°C mintill 200
°C, finally 200 °C for 10 min;

detector: FID;

variation coefficient (VGnaysig: + 15 %.

Tab. A2.1: amounts of carbon disulfide (&S[ml] used to desorbe a.c. tubes
(according to the ability of the chemical technitiho performed the analysis) and
corresponding detection limit (d.1)f].

Part a Part b
Volume CS [ml] | d.I. [ug] | Volume CS, [ml] | d.I. [ug]
6 0.9 2 0.3
3 0.45 1 0.15
2 0.3 0.66 0.1

A2.2.3 air hydrocarbon analysis

Hydrocarbon compounds (detected for 85 and § 6)testre sampled on a.c.
or XAD2 tubes according to the chemical affinity @ich analyte, following the
indications in Tab. 4.6. The followed analyticabpedure were were a modified
MADEP APH (MADEP, 2009b) and MADEP EPH (MADEP, 20QGdethods.

In Tab. A2.2 they are indicated, for each analyagdrocarbon compound, i)
type of sampling tube, ii) the type and amountuséd solvent to extract the analyte
from the adsorbing matrix, iii) the detection linahd iv) the analytical variation
coefficient.

A2.2.4analysis for BTEX and hydrocarbon in moisture phase

The analysis of all the interested analytes in mogsphase were performer
according to UNICHIM MU 1210/1997 method. It happdnby extraction on a
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micro-fiber through SPME (Solid Phase Micro-Extrag) technique and analysis in
GC-FID.

Reached detection limits (d.l.) are: 8 ng for Bemgzeés ng TEX and 10 ng for
all the other researched compounds. Analyticalati@an coefficients (VGnaysiy are:
+ 15 %.

Tab. A2.2: details about air hydrocarbon analysis: type afrgpling tube, kind and
amount (V)[ml] of used solvent to extract the ataliyom the adsorbing matrix, the
detection limit (d.l.)kg] and analytical variation coefficient (Mgaysiy [%0]. CS:
carbon disulfide; DCD: dichloromethane.

()]
[7)] [7)] [7)] 0 on O on [7)] AN »n c
O |l O | NO | 2o | ™0 | 8| N8 <
B 08 0% | 08|98 | 98|08 |98 |
5 |°5|82/32|g2| 88|35 |25 &
< < < | O | O% <| O< g
tube a.c. a.c. a.c a.c. XADRXAD2 a.c. XAD2 | XAD2
solvent CS, | CS | CS | CS |DCM | DCM | CS | DCM | DCM
solvent v 2 2 2 2 3 3 2 3 3
part a [ml]
solventVo | g 6e | 066 0.66| 0.66 1 1 0.66 1 1
part b [ml]
d"'[ﬁg]”a <02 | <0.3| <03| <03 <05 <05 <0B <0B <02
d-'-[ﬁ;]”b <0.07| <0.1 | <01| <0.1| <018 <018 <0 <018 <0.07
VCanavei [%] | 15 | 15 15 15 15 15 15 15 15

A2.3 Chemical analysis performed at Civil and
Geotechnical laboratory (Newcastle University)

A2.3.1 air VOC analyses

GC Model: HP-7890 Series GC, Agilent TechnologiRap Alto, USA;
injector: split mode, split ratio = 10, at tempera equal to 200 °C;
carrier gas: hydrogen at a flow rate of 2 ml thin

GC column: HP-5 capillary column (L= 30 mj =0.249 mm; stationary

phase thick = 0.2hm)
thermal program: 30 °C for 5 min, 10 °C litill 120 °C, then 120 °C for 6 min;
detector: FID.

Each sample run took about 30 min.

Parameters of regression analysis according t9, (YQanaysisand detection limits
(d.l.) are indicated in Tab. A2.3, for both the tp@&rformed standard sets.
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A2.3.2 CO,, O, and Sk analyses

CO,, O,, and Sk analysis were performed by GC-MS, on a Fisons 860 linked
to a Fisons MD800 MS (electron voltage 70 eV, fdarncurrent 4 A, source current
800 pA, source temperature 200 °C, multiplier \g@t®&00 V, interface temperature
150 °C).

injector: split mode (at 100 ml nif, at temperature equal to 150 °C;

carrier gas: helium (flow rate of 1 ml miinpressure 65 kPa):;

GC column: HP-PLOT-Q capillary column (L= 30 ni] =0.32 mm;
stationary Q phase thick = 2n);

thermal program: held isothermally at 35°C.

