POLITECNICO DI TORINO

Corso di Laurea Magistrale

in Ingegneria per ’Ambiente e il Territorio

o Bl
}AA_ it ) Politecnico
S msEEi e di Torino

#
.\ 1859 s
S

Soil contamination by heavy metals: laboratory tests and numerical modelling of Al
and Zn transport in unsaturated porous media

Relatore

Prof.ssa Tiziana Tosco

Co-relatori
Prof. Roberto Revelli
Prof. Rajandrea Sethi Candidata

Ing. Monica Granetto Paola Piarulli

Anno Accademico 2021/2022



Abstract

Soil pollution is of great environmental concern. Particular attention must be focused on urban
areas, where heavy metals represent the key contaminants as a result of mainly anthropic
activities. Under the evidence of their negative impacts on human health and ecosystems,
environmental research is now working on reconstructing the fate of such elements, studying
their behaviour during transport across soil layers. In the present thesis work, a small-scale
approach has been adopted, with column and batch tests that investigated two target
contaminants, zinc and aluminium. These two elements have been studied in the form of Zn(ll)
and Al(lll) chloride solutions.

The two selected elements have been analysed with UV-vis spectrophotometry technology.
Moreover, to gain more consistent quantitative results, analytical detection methods were
developed through colorimetric reagents. The developed method, different for zinc and
aluminium, is based on the complexation reaction between the metal and a selective dye
analyte. The formed complex takes on a characteristic colour that can be effectively detected in
the visible spectrum. Zincon and pyrocatechol violet are the two ligand agents used for zinc and
aluminium detection, respectively. The absorbance measurements have been done at 620 and
573.5 nm, where the linear correlation between absorbance and concentration was best
expressed.

Fate in saturated and unsaturated conditions for each contaminant has been studied on the
same column, in succession. The results, analysed in terms of breakthrough curves (BTCs), were
subsequently modelled with the HYDRUS-1D software. Sand-packed column saturated tests
showed no retardation of both zinc and aluminium paths. Slight retention (10 — 20 %) on the
contrary is observed. These results were confirmed by experiments in unsaturated conditions,
apart from the aluminium that shows an unexpected behaviour. A similar result in terms of
retention is obtained with column tests on standard soil, which however show a marked delay
in contaminants’ BTCs. Batch adsorption tests for both contaminants showed that the amount
of element adsorbed onto soil increases by increasing the initial concentration with a linear and
a IV-type isotherm for aluminium and zinc, respectively. To simulate a real contamination, a final
experiment has been conducted with a pulse injection of zinc-enriched material on a sand-
packed column.

The study indicates the general tendency of contaminants to spread deep. This could mean
groundwater pollution. Note, however, that in sand material they seem to behave almost like
non-reactive solute, while sorption mechanisms in soils can slow down the spread. New studies
can be done on the topic, involving other contaminants’ concentrations and larger analytical
scales.
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1 Introduction

Urban contamination is causing increasing interest and global concern for the magnitude it has
acquired in recent decades. One of the main factors to consider is the process of urbanization,
namely the ‘socio-economic process that transforms the built environment, converting formerly
rural into urban settlements, while also shifting the spatial distribution of a population from rural
to urban areas’ according to the last World Urbanization Prospect by the United Nations (UN
DESA, 2019). The rate of urbanization is increasing. By 2030, 60 per cent of the world's
population will live in urban areas, reaching 68 per cent in 2050. This trend will affect all the
continents with a boost from North America, Latin America and the Caribbean, where 90 per
cent of the population will live in urban areas. Europe will reach 85 per cent. The Asian and
African continents exhibit a constant growth, with 59 and 66 per cent urbanization rates by mid-
century, respectively. Oceania, bucking the trend, will keep the ratio of rural to urban population

unchanged, going from 70 per cent to slightly higher values (UN DESA, 2019).

Urbanization appears directly related to increased contamination levels in urban areas because
of human activities. Cities are, in this sense, sources of point and nonpoint emissions from
industries, residential activities, transport, power generation, heating and cooling systems,
waste management and other activities. Such releases, intentional or unintentional, make the
urban zone a sink for a series of contaminants in each environmental compartment. This is a
globally increasing threat for its implications on human health and ecosystem services, also

considering the urban-rural contamination gradient that can generate.

The soil compartment has a double role among contamination processes, firstly as a place of
direct contamination from anthropic pressures (by deposition and discharge) and secondly as a
vehicle of pollution for groundwater systems, through the infiltration of dissolved contaminants.
However, interaction mechanisms between soil and reactive solutes play a protective role
against groundwaters, slowing down or preventing the contaminants spreading. This leads to
increased topsoil contamination with respect to the subsurface and the groundwaters. This last
aspect suggests the importance of deepening the studies on the unsaturated zone (also called
the vadose zone). This region is not yet properly investigated since its complexity would require
a multidisciplinary approach. The present thesis focuses on this area, trying to evaluate the

interaction with contaminants.



Most of the elements in anthropogenic emissions are found to be potentially toxic elements
(PTEs) and organic pollutants, such as polycyclic aromatic hydrocarbon (PAHs). PTEs are heavy
metals with potentially toxic effects on human health and the environment. The most commonly
PTEs retrieved in urban soil as anthropogenic pollutants are Pb, Cd, Cu, Zn, Hg, Cr, Co, Ni and Al.
Many soil contamination situations by heavy metals in an urban context are reported in the
literature. Comparison with background values or from previous samplings necessarily leads to
a direct link with human action. The same trend is observed in different areas of the world
(Europe, China, South America, Iraq) although with different magnitude in developing contexts
(Imperato et al., 2003; Wei and Yang., 2010; Trujillo-Gonzalez et al., 2016; Li et al., 2007;
Khorshid and Thiele-Bruhn, 2016). In particular, these studies present as indicators of urban soil
pollution the contaminants Cd, Pb, Zn and Cu generally found in increasing quantities moving
from rural areas to areas with a high rate of industrialization. All these metals are related to
traffic, road conditions, tire and brakes wear, lubricants, and paints and fuels (Garcia-Martinez
and Poleto, 2014; Kamani et al. 2015). Not the same for Al, Cr and Ni, whose presence is often
due to lithogenic origin (Pavlovic et al., 2021). To give some quantitative elements, Al accounts
for the 7.2 and 8.2 per cent in granitic and basaltic rocks respectively (Bradl, 2005).
Consequently, the development of effective strategies to manage heavy metal pollution is of
great importance but requires extensive knowledge of the sorption and transport behaviours of

heavy metals and of the diverse variables affecting these processes (Fonseca et al., 2011).

In this thesis, the investigated contaminant species are Aluminium and Zinc, two metals widely
used in industrial production. As metals, their toxicity is not simply linked to their presence but
to the tendency to dissolve and mobilize according to delicate balances, regulated by pH, redox
potential, competitive sorption etc. These parameters govern metals precipitation, redissolution
and sorption-desorption. With batch and column tests, the aim of this thesis is to develop an
easily applicable analytical procedure for their detection in soils and water, and to describe their
behaviour in unsaturated soil after a preliminary characterization in saturated conditions. In the
following sections an overview of Aluminium and Zinc — their presence nature, the reasons why

it is important to control their spread in the environment is reported.

Aluminium contributes about 8 per cent (by weight) to the Earth’s crust, which makes it the
most abundant metal and the third element of the lithosphere (after oxygen and manganese)
(Irsa-Cnr, 2003). Thus, it cannot properly be considered a contaminant. The naturally occurring

aluminium is present in combined form, relatively stable and with limited bioavailability. Under



the effect of acidic pH, typical of polluted environments, ionic aluminium is released from its
complexed/combined forms (Mesquita and Rangel, 2008). Thus, dissolved Al concentrations
increase in acidified soil and surface waters. Free water cations (Al**) are present at pH 3.5, while
at higher pH values cationic hydro complexes Al(OH)?* and [Al(OH),]* are abundant in the water
environment (Matus et al.,, 2009). The most toxic aluminium species are precisely these
positively charged monomeric forms. In recent years, attention has increased to the potential
toxicity and morbidity of aluminium. Studies highlight the correlation between human exposure
to aluminium with nervous system diseases (Campbell et al., 2004; Flaten, 2001; Zatta et al.,
2003) not to mention the known toxic effects on plants and animals (Rahman et al., 2021;
Cronan and Schofield, 1979 ;Jones et al., 1998). Given its negative roles for living beings, both
the detection of aluminium even at trace levels in the environment and understanding its

dynamic have acquired great importance.