Analytical variation coefficients (VGaysiy for CO,, O,, and Sk are respectively
27%, 11% and 32%.

A2.3.2 Liquid VOCs analyses

Liquid VOC mixture analysis was performed by GC-Mf, an Agilent 7890 AC

Gas Chromatography system, linked to a MS Agile@7% C, in scan mode
acquisition, according to the following way: no eatered solvent delay, electron
voltage 2000 eV, filament current 2 A, source terapee 230 °C.

injector: split mode (split ratio 10:1), at temaieire equal to 280 °C;
carrier gas: helium (flow rate of 12.044 ml mMjmressure 45 kPa);
GC column: Agilent 19091S-433 capillary column (88 m;[J =0.25 mm;

stationary phase thick = 0.28n); stationary phase: HP-5MS
5% of phenyl methyl silox: 1105.57187 (Agilent Tackogies,
Palo Alto, USA).

thermal program: 30 °C for 5 min, 5 °C Afitill 300 °C, then 300 °C for 1 min;

Parameters of regression analysis according to), (¥.@Cs VGnaysisand
detection limits (d.l.) are indicated in Tab. A2[Betection limits are calculated from
the minimum area detectable from GC (0.02), tramséal in mass using standard
line. If the found d.l. mass was negative, all l@&sg negative values obtained from
analysis were considered equal to O.
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Tab. A2.3: a and b regression analysis parameters (accordmg/.7)), variation coefficient of analysis (Vand detection limit for |
and Il gas standard analysis sets and for liquichgd analysis; A: areal units from GC outputs; #t detectable; *: d.l., using the
indicated regression parameters, is negative, deddfore all negative calculated mass were consieequal to O.

Q ) 0} ) I 23] () e
S S S 5 8 s 2 3 S g 2 = = S = S S
8 | 2 |s3g| 8§ | 8 |[s8E| 2| 8 | 7 | % : s
o I €00 o2 2 g0l e 2 & : ks g
[
sl ;} | 2693.8629 2531.8886 2110.9816 2326.8842 2568.8969 2535.4643 2621.9207 1616.534| 15863294 16053051 | 1223.02287 532396
T
2 (Z) 0.0680675 -4.874155| -4.947129| -4.284804| -0.251282| -0.769112| 7.3353782 7.917246| 3.54246841.28724837 0.750558824 0
S| (u
(7]
o VC 15 32 35 a1 55 57 46 40 44 42 42 49
SL(0)
— d'l' * * * * * * *
(1) 0.002 0002 | 0.0001| 0.0003 0.000004
- (ug?/A) 2660.4948 2470.799| 2057.416 2248.0412440.3901 2413.8497 2997.8005 1849.4387 1657.4711 1327.30612] 956.9410043 5323.96
5
g (Z) 11.986701 10.368858 11.487132 11.970794 17.640298 13.489011 8.9694021] 6.9406595 3.6874746 2.17475 | 1.521293137 0
8| (u
(7]
a| Ve 6 54 50 54 63 63 47 50 35 25 21 62
ol (%)
— d I * * * * * * * * * * *
- 0.000004
(H9)
= (ug?/A) 6941439 | 18313788 20346077 30488687 26659174 2861308518312 36723601 33473920 34888183 4178020
o
[
g b # 576471.6| 75404.3] 116403  42003/0 29460.1 -12463.08123 | -45873.3]  19909.7 471784 272512
= |_(19)
S [T ve
2| o 33 24 16 13 14 12 13 2 13 15 13
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APPENDIX 3

MEASURING UNCERTAINTY

In Appendix 3 it is described the propagation abewhich is the effect of
variables' uncertainties (or errors) on the unaasgtaof a function based on them. In
particular since the treated variables are theesbf experimental measurements
they have uncertainties due to measurement limitati (such as instrument
precision) which propagate to the combination ofaldes in the function.