Zinc is present in the Earth’s crust at a mean concentration of 70 mg/kg (Irsa-Cnr, 2003). Natural
soil zinc derives from the weathering of parental rocks. Zn presence becomes significant in
granitic and basaltic rocks where it counts for 50 and 118 mg/kg respectively (Bradl, 2005).
Anthropic Zn presence in urban soils is due to industrial and mainly transportation activities, as
mentioned before. Zn is an essential element for humans, plants, and animals, but when at
qguantities exceeding the required ones, it can produce toxic effects. Soil zinc toxicity in the
environment — phytotoxic effects or water contamination — depends on its concentration in soil,
determined in turn by sorption-desorption mechanisms, colloids presence and competitive
sorption (Fernandez-Calvifio et al., 2010). Mason et al., 1999, in a study on the behaviour of roof
run-off elements during infiltration through the soil, demonstrate the tendency of Zn to go
deeper and deeper in soil layers of the unsaturated zone. All these reasons have been lately

prompted studies on Zn as a contaminant.

Contaminants’ behaviour has been addressed with batch and column tests, in order to evaluate
two interconnected aspects, sorption and transport processes. Transport tests have been
carried out in sand columns, at a constant flow rate, as a first step. After evaluating metals’
tendency to be adsorbed in soil batch tests, soil-packed column tests have been performed.
Results have been analysed in terms of breakthrough curves — variation of concentration over
time — and in terms of sorption isotherm — variation of soil sorption capacity with respect to

concentration at equilibrium.



To perform these tests and obtain quantitative results, an analytical detection method for Al
and Zn has been developed, easily applicable and able to provide accurate and meaningful
results of Al and Zn concentrations. The traditional techniques for metals’ determination (FAAS,
GFAAS, ICP-OES and ICP-MS) even though provide high selectivity, are expensive in terms of both
instrumentation and operating costs. For this work, a less sophisticated, but equally relevant
approach has been used to perform analysis with a simpler apparatus, namely UV-vis
spectrophotometry using colorimetric reagents. The method is based on the metal-dye reaction
to form a coloured complex that exhibits an absorbance peak at a specific wavelength (A) of the
visible spectrum. Methods from the literature were used as the basis to define simplified
protocols, simpler and with fewer reactants used, improving the safety of users and the
environment For zinc, the method involved the use of Zincon (2-carboxy-2-hydroxy-5-
sulfoformazylbenze) as a ligand agent. The formed Zn(ll) — Zincon complex presented a reddish
colour, less intense going toward less concentrated Zn(ll) solutions. The absorbance values for
pH 10.6 solutions were recorded at 620 nm, where the calibration line of the complex solution
showed good linearity. Aluminium was detected using Pirocathecol Violet (PV, C19H1405S). The

Al(Il1) — PV complex at pH 6.8 gave a maximum absorbance at 573.5 nm.

This thesis is structured in five chapters. Their content is briefly explained in the following:

CHAPTER 2 — BACKGROUND LITERATURE: the theoretical background on general soil-water
concepts, water flow and solute transport in saturated and unsaturated conditions is presented
in the first part. A second section is dedicated to the currently used methodologies for metals

detection, with a focus on the metals object of the study.

CHAPTER 3 — MATERIAL AND METHODS: it includes a description of the set-ups used during the
experimental study with detailed information on methods for the execution of the tests, analysis

and modeling of the results using the software HYDRUS-1D (input parameters, BC and IC to set).

CHAPTER 4 — RESULTS AND DISCUSSION: the results of all the performed tests are presented,
with a brief discussion. Sorption isotherms from batch tests and breakthrough curves from

column tests on sand/soil material are described.

CHAPTER 5 — CONCLUSIONS: conclusions of the work are reported, with some elements on

future developments.



2 Literature background

2.1 Transport in saturated and unsaturated conditions

2.1.1 Water infiltration

Infiltration occurs under the effect of the gravity force and the capillarity phenomenon. Its rate
is also controlled by the hydraulic conductivity K of the soil. Consequently, water infiltrates
according to a series of factors: soil properties, moisture content, precipitation rate; all these
elements determine the infiltration rate, f. Each soil is characterised by an infiltration capacity,

f., that defines its ability to absorb water (Tarboton, 2003).

Moisture Moisture
content content

0 el
X fl
. f'

| el i §

Depth 2

-

a) b)

Figure 2.1 - a) Infiltration excess runoff generation mechanism; b) Saturation excess runoff generation mechanism
(modified from Tarboton, 2003)

A rainfall phenomenon determines a water accumulation on the surface, increasing the
hydraulic load Ah relative to the bottom. Due to this generated gradient, water starts flowing
across soil layers. By comparing the rain intensity w (L/T) with the hydraulic conductivity at
saturation K; (L/T), two different behaviours are shown.

In particular:

- Ifw<Ks



Water infiltrates across layers at a lower rate than that at which the upper layer is saturated. At
this time (ponding time), as the rain intensity equals the infiltration capacity, runoff is generated.
From now on, the wetting front begins to deepen reaching the piezometric surface and the
infiltration stops.

The overall phenomenon consists of a progressive reduction of the infiltration capacity in time,

which corresponds to an increase in runoff (Tarboton, 2003).

- fw>K
The vertical water flux infiltrates at a higher rate than the top layer saturation velocity. The water
table is met before top layer saturation is reached. Since this moment, going on the
precipitation, the piezometric surface rises until reaching the top layer. From now on all further
surface water input becomes runoff.
This process is known as the infiltration excess process. In Figure 2.1 the two described situations

are schematized.

Several models have been developed in time to study the infiltration mechanism. Some have an
empiric nature, like the SCS-CN method, a one-parametric model based on soil type, land use
and precipitation. Others, such as the Horton or the Green-Ampt models are physical simplified
models and describe the decreasing of the infiltration capacity during a storm as a function of

cumulative infiltrated depth and time, respectively (Tarboton, 2003).

Water that infiltrates in a porous medium moves within pores formed by the solid granular
frame. A porous medium is formed by a solid matrix, with voids that can be filled by water and/or
air. The flow may occur in saturated or unsaturated conditions depending on whether water fills
the pores or not. Indicating with 0 (-) the water content and with ¢ (-) the porosity, it can be
schematically stated that the first situation emerges when 6 = ¢, the other when 6 < ¢. The

relations describing these two quantities are reported below:

_ Volume of voids

Total volume

Volume of water

Total volume

The parameter that relates them is the degree of saturation S (-), defined as:

10

(2.1)

(2.2)



S = o (2.3)
? .
Hence, S = 1 indicates saturated conditions; for unsaturated soils, the degree of saturation varies
between 0 and 1 (Tarboton, 2003).
Fluid flow in porous media can be described by the single-phase flow equation set out by Darcy:
dh
- K (_> (2.4)
1 dz
Where: K (L/T) is the hydraulic conductivity; p (M/L3) is the water density; g (L/T?) is the
gravitational acceleration; h (L) is the hydraulic head and dh/dz is the (vertical) hydraulic
gradient, i (-).
At a macroscopic scale, the specific discharge q (L/T) or Darcy velocity is defined as:
Q Ah
=—=—-K—=-Ki (2.5)
1= 2 Az !

where Q (L3 T!) is the flow rate; A (L?) is the cross-sectional area.

The hydraulic conductivity of a medium K describes the amount of water that can move through
pore spaces or fractures. Thus, K depends on a series of factors, mainly filled pores (size and
shape) and interconnected channels within the porous medium. In unsaturated media, K is
strongly influenced by the water content: a reduction in the water content makes the larger
pores empty first. Moreover, the subsequent grains rearrangement reduces the size of the
pores. These factors combine to reduce K as with fewer smaller pores filled, the paths of water
flowing through the medium become more tortuous. Passing from saturated to dry conditions

the loss of hydraulic conductivity can be of various orders of magnitude (Nimmo, 2005).

2.1.2  Solute transport

The description of solute transport in the soil is of interest for example to quantify salt
displacement in salt-affected soils, pollutant mobility (heavy metals, excess fertilizer, pesticides,
and radionuclides), and the mobility of plant nutrients (van der Zee and van Riemsdijk, 1987).
Assuming that the contaminant flow in the vadose zone can be described by the same
mechanisms of propagation that are valid in saturated conditions, our discussion will start from

the transport in saturated porous media.

11



2.1.2.1 Propagation mechanisms in saturated porous media
The following description follows Sethi and Di Molfetta (2019).

The processes involved in solute transport in a porous medium are classified as hydrological,
chemical-physical, biological. They are simultaneous processes in a system, but they can be more

or less relevant according to the system’s nature and the contaminant type.

Hydrological processes include advection, molecular diffusion and cinematic dispersion. Among

these, advection is the most significant.

According to advection, the contaminants are transported in the water flux direction with the
same effective velocity, ve, of the water flux. The effective velocity is the average velocity of

water passing through connected pores:

p= LK
© e de

where ¢. (-) is the effective porosity. The mass flux of contaminant in the flow direction is only

due to advection; the process is described by the following equation:
ja = ved.C

where C (M L?3) is the solute concentration. Advection does not consider dispersion phenomena
responsible for dilution and mass exchanges across the tubular channel of contamination. Such
aspects are considered in molecular diffusion and cinematic dispersion mechanisms, both

microscopical phenomena.

Molecular diffusion is related to the chaotic motion of the solute molecules: collision among
molecules results in an overall movement from higher to lower solute concentration zones. The
mass flow of contaminants is proportional to the concentration gradient, and it is described by

the Fickian law.

Cinematic dispersion is determined by the heterogeneity of the porous medium that creates a
velocity profile within each pore: higher values are detected at the centre and a zero value on
the pore walls; moreover, the velocity in the midline differs across pores of varying sizes. In

addition, the tortuosity of the flow path induces a transversal component of the velocity that

12
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leads to the spreading of the contaminated zone. To simplify these complex phenomena a

Fickian model is used, as seen for molecular diffusion.

Due to the similarity in their analytic description, these two last propagation mechanisms

converge in a single process defined by the relation:

. —_p %~
JI L3y

where D, (L2T?) is the hydrodynamic dispersion coefficient in the direction of the flux. It includes

both molecular diffusion and cinematic dispersion, as shown by the following equation:

DL=D0+DC=D0+aLUe

where Dg and D. (L? T') are representative of the molecular diffusion and cinematic dispersion,
respectively, while a. is the longitudinal dispersivity and has the dimension of a length.
Depending on the water velocity we can have a dominant advective or diffusive transport.
Hence, eq. 2.9 can be simplified neglecting the first or the second dispersion coefficient. For
typical velocity values of aquifer groundwater systems, cinematic dispersion is the prevalent

mechanism, thus the relation can be modified as follows:
D; = a;v,

The transverse components of dispersion coefficient and dispersivity (Dr and ay) are related in
the same way; in general, the lateral dispersivity is smaller than the longitudinal one by one to
two orders of magnitude (Dagan, 1984). In fact, a, controls the movement of the plume in the
mean flow direction, while ar governs the lateral spreading of the plume, which in general is less
consistent. a, is a scale-dependent parameter, it depends on the mean travel distance or
distance along with the movement of contaminant transport in porous media, with higher values
for a higher extent of contamination phenomena. The scale effect is due to spatial

heterogeneities.

Chemical and biological processes influence solute propagation when it comes to reactive
solutes. They consist mainly of chemical reactions, mediated or not by microorganisms, that lead

to the elimination or transformation of contaminants with the generation of reaction products

13
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(radioactive decay, redox reactions, precipitation, dissolution, etc.). Reactions are generally

described by first-order kinetics.

For biodegradation, Monod proposed a more rigorous model considering the substrate

(contaminant) concentration as a limiting factor to the microorganisms’ growth:

dc C

= _u(C)C = — _ -
dt u(C) .umaxKC_l_C

where u (T7) is the growth rate of microorganisms; tmax (T2) is the maximum growth rate of
microorganisms; C (M L3) is the contaminant concentration; K. (M L) is the semi-saturation
constant.

A problem in the practical applicability of Monod's model is the estimation of all these

parameters, therefore the first-order kinetic is the most adopted model.
Radioactive decay is described as follows:

ac 1C
dt
Where: A (T?) is the decay constant and it is related to the half-life t1/, by the relation:

0.693
A=
t1/2

Physical-chemical processes (sorption processes) are involved during the interaction solute-solid
matrix. Sorption can happen as ion exchange, adsorption, absorption or chemisorption.
Adsorption in a strict sense does not involve chemical reactions at the solid-liquid interface; thus
it is a reversible process of contaminant transferring from liquid to solid phase. At a macroscopic
scale, it results in retardation in the propagation of the contaminant, measured by the R factor
(-):

ve
R==2
UC

For adsorption processes described by a linear isotherm (S = K;C), R is expressed as:

Pp
R=1+22K
de ¢
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Where: p, (M L3) is the bulk density; ¢e. (-) is the effective porosity; Kq (M~L3) is the solid-liquid

partition coefficient.

aBcC

For adsorption processes described by a Langmuir isotherm (S = Trac

), R is expressed as

function of the concentration, according to:

Pb ap
R=1+22(—% )
b \(1 + al)?
Where a (L3M?) is the Langmuir sorption equilibrium constant and B (MM?) is the maximum

sorption capacity.

All these components considered, the differential equation of mono-dimensional dispersion for
reactive solute can be written as:
0%C ac ac

Dy _AC=R=
Loxz ~ Ve ox ot

2.1.2.2 Unsaturated porous media

The unsaturated zone plays several critical hydrologic roles. Such hydrological processes involve
the movement of water, air, solid. That is the reason why transport in an unsaturated medium

is often referred to as ‘multiphase’ flux (Nimmo, 2005).

For its specific nature, the unsaturated zone involves several difficulties. As a first aspect, forces
acting on vadose water cannot be restricted to earth’s gravitational field forces, as it generally
is for groundwater (Nielsen et al., 1986). The other significant type of energy determining
retention in an unsaturated medium arises from the interaction of water with the rigid matrix.
(Nimmo, 2005). In the unsaturated zone, water in the pores is subject to surface-tension forces
that are responsible for a negative pressure head  (or matric head), also referred to as suction
head (Van Genuchten and Pachepsky, 2011). Opposite condition in saturated soils, where s is
positive, while at the water table ¢ = 0.

To conclude, from the definition of suction head, water in small pores is held under a higher
tension relative to larger-sized pores: the suction head is proportional to pore channel perimeter
over the channel area. Put differently, the height of capillary rise is greater for small channels,

proving that the water content is a function of the suction head.

15
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The soil-water retention curve 6(h) describes the relationship between the water content and
the energy status of water. It is also known as capillary pressure-saturation or soil moisture
characteristic curve (Van Genuchten and Pachepsky, 2011). In Figure 2.2, characteristic curves
for different types of soils are represented. Coarse soils exhibit a step-like characteristic curve
since water content drops rapidly at a small suction head. As the material becomes fine-
textured, the shape of the curves tends to be more sub-vertical, indicating a water content
gradually lost, also for high suction heads.

As indicated in the x-axis, the water content ranges between a maximum value, 8; related to
saturated conditions and a minimum value 6,, representing a residual or irreducible water
content. This last value differs from 0 because of the presence of trapped-non drained water

(van Genuchten and Pachepsky, 2011). For such value, the pressure head tends asymptotically

to infinite.
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Figure 2.1- Typical soil water retention curves for coarse (solid line), medium (dashed line) and fine-textured (dotted

line) soils (From van Genuchten and Pachepsky, 2011)

The pressure head tends to 0 for a volumetric water content approaching the saturation value
0. For 6 equal to 6;the water content cannot further increase its value, so the curve presents
an inflection point (bubbling point). This point, characteristic for each system, represents a

threshold capillary pressure that air must overcome to start the water displacement.

Soil-water retention curves are not unique, there is not a -6 (or -K) two-way relationship.
They depend on the history of the soil. The wetting curve does not follow the same trend as the
drainage. In particular, for a given pressure head, the water content is higher for the drainage

curve relative to the imbibition curve. This displacement refers to as hysteretic behaviour. At
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least three situations contribute to generating hysteresis: ink-bottle effect, due to not uniform
pore dimensions; air trapped during wetting; swelling/shrinking phenomena. An example of the
hysteretic nature of 6 (or K) in function of  is reported in Figure 2.3. As we can see, () and
K(p) exhibit a similar trend, while in general, K(8) — 8 as independent variable — shows a less
pronounced, but not necessarily negligible for all soils, hysteretic shape (Nielsen et al., 1986).
Hysteretic phenomena are described in more detail in Figure 2.4. In the same graph, the

influence of entrapped air is highlighted.

The curve that begins at one hundred per cent water saturation to residual water saturation is
called the main drainage curve. In contrast, the main imbibition curve begins at residual water
saturation and continues until theoretically complete saturation. When trapped air is present,
the final water content (at zero pressure head) will be other than 1, as depicted in the figure.
These two curves define the hysteresis envelope, which contains an infinite number of possible
wetting/drying scanning curves depending on where imbibition/drainage begins (dashed lines).
For example, a drainage curve starting along the main imbibition branch is referred to as a
primary drainage scanning curve. Secondary scanning curves may be initiated at reversal points

on a primary scanning path and so on for higher-order scanning curves (Bear and Cheng, 2010).
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Figure 2.2- Hysteresis in a capillary pressure curve (from Bear and Cheng, 2010)

A series of models have been proposed to describe the soil-water characteristic curve 8(h) and
the hydraulic conductivity function K(h) or K(8). The analytical representations are based on
theoretical pores-size distribution models by Burdine, 1953)or Mualem (1976) that approximate
the soil with capillary tubes containing and transmitting water (van Genuchten and Pachepsky,
2011).
Examples of 8(h) and K(h) empiric equations are the hydraulic functions by Brooks and Corey
(1964) and van Genuchten (1980), which use Burdine’s and Mualem’s theory, respectively.
Brooks and Corey’s empirical equation provides sufficiently accurate predictions, especially for
coarse soil with relatively narrow pore size distributions; in the case of soils with a large range
of pore sizes instead, it gives a poor fit with observed retention data close to saturation. It
presents a marked discontinuity in correspondence of a specific air-entry value he (related to the
bubbling pressure), which ignores the presence of a transition zone at and near the bubbling
pressure (van Genuchten and Nielsen, 1985). Van Genuchten, 1980 has suggested a more
realistic S-shaped model, with a smoother path near saturation. The equation is given by:

65 — 6,

o) =% Y @ Jahym
0, h>0

h<0

Where: a (L), n (-) and m (-) are shape parameters characteristic of the medium.