Calling 0x,..., 0z the uncertainties of x,..., z variables used taudate a

function q(x,...,z), if they are independent and uahsuncertainty in q is therefore
(Taylor, 2000):

2 2
5a = (26x) +.+ (262) (A3.1)
That however is always lower than ordinary sum:

8q = |§—q| §X+ ..t |2—q| 8z (A3.2)
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APPENDIX 4

NUMERICAL CODE DESCRIBING VOC
VAPOURS TRANSPORT IN COLUMN TEST

It is here copied the monodimensional finite difiece model written in
Matlab to describe transport of VOCs vapours inugwol tests, as it was described in
§ 7.2.4.6. For an easier interpretation of the codkegend is proposed in Tab. A4.1.
It indicates, for each variable, the kind of inf@tmon it describes, a short definition,

and the measuring units and kind of data it has.

Only code for soil matrix is here indicated; footihar-amended soil they were
simply changed physical parameters describing tedium (8 7.2.5.5). With this
code version open b.c. is active, but there isunhetl also closed b.c.: they may be
switched by respectively posing and removing “%ghsfrom the head of command

scribing top boundary conditions.
tic
% Soil core properties

% Length soil core [cm]
soillength = 42.7;

% Radius soil core [cm]
soilradius = 4.7;

% Solid density [g/cm3]
ds = 2.62;

% Soil pH [-]

pH=7.2

% Column properties

% MOD Length headspace [cm]
headspacelength = 5.5;

% Length beaker [cm]
beakerlength = 15;

% MOD Gap area [cm2]
gaparea = 1.5;

% MOD Radius becker [cm]
beakerradius = 4.9;
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% MOD Vial properties

% Length Vial [cm]
Viallength = 9.5;

% MOD Gap area [cm2]
Vialgaparea = 0.1;

% Radius Vial [cm]
Vialradius = 1.2;

% Compound properties (order: Pentane, Hexane, Octa
Dodecane, Methylcyclopentane, Methylcyclohexane,
% Cyclohexane, Isooctane, Toluene, Xylene, TMB, CO2

% Number of compounds

compounds = 13;

% Molecular diffusion coefficients [cm2/s]

D=
[0.082;0.074;0.064;0.057;0.051;0.079;0.073;0.080;0.
.066;0.17]

% Soil solid-water partitioning coefficient [cm3/g]

Kd =1[20;47;104;123;774,9;2.3;4,43.7;1.9;1.3;1.6;0]

% Soil with biochar solid-water partitioning coeffi

% Kd = [43;90;314;520;1630;10;4,5;73;69;14;13]

% Dimensionless Henry's law constant [-]

H =[50;70;120;293;293;15;4.2;7.3;132;0.26;0.26;0.2
% Soil first order biodegradation rate [1/s]

% kdeg =
[0.0037;0.029;0.17;0.17;0.16;0.0012;0.00041;0.00064
00073;0.0018]

% Soil with biochar first order biodegradation rate

% kdeg =
[0.021;0.057;0.21;0.37;0.31;0.0056;0.0016;0.0011;0.
0.0050]

kdeg = [0;0;0;0;0;0;0,0;0;0;0;0]

% Molecular weights [g/mol]

MW =[72;82;114;142;170;84;89;84;114;92;106;120;44]
% Pure liquid vapor pressure [g/cm3]

VP =
[0.00197;0.000685;0.000089;0.000014;0.000002;0.0006
0.00027;0.00014;0.000047;0.000015]

% Mass fraction of carbon in each compoudnd [-]
Carbon =
[5*12/72;6*12/82;8*12/114;10*12/142;12*12/170;6*12/
4;8*12/114;7*12/92;8*12/106;9*12/120]

% Yield (ratio of carbon transformed into biomass)
yield = 0.4

% Duration of the simulation [s]

duration = 14*24*3600;

% Factor of data reduction for storage [-]

reduction = 2.5*2000;

% Numerical parameters

% Nods (must be an uneven number)
nodsz = 68;

332

ne, Decane,

)

064,0.078;0.072;0

cient [cm3/g]

7;0.75]

;0.016;0.00089;0.
[1/s]

018;0.015;0.0051;

;0.00021;0.00042;

84,7*12/89;6*12/8



% Gridspacing [cm]

dz=1;
% Timestep [s]
dt=2;

% Number of timesteps [-]

n = round(duration/dt);

% Number of storage timesteps [-]
nstore = round(n/reduction);

% Data storage

Pentane = zeros(nstore+1,nodsz+2);
Hexane = zeros(nstore+1,nodsz+2);
Octane = zeros(nstore+1,nodsz+2);

Decane = zeros(nstore+1,nodsz+2);
Dodecane = zeros(nstore+1,nodsz+2);
Methylcyclopentane = zeros(nstore+1,nodsz+2);
Methylcyclohexane = zeros(nstore+1,nodsz+2);
Cyclohexane = zeros(nstore+1,nodsz+2);
Isooctane = zeros(nstore+1,nodsz+2);
Toluene = zeros(nstore+1,nodsz+2);
Xylene = zeros(nstore+1,nodsz+2);

TMB = zeros(nstore+1,nodsz+2);

CO2 = zeros(nstore+1,nodsz+2);

Mdeg = zeros(nstore+1,compounds);

Msoil = zeros(nstore+1,compounds);
mfstorage = zeros(nstore+1,compounds);
mvolstoragel = zeros(nstore+1,compounds);
mvolstorage2 = zeros(nstore+1,compounds);
mvolstorage3 = zeros(nstore+1,compounds);
mvolstorage4 = zeros(nstore+1,compounds);
timestorage = zeros(nstore+1,1);

R = zeros(compounds,nodsz+2);

% Interim Data storage

Profile = zeros(compounds,nodsz+2);
NextProfile = zeros(compounds,nodsz+2);
moles = zeros(compounds,1);
nextmoles = zeros(compounds,1);
nexttotmoles = zeros(compounds,1);
mdeg = zeros(nodsz+2,compounds);
msoil = zeros(nodsz+2,compounds);
mCO2 = zeros(nodsz+2,compounds);
mf = zeros(compounds,1);

nextmf = zeros(compounds,1);

% Initial condition

% Initial moles open boundary condition

% moles0 =
[0.0042;0.0069;0.0038;0.0061;0.0029;0.0071;0.0080;0
1;0.0028;0.0030;0];

% Initial moles closed boundary condition

moles0 =
[0.0042;0.0037;0.0036;0.0052;0.0020;0.0077;0.0091;0
36;0.0035;0.0042;0];

% moles0 =[0.31;0;0;0;0;0;0;0;0;0;0;0];
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totmolesO = sum(molesQ');

% Initial mole fraction

mfO = molesO0./totmoles0;
Profile(1:12,1) = mf0(1:12,1).*VP;
Profile(13,1) = 0;

mvoll = zeros(1,compounds);
mvol2 = zeros(1,compounds);
mvol3 = zeros(1,compounds);
mvol4 = zeros(1,compounds);

% MOD Initial concentration at bottom of column [g/ cm3]

Pentane(1,1) = mf0(1,1).*VP(1,1);
Hexane(1,1) = mf0(2,1).*VP(2,1);
Octane(1,1) = mf0(3,1).*VP(3,1);
Decane(1,1) = mf0(4,1).*VP(4,1);
Dodecane(1,1) = mf0(5,1).*VP(5,1);
Methylcyclopentane(1,1) = mf0(6,1).*VP(6,1);
Methylcyclohexane(1,1) = mf0(7,1).*VP(7,1);
Cyclohexane(1,1) = mf0(8,1).*VP(8,1);
Isooctane(1,1) = mf0(9,1).*VP(9,1);
Toluene(1,1) = mf0(10,1).*VP(10,1);
Xylene(1,1) = mf0(11,1).*VP(11,1);
TMB(1,1) = mf0(12,1).*VP(12,1);
mfstorage(1,:)= mf0';

timestorage(1,1) = 0;

moles = moles0;

% Define the porosities, tortuosity and capacity fa ctoras a
function of depth

Viw = zeros(1,nodsz+2);
Vfa = zeros(1,nodsz+2);
Vfs = zeros(1,nodsz+2);
tort = zeros(1,nodsz+2);

% For the funnel neck
for j=1:12
Vfa(l,))=pi*0.65"2/(pi*4.7"2);
Viw(1,j)=0;
Vfs(1,j)=0;
tort(1,))=1;
for 1=1:12
R(I.)=(Vfa(L,j)+
Viw(1,))/H(I,1)+Vfs(1,j))*ds*Kd(l,1)/H(l,1));
end
R(13,j))=Vfa(1,))+ Viw(1,))/H(13,1)*(1+10"(p H-6.3)+10"(2*pH-
6.3-10.25));
end