Considering the relation valid for the Mualem model:
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The Van Genuchten-Mualem equation is obtained:

K(R) = K,S. [1 - (1 - sj/m)m]z

Where: K; (L/T)is the hydraulic conductivity in saturated conditions; / (-) is the pore-

connectivity parameter, fixed by Mualem in 0.5 for most soils; S. (-) is the effective saturation.
Seis an important parameter for unsaturated conditions. It quantifies the moisture content in
variably saturated soils. It is defined so that the values of saturation vary from 1 to S (residual

saturation), as follows:

Darcy's equation, originally derived for saturated flows, can be extended to unsaturated
conditions in the vadose zone (Nielsen et al., 1986). As mentioned above, the presence of an air
phase in the unsaturated zone reduces the value of hydraulic conductivity differently, depending
on the local values of water content. Therefore, K in the Darcy equation must be considered as
a function of water content. In any case, the general structure of the equation is still valid. The
combination of the Darcy and continuity (conservation of mass) equations leads to the Richards
equation (Richards, 1931), which describes the vertical movement of water through unsaturated

soils. In terms of moisture content, the relationship is expressed as follows:

02 o (B0 1)

Where: z is the flow direction; ¢ is the water sink/source term (Nielsen et al., 1986).

This is valid under the so-called Richards’ approximation. In fact, multiphase system modelling
requires a flow equation for each fluid present, having to deal with the mutual interaction
between the different components. However, these coupling flow equations can be simplified
with appropriate assumptions. This happens for the unsaturated zone, where the air pressure is
generally controlled by the atmospheric pressure at the soil-atmosphere interface, which is
nearly constant. In addition, a no air-phase pressure gradient in the vadose zone means that the
gas-phase pressure remains close to the atmospheric pressure. In conclusion, for a two-phase
air-water system, the gas phase can be neglected in modelling the liquid phase flow, stating that

the airflow does not affect the water flow (Parker, 1989).
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This is realistic if there is continuity in the gas phase, so the air is free to move. For conditions
close to saturation in the fine-grained soil, primarily, the generation of airflow resistance leads
the assumption to no longer be valid, and a two-phase flow model must be used (van Genuchten

and Pachepsky, 2011).

2.2 Metals detection methods

Numerous analytical techniques are available for metals detection. Atomic spectrometry,
voltammetry, fluorometry, gas chromatography and UV-vis spectrophotometry are the more
established to date, often improved with preliminary selection operations. In the following, a
brief description of their operative scheme is reported. Typical applications for Zn and Al in water
samples are mentioned, with indications on precision (i.e. relative standard deviation, RSD) and
LOD (Limits of Detection), where available. When choosing the optimal procedure, a series of
factors must be considered: sample nature, required detection limits, robustness, easy

functioning, and handling of the instruments (Tria et al., 2007).

For the present thesis work, spectrophotometric readings have been performed.

2.2.1 Atomic spectrometry

Atomic spectroscopy determines the elemental composition of a sample through the
quantification and the characterization of the atoms which compose it. Atomic spectrometry
can be classified at least in two ways: according to the type of spectroscopy used or to the
atomization source. The former distinguishes between optical and mass spectrometry. Optical
spectrometry can be divided in turn into absorption (AAS), emission (AES) and fluorescence

spectrometry (AFS).

2.2.1.1 Atomic absorption spectrometry

The atomic absorption spectrometry provides a quantitative characterization of the analyte: a
specific wavelength is used to excite isolated atoms from the ground to the excited state. The
energy absorbed is measured, giving information on the concentration of atoms in the analyte.
AAS can be performed only on medium at gaseous phase, in which atoms are well isolated. Thus,
the sample, usually in solution, must be subject to volatilization as a first step, then atomized to

disrupt molecules and release atoms at the ground state (atoms cloud). Subsequently,

20



monochromatic radiation is sent to the atomic cloud, causing excitation, which is partially
absorbed. The contribution to the absorption is given by the atoms at ground level before
excitation. Since only a small percentage of atoms is thermally excited during atomization, a
linear relationship between absorption and atoms on the optical path of the radiation (i.e.
analyte concentration) exists. In such conditions, atomic absorption follows a similar relation to

Lamber-Beer law, valid for molecular absorption, although in a narrow linearity range:

A=x"b'N

Where: A (-) is the absorbance; x (-) is the atomic absorption coefficient; b (L) is the optical path;

N is the total number of free atoms.

Depending on the atomization system at least two types of AAS can be distinguished: flame
atomic absorption spectrometry (F-AAS) and graphite furnace atomic absorption spectrometry

(GF-AAS), where a flame and a graphite furnace are used respectively.

Flame atomic absorption spectrometry

The flame atomization technique is the oldest among AAS techniques and it is still indispensable
in any chemical laboratory. The system was for a long time the most widely used technique for
metals analysis due to its specificity and selectivity, as well as certain ease of use. Premixed
laminar flames are the most commonly used devices. Through a capillary tube, the sample
solution is aspirated by the oxidizer (oxidant) into the nebulizer, where it is transformed into
aerosol (suspension of fine droplets in a gas phase). Once formed, the aerosol passes into the
pre-mixing chamber where it is homogenized with the fuel-oxidant mix. With these two gases
as carriers, the sample enters the burner, where the laminar flame produces volatilization and
atomization. Premixed flames commonly employ either air or dinitrogen oxide as the oxidant
and either acetylene or hydrogen as the fuel gas. The applied temperatures vary in the range
2000-3000 K. The type of flame should be opportunely selected according to the analyte. Air-
acetylene flame is suitable for over 30 elements, by adjusting the flame conditions (oxidant-fuel
proportion) to create an adequate environment (Moldovan, 2019). Other elements — such as

aluminium — can be determined using the dinitrogen-oxide acetylene flame.

The atomization efficiency is affected by compound ionization (Moldovan, 2019). This problem

reflects the high LOD in aluminium F-AAS determination, which makes it difficult for direct
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analysis (45 pg/L even for the nitrous-oxide acetylene flame (Moldovan, 2019).
Preconcentration/separation techniques are often necessary as preliminary steps, especially for
trace aluminium detection. Frankowski et al., 2010 propose a method that combines F-AAS with
high-performance liquid chromatography (HPLC). Other examples are given by Ulusoy et al.,
2011 that develop a cloud point extraction (CPE) method for the preconcentration of trace
aluminium based on the complex reaction Al(lll)-Xylidyl Blue before F-AAS detection. In this last

case the LODs fall to 1.43 pg/L.

F-AAS for zinc detection provides for better results with lower limits of detection, in the order
of 1-2 pg/L with an air-acetylene flame system (Moldovan, 2019), without preconcentration.
Using upstream preconcentration/separation the detection limits get lower. (Tony et al., 1999)
proposed an F-AAS-FIA (Flow Injection Analysis) combined method for heavy metals detection
in seawater, among which zinc. The samples after pH correction (up to 3 + 1), was complexed
with 5,7-dichlorooxine to adsorb onto the preconcentration column. With this method, the LOD
for zinc arrives at 0.5 pg/L. This result is someway confirmed by Carletto et al., 2008 that, for the
same preconcentration-detection method (with a different chelating agent, 8-hydroxyquinoline)

gain a LOD of 0.8 pg/L.

Graphite furnace atomic absorption spectrometry

In GF-AAS the burner system is replaced by a graphite furnace. It consists of a graphite tube,
that is heated by resistance in an inactive atmosphere. At a small amount (20-100 pL) the sample
is injected into the tube and placed on the optical path of the emitted radiation. The
temperature is raised according to a three-stage program, leading in succession to vaporization,
incineration (pyrolysis) and atomization. The method is well suited for the analysis of heavy
metals in freshwater down the ppb region with good precision (Paus, 1973), reducing by one

order of magnitude the detection limits with respect to flame AAS.

GF-AAS applications for aluminium detection present in the literature, report a LOD of 0.1 ug/L
on simulated freshwater samples (Epstein et al., 1978). On real seawater samples, Orians and
Bruland, 1986 obtained a LOD of 0.1 nmol/L (Tria et al., 2007). The same method reaches 0.4
and 0.5 ng/L limits for zinc quantification in Sturgeon et al., 1979 and Krawczyk et al., 2014,

respectively.
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As demonstrated by the lower detection limits, GF-AAS has increased sensitivity over F-AAS in
measuring metals concentrations in aqueous samples, mainly due to the greater sample
residence time, which enables in smaller sample size. Despite these advantages, GF-AAS is
affected by a series of drawbacks: matrix interference in high salt content solutions and
refractory carbides formation. Chemical modifiers have been largely employed to overcome

these problems, i.e. Mg(NOs), in Narin et al., 2004.

2.2.1.2 Atomic emission spectrometry

Atomic emission spectrometry (AES) exploits the opposite phenomenon of AAS: it measures the
energy released from the excited atoms when they return to the ground state. High
temperatures must be reached to provide the energy necessary for atoms’ excitation. A first
energy contribution generates sample atomization and an additional energy supply excites the

atomic vapour, causing radiation emission.

The primary advantage over AAS is that AES can efficiently handle multi-element analysis since
sample atoms are simultaneously excited (Tria et al., 2007). The sensitivity of the method is up

to three orders of magnitude higher than AAS.

In AES the excitation can be performed by means of an electric arc or spark (ET-AES), a flame (F-
AES) or a plasma. Among the various types of plasma available, the most widely used is the

inductive-coupled plasma (ICP), used in ICP atomic emission technique (ICP-AES).

Inductively-coupled plasma-atomic emission spectrometry (ICP-AES)

ICP is a widely used analytical technique for metal detection in environmental samples. Its strong
sensitivity makes it particularly suitable for trace metals detection. The first use of inductively
coupled plasma as excitation source dates to 1965 with Greenfield (Soodan et al., 2014). From
that time, ICP has been improved and modified, leading to developing efficient and automated
equipment. In the last twenty years, ICP has become competitive in terms of cost and

performance with the traditionally implied atomic absorption methods.

Plasma, described as the fourth state of matter, is defined as highly ionized gas, macroscopically
neutral, containing an equal number of electrons and ions. Thus, it is known to be an excellent
electrical conductor. To create a plasma external energy must be supplied to the electrons in

order to ionize the gas. In this lies the main difference with the flame, which is generated and
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powered by a combustion reaction. Plasma on the contrary acts as an energy reservoir since it
is created and maintained by the energy transfer between an electromagnetic field and a highly
ionized gas. Even though from a theoretical point of view any gas can be used as a carrier to
generate a plasma, practically noble gases are chosen because of the higher ionization energy,
the absence of stable combination with other elements and the simpler emission spectrum due
to the monoatomic nature of the vapour (Ferndndez-Sanchez, 2019). The commonly used gas in

ICP is argon (Ar) that ionizes according to the following equation:

+E
Ar® — Art +e”

From the operative pattern, plasma emission spectrometry is similar to flame spectrometry: the
sample is nebulized and introduced into the source (plasma) where is atomized and excited; the

emitted radiations, collected by a monochromator, are sent to the detector.

ICP-AES performances are comparable to those of GF-AAS, but it allows overcoming most of the
interferences that affect graphite furnace-based methods. The extremely high temperature
(7000 — 9000 K) gives the advantage of minimizing interferences from forming stable refractory
oxides elements in AAS (Al included). However, interference cannot be completely eliminated:
spectral overlap from elements present in the same sample remains a problem. Aluminium for
example emits between 212 and 190 nm, lying in the same region of cadmium, barium and

tungsten, as pointed out by Ediger et al., 1980 (Tria et al., 2007).

Successful applications of the ICP-AES method in aluminium and zinc concentration
determination are reported in the literature. Rezaee et al., 2010 developed a new liquid-liquid
microextraction method to use in combination with ICP-AES aluminium detection techniques in
water samples. The final LOD resulted equal to 0.8 pg/L. ICP-AES in zinc determination provides
for better results in terms of limit of detection. Zhao et al., 2012 reports a LOD being equal to
0.05 pg/L for a developed separation-detection combined method that uses dual cloud point

extraction (d-CPE) followed by ICP-AES on water samples.

Inductively-coupled plasma-mass spectrometry (ICP-MS)

For quantitative measurements, inductively coupled plasma can be effectively coupled with
another analytical technique, Mass Spectrometry. The multi-elemental ultra-trace detection

capability of ICP-MS makes it a most powerful technique (Beauchemin, 2008).
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The analytical sequence of ICP-MS involves specific steps: the sample solution is transferred to
a nebulizer by a peristaltic pump. Into the nebulizer, the solution is converted into an aerosol.
The aerosol is brought to the centre of the ICP torch by Ar as a carrier gas. As soon as introduced
into the plasma, the sample is atomized and ionized, diverting the atoms into the mass
spectrophotometer, where they are divided according to the mass-to-charge (m/z) ratio through
an electric field, combined or not with a magnetic field. Metal ions are identified from the
analysis of the registered mass spectrum. Each spectrometer is characterized by a specific
capability to differentiate between masses, usually expressed in terms of resolution R, defined

as:

Where: m is the mass of the ion; Am is the mass difference between two resolved adjacent

peaks.

The major benefits of ICP-MS over ICP-AES are that ICP-MS has the capability of isotope analysis
with higher efficiency and lower recognition limits. ICP-MS method is able to detect elemental

concentration in the ng/L range (part per trillion).

The limit of detection for ICP-MS application in aluminium detection varies from 3.3 ng/L in Xia
et al., 2005, after single drop microextraction, and 0.1 pg/L in Martin-Esteban et al., 1995 where
an online preconcentration of aluminium preceded the detection phase in tap water. In this last
case, a comparison with F-AAS method is done, demonstrating an order of magnitude less for
the ICP-MS. The 0.1 pg/L LOD is confirmed in Préndez et al., 2003 study for Antarctic peninsula

lagoon water.

Trujillo et al., 2012 proposed a solid phase extraction method in conjunction with ICP-MS for the
determination of trace metals in seawater (including zinc). The detection limit of the developed

technique is proven to be equal to 0.26 ug/L for Zn.

2.2.2  Voltammetry

Voltammetry is one of the electrolytic analysis techniques, based on the discharge (oxidation or
reduction) of an electroactive analyte. The analytic solution is introduced in the voltammetric
cell, where three electrodes are present: working electrode, reference electrode and auxiliary

or counter electrode, to close the circuit. Voltammetry is based on the electric signal (the
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current, i) provided by the analytical solution when a potential is applied to the working
electrode. The applied potential can be variated so that the discharge potentials of the

electroactive species in solution can be reached determining a variation of the resulting current.

2.2.2.1 Stripping Voltammetry

A particular application of voltammetry is stripping analysis, with which very low concentrations

of analytes can be detected (sub nanograms).

Stripping analysis involves the concentration of the analyte into or onto the working electrode
surface (Farghaly et al.,, 2014). This preconcentration step is followed by electrochemical
measurements of the material stripped from the electrode. The accumulation phase that
generates the analyte build-up is the reason of the major sensitivity of stripping voltammetry

compared to direct voltammetry techniques.

Several stripping techniques have been proposed in time, in which element accumulation can

be obtained using anodic/cathodic — ASV/CSV — or adsorptive processes, AdSV.

ASV and CSV can be considered as mirror processes. Anodic stripping voltammetry involves the
analyte preconcentration onto the electrode by reduction, forming an amalgam at the cathodic
potential; in the following phase, the amalgamated analyte is re-oxidized and stripped out the
electrode applying an anodic potential. Cathodic stripping voltammetry involves the opposite
process: positive deposition of the analyte when anodic potential is applied to the electrode and

stripping of the element as a result of cathodic potential.

Adsorptive stripping voltammetry is quite similar to ASV/CSV techniques, with the difference in
the preconcentration process, that is adsorption in this case. For metal ion detection,
complexation reactions with ligand agents in solution precede the adsorption on the electrode

surface.

The direct voltammetric determination of aluminium ion (AI**) in water appears to be difficult
because of its negative reduction potential (-1.75 vs SCE), which is very close to that of other
commonly present cations (sodium, barium and potassium, for example) (Chow et al., 2003).
CSV with adsorption preconcentration phase gives successful results in aluminium detection in
natural waters. A ligand is used to complex aluminium; the aluminium-ligand complex coats the

electrode surface before being stripped under CSV action. A series of chemicals have been used
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as a ligand for CSV aluminium analysis. To give some examples, Pyrocatechol Violet is used in
(Vukomanovic et al.,, 1991). Arancibia and Munoz., 2007 defined a cathodic adsorptive
voltammetry with pyrogallol red ligand in the presence of a quaternary salt. LOD varies between

0.1 pg/L and 1 pg/L in these two applications.

ASV method is mainly used for zinc detection, as shown in (Ruecha et al., 2015) and (Kefala et
al., 2003). An example of adsorption stripping voltammetry in zinc determination is given for
seawater by (Arancibia et al.,, 2010) providing a low detection limit (0.05 pg/L for a short

preconcentration time of 10 s).

2.2.3  UV-vis spectrophotometry

Spectrophotometry, as an optical method, is based on the light-matter interaction or in other
words on the energy exchange between radiant energy and matter. UV-vis spectrophotometry
is a particular application of absorption spectroscopy, which concerns the absorption of
monochromatic light radiations of the visible (350 — 700 nm) and near UV (200 — 350 nm) fields.
These radiations, when absorbed, cause molecular electronic transitions, detected as spectra.
By generating a beam of radiation at a sample, the intensity of the radiation that passes through is
detected. The transmitted energy can be used to calculate absorption. The absorbance is defined

as:
Iy
A= —lOgT = lOgT

Where: T is the transmittance; lo is the intensity of the incident light; | is the transmitted intensity

(I<lpdue to light absorption by the solution).