% For the funnel
for j=13:21
Vfa(l,j)=pi*(0.65+(j-12)*4.05/9)"2*0.6/(pi* 4.7°2);
Viw(1,))=0;
Vfs(1,))=0;
tort(1,))=1;
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for 1=1:12
R(l.j)=(Vfa(1,j)+
Viw(L1,))/H(I,1)+Vfs(1,j)*ds*Kd(l,1)/H(l,1));
end
R(13,))=Vfa(1,))+ Viw(1,))/H(13,1)*(1+10"(p
6.3-10.25));
end

% For the column

for j=22:64
Vfa(1,))=0.33;
Viw(1,j)=0.10;
Vis(1,j)=1-Vfa(1,))-Viw(1,));
tort(1,))= Vfa(1,)"1.5/(1-Vfs(1,)));
for 1=1:12
R(I.)=(Vfa(L,j)+
Viw(,))/H(I,1)+Vfs(1,j))*ds*Kd(l,1)/H(l,1));
end
R(13,))=Vfa(1,))+ Viw(1,))/H(13,1)*(1+10(p
6.3-10.25));
end

% For the headspace
for j=65:70
Vfa(l,))=1;
Viw(1,))=0;
Vfs(1,))=0;
tort(1,j)=1;
for 1=1:12
R(l.j)=(Vfa(1,j)+
Viw(1,))/H(I,1)+Vfs(1,))*ds*Kd(l,1)/H(l,1));
end
R(13,j)=Vfa(1,))+ Viw(1,j)/H(13,1)*(1+10"(p
6.3-10.25));
end

% Timestep loop

for i=2:(nstore+1)

for k= l:reduction

for 1=1:12

for j=2:21

NextProfile(l,j) =
Profile(l,j)+dt*D(1,1)/R(l,j)*((Profile(l,j+1)-Prof
1))/2/dz*(tort(1,j)*(Vfa(1,j+1)-Vfa(1,j-
1))/2/dz+Vfa(1,j)*(tort(1,j+1)-tort(1,j-
1))/2/dz)+Vfa(1,))*tort(1,j)*(Profile(l,j-1)-
2*Profile(l,j)+Profile(l,j+1))/dz"2);

end

for j=22:64

NextProfile(l,j) =
Profile(l,j)+dt*D(1,1)/R(l,j)*((Profile(l,j+1)-Prof
1))/2/dz*(tort(1,j)*(Vfa(1,j+1)-Vfa(1,j-
1))/2/dz+Vfa(1,j)*(tort(1,j+1)-tort(1,j-
1))/2/dz)+Vfa(1,))*tort(1,j)*(Profile(l,j-1)-
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2*Profile(l,j)+Profile(l,j+1))/dz"2)-
dt*kdeg(l,1)*Viw(1,j)/H(I,1)/R(l,j)*Profile(l,);
% Calculating the degradation
mdeg(j,l) =
mdeg(j,)+dt*kdeg(l,1)*pi*soilradius”2*dz*Viw(1,j)/
B
msoil(j,) = pi*soilradius”2*dz*R(l,j)*Prof
% Calculating the amount of CO2 produced

mCO2(j,I) = (1-
yield)*Carbon(l,1)*44/12*dt*kdeg(l,1)*pi*soilradius
I,1)*Profile(l,));

end

for j=65:(nodsz+1)

NextProfile(l,j) =
Profile(l,j)+dt*D(1,1)/R(l,j)*((Profile(l,j+1)-Prof
1))/2/dz*(tort(1,j)*(Vfa(1,j+1)-Vfa(1,j-
1))/2/dz+Vfa(1,j)*(tort(1,j+1)-tort(1,j-
1))/2/dz)+Vfa(1,))*tort(1,j)*(Profile(l,j-1)-
2*Profile(l,j)+Profile(l,j+1))/dz"2);

end

nextmoles(l,1) =
max(0,moles(l,1)+dt*pi*soilradius”2*D(l,1)*tort(1,2
ofile(l,2)-Profile(l,1))/MW(l,1));

% Top of the column no flux

NextProfile(l,nodsz+2) = Profile(l,nodsz);

% Additional loss though beaker gap

NextProfile(l,66) = NextProfile(l,66)-
dt*D(l,1)*gaparea/(beakerlength-
3)/pi/soilradius*2/dz/R(l,66)*Profile(l,66);

% NextProfile(l,66) = 0;

% Resetting profiles and moles compound in the sour
next loop

Profile(l,:) = NextProfile(l,:);

moles(l,1) = nextmoles(l,1);

mvol1(1,l) =
mvol1(1,l)+dt*pi*soilradius”"2*D(l,1)*tort(1,2)*Vfa(
1,2)-Profile(l,2));

mvol2(1,l) =
mvol2(1,l)+dt*pi*soilradius"2*D(l,1)*tort(1,11)*Vfa
e(l,11)-Profile(l,12));

mvol3(1,l) =
mvol3(1,)+dt*pi*soilradius"2*D(l,1)*tort(1,22)*Vfa
e(l,22)-Profile(l,23));

mvol4(1,l) =
mvol4(1,)+dt*pi*soilradius”~2*D(l,1)*tort(1,63)*Vfa
e(1,63)-Profile(1,64));

end

for |=13:compounds

for j=2:21

NextProfile(l,j) =

Profile(l,j)+dt*D(1,1)/R(l,j)*((Profile(l,j+1)-Prof
1))/2/dz*(tort(1,j)*(Vfa(1,j+1)-Vfa(1,j-
1))/2/dz+Vfa(1,))*(tort(1,j+1)-tort(1,j-
1))/2/dz)+Vfa(1,))*tort(1,j)*(Profile(l,j-1)-
2*Profile(l,j)+Profile(l,j+1))/dz"2);

end

for j=22:64
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NextProfile(l,j) =
Profile(l,j)+dt*D(1,1)/R(l,j)*((Profile(l,j+1)-Prof
1))/2/dz*(tort(1,j)*(Vfa(1,j+1)-Vfa(1,j-
1))/2/dz+Vfa(1,))*(tort(1,j+1)-tort(1,j-
1))/2/dz)+Vfa(1,))*tort(1,j)*(Profile(l,j-1)-
2*Profile(l,j)+Profile(l,j+1))/dz*2)+sum(mCO2(j,:))
dius"2/dz;

end
for j=65:(nodsz+1)

NextProfile(l,j) =
Profile(l,j)+dt*D(1,1)/R(l,j)*((Profile(l,j+1)-Prof
1))/2/dz*(tort(1,j)*(Vfa(1,j+1)-Via(1,j-
1))/2/dz+Vfa(1,))*(tort(1,j+1)-tort(1,j-
1))/2/dz)+Vfa(1,))*tort(1,j)*(Profile(l,j-1)-
2*Profile(l,j)+Profile(l,j+1))/dz"2);

end
% Top of the column no flux
NextProfile(l,nodsz+2) = Profile(l,nodsz+1)
% Additional loss though beaker gap
NextProfile(l,66) = NextProfile(l,66)-
dt*D(l,1)*gaparea/(beakerlength-
3)/pi/soilradius”2/dz/R(l,66)*Profile(l,66);
% NextProfile(l,66) = 0;
end
% Change in NAPL moles
nextmolestot = sum(nextmoles');
nextmf = nextmoles./nextmolestot;
NextProfile(1:12,1) = nextmf(1:12,1).*VP;
Profile(;,:) = NextProfile(:,:);
end

mvolstoragel(i+1,:) = mvoll(1,);
mvolstorage2(i+1,:) = mvol2(1,);
mvolstorage3(i+1,:) = mvol3(1,);
mvolstorage4(i+1,:) = mvol4(1,);

Pentane(i,:) = NextProfile(1,:);
Hexane(i,:) = NextProfile(2,:);
Octane(i,:) = NextProfile(3,:);
Decane(i,:) = NextProfile(4,:);
Dodecane(i,:) = NextProfile(5,:);
Methylcyclopentane(i,:) = NextProfile(6,:);
Methylcyclohexane(i,:) = NextProfile(7,:);
Cyclohexane(i,;) = NextProfile(8,:);
Isooctane(i,:) = NextProfile(9,:);
Toluene(i,:) = NextProfile(10,:);
Xylene(i,:) = NextProfile(11,:);
TMB(i,:) = NextProfile(12,:);
CO2(i,:) = NextProfile(13,:);
mfstorage(i,:)= nextmf(;,1)";
timestorage(i,1) = timestorage(i-1,1)+dt*reduct
Mdeg(i,:) = sum(mdeg);
Msoil(i,:) = sum(msoil);

end

toc
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% Plotting

subplot(2,3,1);plot(timestorage,Pentane(:,29),times torage,Cyclohexan
e(:,29),timestorage, Toluene(:,29),timestorage, Xylen e(:,29));title( 'P
ort 1' );xlabel( ‘Time [day]' );ylabel( 'Cair Pentane, Cyclohexane,