Absorption is responsible for the attenuation of the incident radiation. The attenuation is
specific to the hit sample, which has a characteristic absorbance spectrum. This allows
discerning between different compounds (qualitative analysis). From a quantitative point of
view, the amount of attenuation is considered, whereas it depends on the amount of substance,

hence on the concentration.

The Lambert-Beer law relates the sample absorbance with the concentration of analyte in the

same sample in a linear way:

A=¢-b-C
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Where: € (-) is the molar attenuation coefficient or absorptivity of the attenuating species; b (L)

is the optical path; C (M L3) is the concentration of the attenuating species in the sample.

Absorption measurements of UV-vis light may be used to selectively determine metal ions, after
the formation of metal-ligand complexes (Tria et al., 2007). This method has the advantage of
being low-cost and fast, maintaining sensitivity and selectivity comparable with more
sophisticated analytical approaches. Few chemical agents are also required, resulting in a higher

safety profile for the use by non-expert operators.

A wide range of UV-vis spectrophotometric applications are reported in the literature for
Aluminium detection. As ligand agents, aluminon and 8-hydroxyquinoline were traditionally
employed. These two compounds exhibit high selectivity for aluminium even though they are
not sensitive enough for low concentrations (Korenaga et al., 1980). Quercetin — an organic
compound of flavonoids — is an example of reactant most recently used. In Lian et al., 2004 the
aluminium chelating action of quercetin was exploited in a spectrophotometric method
preceded by a RP-HPLC separation (LOD of 5 - 10 mol/L and precision equal to 1.0% at the 5 -
10°® mol/L level). Pyrocatechol violet is often presented as an effective complexing agent.
However, in real conditions, its action may be affected by the presence of other elements, such

as fluoride and iron. Magnesium ions and phenanthroline avoid this kind of interference.

Zinc UV-vis spectrophotometric detection is a more recent practice. In the last twenty years, a
series of colour-forming reagents for different samples’ nature has been adopted. In water
environment, Zincon is largely employed obtaining detection limits in the hundreds of nmol/L

(LOD =210 nmol/L in Sabel et al., 2010).

In this thesis work, simplified conditions were recreated: no real water samples were employed,
but metals solutions prepared in deionized water by dissolving Zn?* and AI** salts at mM
concentrations. Subsequently, there were no species interfering with the selective complexation
of the target compounds. Pyrocatechol violet and zinc complexations have been carried out for
the direct determination of the selected elements, with no preconcentration phases needed and

without the adding of other chemical agents.
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3 Materials and methods

In order to evaluate zinc and aluminium behaviour, a series of laboratory tests were performed
in saturated and unsaturated conditions. Column tests on sand have been used to study
transport and propagation aspects; tracer tests preceded the metals injection phase to assess
the behaviour of a non-reactive solute, as reference. Column tests gave as output
breakthrough curves (BTCs), later modelled using the software HYDRUS 1D to estimate soil-
water characteristic parameters: dispersivity and porosity retrieved from tracer tests, kq (and

R) from metal transport tests.

The mobility of a substance in the environment is controlled, among other processes, by
adsorption (and desorption) mechanisms on a solid phase. Batch tests have been performed to
understand metals’ sorption equilibrium on standard soil. Sorption isotherms are the output of
these studies, from which sorption isotherm coefficients have been determined. The kqand R

parameters retrieved from these studies was used to program column tests on standard soil.

Concentrations have been determined by spectrophotometric absorbance measurements. A
UV-vis spectrophotometer (Specord S600, Analytik Jena, Germany) has been used throughout
the procedure. This device was set to register absorbance values of each solution at its
characteristic wavelength. The absorbance-concentration relation (calibration curves) outlined

for each solution was used to derive information about concentration.

The investigated metal solutions (Zn and Al in the form of chlorides) exhibit a natural peak in UV
region—around 200 nm — like all the salts. For more accurate and specific detection, colorimetric
methods have been developed. Using the UV-vis spectrophotometry techniques, the recorded

absorbances in the visible spectrum were those of the two metal-ligand complexes.

3.1 Calibration curves

Concentration values can be directly derived from absorbance measurements in the case of a
linear relationship between absorbance and concentration, as expressed by the Lambert-Beer
law. The curve that, in the field of chemical analysis, describes the linear relationship between
absorbance and concentration is called calibration curve. It is a regression model that allows

predicting the unknown concentration of the analytes of interest starting from measurements
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of known concentrations. To have a robust calibration curve, the absorbance measurements of
a series of samples (at least 6), well distributed in the range of concentration of interest, are
recommended. The linear interpolation of such concentration-absorbance points is the resulting
calibration curve. In this study, each prepared solution needed the realization of a specific
calibration curve. In this section, the calibration method for all the metal solutions is described,
apart from metal complexes, which is discussed in the 3.2 paragraph along with the detailed

description of the analytical method developed on purpose in this thesis.

Metals solution
Stock solution for calibration: 100 mM ZnCl, and AlCls solutions.

Working solutions: various volumes of 100 mM ZnCl; and AICl; solutions, prepared by proper
dilution with DIW. The concentration of the working solutions corresponded to 75, 50, 35, 25,

10, 5 mM of the two different compounds.

The full absorbance spectrum of each sample has been recorded (Figure 3.1 and Figure 3.2).
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Figure 3.1 - ZnCl, spectrum
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Figure 3.2 - AICl; spectrum

In correspondence to the wavelength that shows a clear linear correlation between absorbance
and concentration, the calibration curve is drawn. In Figure 3.3 the calibration curve for ZnCl; at
198.5 nm is reported, limiting the interpolation to less concentrated samples (concentrations
closer to the values used in the study). In Figure 3.4 the calibration curve retrieved for AICl;

compound at 203 nm is shown.
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Figure 3.3 - ZnCl; calibration curve
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Figure 3.4 - AlCl; calibration curve

3.2 Metals detection

3.2.1 Zinc

The method proposed by (Abdulla, 2016) was used as the basis to develop a Zinc
spectrophotometric detection protocol in the specific operative conditions of this work. The

method is based on the Zn?* - Zincon complexation reaction.

Zincon — short name for 2-carboxy-2’-hydroxy-5’-sulfoformazylbenzene — when not in solution
appears as a dark reddish-purple powder. It is an analytical reagent for a long time used for Zn
detection. As early as 1954, Rusch and Yoe showed the potentiality of Zincon to simultaneously
determine zinc and copper ions in aqueous solutions. Figure 3.5 and Figure 3.6 show the Zincon

structure and the formed metal-Zincon complex, respectively.
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Figure 3.5 - Zincon structure
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The reaction in one-to-one Zn?*-Zincon ratio in a specific pH range (around 9 — 10) returns a blue
coloured complex, that exhibits the maximum absorbance at = 620 nm. However, considering

the complex stoichiometry (Abdulla, 2016),

[Zn?**] 1

[Zincon] 2

the defined procedure works in Zincon excess to be sure that the metal-ligand bond did not
reach saturation. The absorbance values were recorded at 620 nm. At this wavelength, the
spectrum (Figure__) doesn’t exhibit the absolute peak, observed around 495 nm, but there is

good linearity in the retrieved calibration curve.

HO3S, HO4S

M=Zn, Cu Ej)\“o

Figure 3.6 - Structures of Zincon (2-carboxy-20-hydroxy-50-sulfoformazylbenzene) in its metal-bound forms (from

Sdbel et al., 2010)

3.2.1.1 Calibration curve

Chemical reagents and solution

Zincon stock solution: 1 mM Zincon solution. 2.4 mg Zincon (MW 480.43g/mol) were dissolved

in 1 ml NaOH 1M prior dilution to 50 mL with DIW.
Zn?* stock solution: 1 mM ZnCl, solution. 6.8 mg ZnCl, were dissolved in 50 ml DIW.
Zn* working solution: various volumes of 1 mM ZnCl, solution.

Solutions preparation: in 10 mL plastic volumetric flasks, 1 mL of 1 mM Zincon solution was

introduced with various volumes of 1 mM ZnCl, solution. DIW is used to make up to the mark.

The selected volumes of ZnCl, solution correspond to: 1, 0.75, 0.5, 0.375, 0.25, 0.075, 0.05 mL,
from the most concentrated to the least concentrated Zn%* sample. Figure 3.7 shows the

spectrum that each solution exhibits.
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The calibration curve drawn between absorbance and Zn%* concentration indicates that the

metal can be effectively determined between 5-10° and 1.25-10° M (Figure 3.8).
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Figure 3.7- Zn2+- Zincon solutions spectra
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Figure 3.8- Zn2+ - Zincon calibration curve

3.2.2  Aluminium

MIiPAF, 2001 spectrophotometric method for aluminium detection has been used to develop a

more suitable solution for the specific case. The ligand agent is Pyrocatechol Violet (3,3',4'-
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trihydroxyfuchsone-2"-sulphonic acid) that forms a blue complex with aluminium in optimal
conditions (pH around 6.1 — 6.2). When not in solution it is a reddish-brown crystalline powder.