Toluene, Xylene [g/cm3]' );

subplot(2,3,2);plot(timestorage,Pentane(:,36),times torage,Cyclohexan
e(:,36),timestorage, Toluene(:,36),timestorage,Xylen e(:,36));title( ‘P
ort 3" );xlabel( ‘Time [day]' );ylabel( 'Cair Pentane, Cyclohexane,

Toluene, Xylene [g/cm3]' );

subplot(2,3,3);plot(timestorage,Pentane(:,43),times torage,Cyclohexan
e(:,43),timestorage, Toluene(:,43),timestorage,Xylen e(:,43));title( ‘P
ort 3" );xlabel( ‘Time [day]' );ylabel( ‘Cair Pentane, Cyclohexane,

Toluene, Xylene [g/cm3]' );

subplot(2,3,4);plot(timestorage,Pentane(:,50),times torage,Cyclohexan
e(:,50),timestorage, Toluene(:,50),timestorage, Xylen e(:,50));title( 'P
ort 4'  );xlabel( ‘Time [day]' );ylabel( ‘Cair Pentane, Cyclohexane,

Toluene, Xylene [g/cm3]' );

subplot(2,3,5);plot(timestorage,Pentane(:,66),times torage,Cyclohexan
e(:,66),timestorage, Toluene(:,66),timestorage,Xylen e(:,66));title( 'B
eaker' );xlabel( "Time [day]' );ylabel( 'Cair Pentane, Cyclohexane,

Toluene, Xylene [g/cm3]' );

% Mass balance
Massbalance = (Mdeg(nstore+1,:)+ Msoil(nstore+1,:)+
mvolstorage4(nstore+1,:)+ (moles(:,1).*MW(:,1))")". /(moles0.*MW)

% save Pentane5KdDegCB.txt Pentane -ASCII;

% save Hexane5KdDegCB.txt Hexane -ASCII;

% save Octane5KdDegCB.txt Octane -ASCII;

% save Decane5KdDegCB.txt Decane -ASCII;

% save Dodecane5KdDegCB.txt Dodecane -ASCII;

% save Methylcyclopentane5KdDegCB.txt Methylcyclope ntane -ASCII;
% save Methylcyclohexane5KdDegCB.txt Methylcyclohex ane -ASCII;
% save Cyclohexane5KdDegCB.txt Cyclohexane -ASCI];

% save Isooctane5KdDegCB.txt Isooctane -ASCII;

% save Toluene5KdDegCB.txt Toluene -ASCII;

% save Xylene5KdDegCB.txt Xylene -ASCII;

% save TMB5KdDegCB.txt TMB -ASCII;

% save Massfractions5KdDegCB.txt mfstorage -ASCII;

% save time5KdDegCB.txt timestorage -ASCII;

Tab. A4.1: legend with explanations of all the symbols introghll into Matlab
numerical code.

variable _type of . description m. u. |kind of datum
name information
, ratio of Carbon used for
alfa CQ analysis : . - |scalar
biomass anabolism
beakerlengtlgeometry length of FC cm| scalar
beakerradiugeometry radius of FC cm| scalar
C inner note concentration
Carbon CQanalysis number of C atoms in eagh  vector
y VOC compound (compounds x 1
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Tab. A4.1: continued.
CO, produced at different t vector
CO;, (i,) CO, analysis and z from all the g cm?® (t step x z nodes
compounds
CO,storage = 3 vector
CO;storage| CQdata storage zeros(nstore+1,nodsz+2); gcm (t step x z nodes
. vector
. CO, produced at different 3
Comp CQ [CO, analysis for each compound gcm g%odrgg)ounds Xz
compounds| VOCs property number of VOCs - [scalar
compounds
gas C of cyclohexane at 3 vector (t step x z
Cyclohexanglata storage different t and z gcm nodes)
Molecular diffusion .1 vector
D VOCs property coefficients ent's (compounds x 1
Decane data storage gas C of decane at differgnt oni® vector
9 tand z g (t step x z nodes
Dodecane | data storage gas C of dodecane at oni® vector
9 different t and z 9 (t step x z nodes
ds soil property Solid density g Ehscalar
dt run parameter t step s| scalar
duration run parameter duration of the simulation s |scalar
, grid spacing alomg z
dz domain direction cm |scalar
FC inner note flux chambe
gap area between FC and
gaparea geometry column cn’ |scalar
Dimensionless Henry's law vector
H VOCs property constant (Cg/Cw) " |{compounds x 1
headspaceleneometr head space over the colul em  |scalar
gth d y below FC
Hexane data storage gas C of hexane at different eni® vector
9 tand z g (t step x z nodes
i inner parameter t step index -| scalar
Isooctane | data storage gas C of isooctane at eni® vector
9 different t and z 9 (t step x z nodes
i inner parameter space index 4 scalar
k inner parameter storage t step index - scalar
Solid-water partitioning 1 vector
Kd VOCs property coefficient cntg (compounds x 1
First order biodegradation _; |vector
kdeg VOCs property rate S (compounds x 1
I inner parameter compound index 41 scalar
Methylcyclo gas C of cethylcyclohexane 3 vector
hexane data storage at differentt and z gcm (t step x z nodes
Methylcyclo gas C of -3 \ector
bentane data storage methtlcyclopentane at gem (t step x z nodes

different t and z
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)

Tab. A4.1: continued.
mf interim data storage| molar ratio - \(lfgrtr?r;ounds % 1
mfO derived VOCs compInItIaI mol_ar ratio InVOCs scalar
source (t=0)
molar ratios in VOCs vector (t step x
mistorage | data storage source at different t " compounds)
moles interim data stora Emole:s in VOCs source (for mol vector
9 specfic t) (compounds x 1
" initial moles in VOCs vector
molesO VOC composition source (t=0) " {compounds x 1
MW VOCs property Molecular weights g rfk:ffgrtr?;;ounds X1
n derived run parametnumber of t steps - | scalar
: molar ratio (for t=t previoy vector
nextmf derived data storage -
=+ dt) (compounds x 1
nextmoles | derived data stora oles in VOCs source (for mol vector
9% previous + dt) (compounds x 1
nextmolestoterived data storage sum of nextmoles ygctor
?compounds x1
. vector
NextProfile [derived data storage-gas (_: of VO.C at different Zg cmi® | (compounds x z
(for t=t previous + dt) nodes)
nodsz domain number of nods along z - [scalar
direction
nstore derived run parametnumber of storage t steps -| scalar
Octane data storage gas C of octane at different oni® vector
9 tand z 9 (t step x z nodeg
Pentane data storage gas C of pentane at differ g om® vector
tand z (t step x z nodes
. vector
Profile interim data storagegas Cof VQC at different Zg cm® |(compounds x z
(for a specfic t) nodes)
: . vector
R S/%nc\;/epiorg?r;;( and retardation factor - |(compounds x z
nodes)
reduction | run parameter factor of temporal data - [scalar
P reduction for storage
soillength | geometry Length soil core cm scalar
soilradius | geometry Radius soil core cm scalar
t inner note Time
timestorage| data storage temporal step \(/'te;ttgg X 1)
T™VB data storage gas C of TMB at different tg oni® vector
and z (t step x z nodes
Toluene data storage gas C oftoluene at dn‘ferentg oni® vector

tand z

(t step x z nodes
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Tab. A4.1; continued.

rort derived matrix rortuosit _ |vector
property y (1 x z nodes)
totmolesO | derived VOCs com gotal |n|t|a_l moles InVOCy scalar
source (t=0)
\Via matrix propert fraction of volume filled cnt vector
PTOPETY With air f(2) cm® {1 x z nodes)
Vs matrix proert fraction of volume filled cnt  vector
property with solids f(z) cm® | (1 x z nodes)
\Vfw matrix propert fraction of volume filled cnt vector
property with water f(z) cm® (1 x z nodes)
Vialgapareal geometry gap area between vial and cnt [scalar
column
Viallength |geometry VOCs source vial length cm laca
Vialradius |geometry VOCs source vial radius cm acal
- .3 ector
VP VOCs property Pure liquid vapor pressure gg((@ompounds X1
gas C of xylene at different. 3 vector
Xylene data storage ¢ and z gcm (t step x z nodes
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