Figure _ shows its molecular structure.

3.2.1.1 Calibration curve

Chemical reagents and solutions

Pyrocatechol violet stock solution: 1 mM PCV solution. 75 mg PCV (MW 386.38 g/mol) were
dissolved in 20 mL DIW prior dilution to 200 mL with DIW.

Potassium acetate solution: 0.4 M CH3COOK solution. 3.9 g Potassium acetate (98.15 g/mol)
were dissolved in 100 mL DIW.

Ascorbic acid solution: 0.4 M C¢HsOg solution. 7 g Ascorbic acid (MW 176.12 g/mol) were
dissolved in 100 mL DIW.

Al** stock solution: 1 mM AICls solution. 12 mg AlCl; were dissolved in 50 ml DIW.
Al** working solution: various volumes of 1 mM AIClz solution.

Before the calibration phase, the optimal volumes of the reagents in solution were determined.
The absorbance variation in time was evaluated for different ascorbic acid/potassium acetate

ratios for a one-to-one Aluminium-PCV relationship (0.5 mL each in a 10 mL flask):

- No ascorbic acid

- Ascorbic acid/potassium acetate 1:4
- Ascorbic acid/potassium acetate 1:6
- Ascorbic acid/potassium acetate 1:10

Potassium acetate volume was kept constantly equal to 1 mL.

Absorbance values were recorded for about an hour. The peak oscillation, small in all cases, were
lower in the no ascorbic acid-containing solution (Figure 3.10). Thus, calibration operations were
made for different dilutions of aluminium having in solution only potassium acetate and PCV

reagent.

Solutions preparation: in 10 mL plastic volumetric flasks, 0.5 mL of 1 mM PCV solution and 1
mL 0.4 M potassium acetate was introduced with various volumes of 1 mM AICl; solution. DIW

is used to make up to the mark.
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The selected volumes of AlCl; solution correspond to: 1, 0.75, 0.5, 0.375, 0.25, 0.075, 0.05 mL,
from the most concentrated to the least concentrated Al** sample. Figure 3.11 shows the

spectrum that each solution exhibits.

The calibration curve drawn between absorbance and Al** concentration indicates that the

metal can be effectively determined between 2.5-10° and 2.5-10° M (Figure 3.12).

Figure 3.9 - Pyrocatechol Violet structure
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Figure 3.10 - Variations in the absorbance peak of for solutions with different potassium acetate/ascorbic acid ratio.
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Figure 3.4 — Al3*— PCV calibration curve at 573.5 nm

3.6 Batch tests

A set of batch experiments was conducted to study the equilibrium sorptive behaviour of the
two studied metals on LUFA standard soil n. 22 (Soil chemical and physical characteristics

according to Good Laboratory Practice are reported in Appendix).
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The batch investigations were intended to determine the sorption parameters for the selected
solid phase according to the outlined sorption isotherms. A sorption isotherm relates the
adsorbed metal mass per unit mass of the solid phase with the equilibrium solute concentration
into the solution. The influence of temperature and pH on sorption mechanisms is very strong,

hence the need to keep temperature —and pH — constant during the tests.

Seven samples were prepared: 2 g of soil were introduced in five 50 mL flasks, into which the
contaminant solutions at the different ZnCl, and AICl; concentrations (10-7.5-5-3.5-25—-
1-0.75 mM) were added. 1 mL from each contaminant solution was taken for blank analysis.
The flasks were mixed vigorously at ambient temperature for almost 24 h to ensure that the
equilibrium was reached. A 20 min centrifugation allowed the soil-liquid phase separation, and
the aqueous phase was analysed using the previously described detection protocols (Paragraph

3.2). In Figure 3.13 is schematized the overall process.

(] -
=
- =
> > >
st
Shaker SPFT

Suspension - Carousel
Centrifuge

Figure 3.5- Bach test process

The amount of the test substance adsorbed on the soil sample is calculated with the indirect
method, as the difference between the metal amount initially present in the solution —retrieved
from blank analysis — and the amount at the end of the experiment. Considering the volume of

the solution and the mass of the adsorbent material, the relation can be expressed as follows:

(Co—Co)V

e = m

Where: q. is expressed as mgslute/8s0i; Co and Ce (mg/L) are respectively the initial and
equilibrium metal concentration; V (L) is the volume of the aqueous solution; m (M) is the mass

of the soil phase.

The three most commonly observed sorption models have been used to analyse the sorption
isotherms: linear, Freundlich and Langmuir models. For particular data distributions, other
options have been considered. The optimum sorption process was determined according to R?

values, obtained for interpolation of sorption values.
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The sorption behaviour in its general form can be described by the equation:

K,Ch
S=——
1+nCk

Where: S is the concentration of zinc adsorbed into the solid phase at equilibrium (mg g—1); Cis
the liquid phase resident concentration of zinc at equilibrium (mg L™), and Kq, B and n are the
soil-water distribution coefficient, the Freundlich exponent and the Langmuir coefficient,
respectively. When B=1, Eq. 3.3 becomes a Langmuir isotherm; when n=0, the equation
becomes a Freundlich isotherm and when both B=1 and n=0, it leads to a linear adsorption

isotherm.

3.2 Sand-packed column tests

Column tests set-up (Figure 3.14) consisted of a plastic tube with 1.6 cm inner diameter mounted
on a support to establish the desired vertical flow. The tube was filled with 55 g of pre-washed
silica sand (DORSILIT n. 7, Dorfner, Germany, whose characteristics are reported in Appendix)
introduced in layers by adding and gently tapping small amounts of sand-deionized water
suspension. The final result was a 17 + 0.3 cm sand-packed column. Two plastic plugs at both
ends fixed the sand in place. The feed downflow rate was supplied and maintained throughout
the test using of a peristaltic pump. By means of a pipe, the column effluent passed through a
flow cell in the spectrophotometer carousel for absorbance measurements. From the injection
tank (solution at the initial concentration) a pipe ran to another flow cell in the
spectrophotometer carousel for the initial absorbance (A;) measurement. The

spectrophotometer was set to perform measurements with a 60-second frequency.

Figure 3.14- Sand column set up. In the figure, an indication of the metals colorimetric detection performed in
parallel with the on-line spectrophotometric measures is reported
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All the column experiments (tracer tests, Zn and Al injections) were performed injecting a
constant flow rate of 1.67 - 108 m?3/s. Before and after the solute injection, pre-flushing and post-
flushing phases were done. A schematic indication of the duration of each phase, expressed in

PV, is reported below.

For saturated tests:

e Pre-flushing with DIW: = 3 PV
e Solute injection: = 4 PV

e  Flushing with DIW: = 3 PV

For unsaturated tests:

e Pre-flushing with DIW: = 2 PV
e Solute injection: = 3 PV

e  Flushing with DIW: = 2 PV

The PV (Pore Volume) parameter, determined by tracer tests, is a time, measured in

correspondence to an output concentration of dye equal to half Co.

3.2.1 Saturated conditions

The sand accurately washed to eliminate colloids and impurities (following a specific procedure
consisting of in =12 h NaOH 100 mM, washing followed by 3 tap water washing and 3 DIW
washing), has been introduced in layers by adding small amounts of a sand-deionized water
suspension to avoid air bubbles in. During packing, up-flow of DIW has always been guaranteed
to prevent accidental desaturation by gravity. Two filters at the top and at the bottom of the
sand column prevented sand particles from infiltrate and clog both the inlet and outlet tubes.
The influent and the effluent solutions were continuously measured by the UV-vis

spectrophotometer. The extracted data led to BTCs construction.

3.1.1 Tracer tests

Once verified no air entered during the packing procedure, the tracer test started. The feed
consisted of 20 g/L Bromophenol Blue (BFB) solution. BFB, being a dye, makes visual and
quantitative detection easy. The absorbance of the solution has been measured at 598 nm,

where the BFB absorbance spectrum showed the peak. The injection has been carried on since
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absorbance signals over time reached a plateau. Then DIW was flushed until zero concentration

of the tracer solution was detected.

3.1.2 Metals injection

After the tracer injection and a post-flushing, aimed at completely remove eventual tracer
residuals, metals injection experiments were conducted, separately for zinc and aluminium. For
zinc transport tests, the influent consisted of a ZnCl, 10 mM solution, while for aluminium AICls
10 mM solution was injected. From calibration tests, the two solutions exhibit good
concentration-absorbance linearity at 198.5 nm and 203 nm. As for tracing tests, metal transport

tests were monitored continuously by the UV-vis spectrophotometer.

Meanwhile, spot samplings (25 uL samples) of the column outlet were performed at fixed
frequencies: two minutes in the test phase between the start of injection and the first increase
in absorbance, thus concentration; one minute in the ascending branch of the absorbance-time
curve recorded by the spectrophotometer and the same in the descending branch. The collected
material underwent the defined metals’ detection procedures. A BTC curve was reconstructed.

This phase was useful for validating the method.

3.2.2 Unsaturated conditions

On the same column on which saturated tests were performed, tests in unsaturated conditions
were established. Unsaturated columns were obtained after drainage by gravity. The pump was
switched off, the inlet and outlet tubes were disconnected, and the column was let drip. The
released water was collected and weighted, obtaining a measure of the gravitational water, thus
of the effective porosity. Once desaturation was completed, the constant flow rate was re-
established, by turning on the pump and reconnecting the inlet tube. From this moment (t1), the
time t; that water takes to exit again the column has been measured. All these led to determine
the unsaturated water content (Bunsat), as sum of the water content after desaturation (84) and

the injected water before the flux was restored (8i,;), as shown by the formula:

(W -5) 0-t—tp
Ounsat = 0a + ginj = Vv =+ %
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Where: n (-) is the porosity of the sand column; V (L3) is the volume of the sand column; m (M)
is the mass of the drained water; pw (M/L3) is the water density; Q (L3/T) is the discharge rate; t;

and t, (T) are the two times mentioned above.
This parameter is essential for the further HYDRUS-1D modelling phases.

For metals injection, in parallel with spectrophotometric continuous measurements, punctual
sampling with subsequent metals detection by complexation were performed, as done for

saturated conditions.

3.3 Soil-packed column tests

Unsaturated tests were run on soil columns. LUFA standard soil (n. 2.2) was employed .35 g of
soil were introduced in the plastic tube, giving a 15 * 0.3 cm soil-packed column. As a first step,
the column was fully saturated with deionized water. The solution was injected from the bottom
of the column at a slow rate to prevent the formation of preferential flow pathways. The
following desaturation phase was obtained by removing the DIW feed and letting the column

drip.

Figure 3.15- Soil-column metal injection tests set-up

After the tracer test, two in-parallel metal injection tests were run, for zinc and aluminium,
separately. Spectrophotometer continuous measurements were proven to be useless in these
specific experiments: the massive presence of other salt species and impurities affects the

absorbance reading around 200 nm. Manual punctual sampling was performed in order to

42



derive the BTCs. The overall experimental set-up, similar to those of sand-packed column tests,

is reported in Figure 3.15.

Due to the retardation factor estimated high from batch tests, the experiments were performed
in a long time (24 h). For this reason, a fraction collector was installed to take samples at a fixed
frequency (25 minutes). The following detection operations with complexation were conducted

on 25 pL solution.

3.4 Simulation of zinc release from mining waste

Once the overall behaviour of the contaminants in the unsaturated zone was known, the work
focused on the simulation of a real scenario. The release of materials resulting from mining
activities has been represented. It is interesting to see the potential environmental impact of an
accidental soil discharge and understand how well the soil can perform as a filter/barrier for the

groundwater system.

A pulse injection test has been conducted with zinc enriched material. It was a rougher
concentrate obtained from the first stage of froth flotation on Gorno mining activities waste,
characterized by the presence of 89% sphalerite, a Zn** bearing mineral (information about the
composition and XRD images are reported in Appendix). Batch tests have guided the definition
of the optimal mass to use and pH conditions to establish for the column test. 2, 1 and 0.5 g of
the material were placed in 50 mL flasks. Three environments at different pH have been analysed
by varying the solution: DIW, DIW + various volumes of citric acid (pH = 4.5), and pH 3.6 citric
acid-trisodium citrate buffer. The situation that provides for better zinc release was with 2 g
rougher material in the pH 3.6 solution. Therefore, a mixture of 4 g rougher material and 15 mL

pH 3.6 buffer solution was prepared for the following injection.

The test was carried out on a sand-packed column previously unsaturated by gravity in four

consecutive steps, as follows:

e Pre-flushing with pH 3.6 buffer solution for = 6 PV to conditionate the column;
e Pre-flushing with DIW for = 2 PV;
e Pulse injection of the rougher- buffer solution mixture;

®  Flushing with DIW for = 2 PV.
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After the pulse injection, samples from the bottom of the column were collected at a fixed
frequency (30 s) until the end of the dripping. Then, during the flushing with DIW, the sampling
operations happened every 2 minutes. 25 uL were subject to the detection phase with
complexation. The obtained data were processed giving the characteristic path in a time-mass

graph.

3.6 Data modelling

The breakthrough curves (BTCs) obtained from column tests were modelled using HYDRUS-1D,
open-source software to simulate the one-dimensional movement of water, heat and solutes in
variably saturated conditions (Sim(inek et al., 2013). This modelling phase, together with the
experimental data fitting, allows to derive water flow and transport parameters characteristic
of the test type, tracer or metal injection, in saturated or unsaturated conditions, as

summarized:

- Saturated tracer tests: saturated soil water content, 6; (-) and longitudinal dispersivity,

(IL(L),'

- Saturated metal injection tests: adsorption isotherm coefficient, K4 (M L3);

- Unsaturated tracer tests: volumetric water content © (-), saturated hydraulic

conductivity Ks (L T'2), hydraulic conductivity K (L T) and longitudinal dispersivity, a (L);
- Unsaturated metal injection tests: adsorption isotherm coefficient, K4 (M L3).

The Ky parameter, estimated from injection tests modelling, is then used to derive the

retardation factor, R, according to the 2.15 equation.

The HYDRUS-1D package numerically solves the Richards equation (2.21) for variably saturated

water flow in order to determine 6, 8;and K parameters.

8(h) and K(h) soil hydraulic properties in variably saturated conditions are in general non-linear
functions of the hydraulic pressure head. HYDRUS-1D software implements five analytical
models for their estimation: Brooks and Corey; van Genuchten; Vogel and Cislerova; Kosugi and

Durner. The Van Genuchthen model was adopted for this work.
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The advection-dispersion equation below, is used to describe solute transport:

66C_6(9D66) dqC
ot oax\ " ox) ox

Where: D (L2 T?) is the hydrodynamic dispersion; g (L TY) is the water flux.

The dispersion coefficient is given by the equation:

6D = D;|q| + 6D,

Where: Dy, (L2 T?)is the molecular diffusion coefficient in free water; T (-) is the tortuosity factor

in the liquid phase.

In this work, the tortuosity factor is considered and determined according to Millington and

Quirk, 1961 relation:

97/3
T, =
w 952

This tortuosity model, being derived assuming randomly distributed particles of equal size, for
sands is in fact expected to perform better than Moldrup one, which is better suited for soils

(Simunek et al., 2013).

3.6.1 Chemical non-equilibrium

To better simulate the metals transport through porous media, a chemical non-equilibrium
model (CNEM) was implemented. The CNEM corresponds to a kinetic behaviour because the
adsorption process takes time to reach equilibrium between the concentration in the liquid and
the solid phase (S. Jellali et al., 2010). Non-equilibrium transport occurs because the interaction
sorbate-sorbent is slow in comparison to the residence time in column. In other words, more

time is request to the sorbate to reach the equilibrium.

According to Simunek et al., 2013, in such cases, the transport equation needs to be modified,

including the description of the sorption process. If a first-order kinetic is assumed, it results:

aec  ask o9 ( D6C) aqC

ot TP Tax\Pax) T ox T
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Assuming one-site sorption model, the adsorption in the generical form, is described as follows:

kyCP
S, =f,—+—— 3.8
¢ ﬁ1+nw 38)

Where fe (-) is the fraction of the sorption sites in equilibrium with the liquid phase, equal to zero

for the selected nonequilibrium model and Se (M M) is the sorbed concentration at equilibrium.

It is also valid the equation below:

05" _ kaC”__ ¢ (3.9)
ac f61+ncﬁ k '

Where w (T) is the first-order rate coefficient, S* (M M) is the sorbed concentration of the

kinetic sorption sites.

3.6.2 Tracer tests modelling
3.6.2.1 Saturated conditions

The pre-processing phase involved inserting a series of parameters useful for the correct

functioning of the software. These parameters are listed below:

e Geometry information:

- columnlength, 17 £ 0.3 cm;

e Soil hydraulic parameters:

Saturated hydraulic conductivity Ks calculated from the Darcy’s law (2.5), equal to 8.29
-10° m/s.

- n,asetequal to1and O in saturated conditions, respectively.

Tortuosity parameter |, equal to 0.5, as suggested by Mualem, 1976.

Saturated water content 6, to be estimated.

e Water flow boundary conditions:
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- upper BC: constant flux:

qx =0,t) =q

- lower BC: constant pressure head:

h(x =L,t)=L

- IC: pressure head profile.

h(x,t) = x

Solute transport boundary conditions:

- upper BC: solute concentration during the injection:

C( =0,t)=1
Co YT

C
—(x=0,t)=0
s =00

- lower BC: zero concentration gradient

3.6.2.2 Unsaturated conditions

For O <t <tend

Fort<tend and t > teng

Unsaturated test modelling requires a more articulated procedure, consisting of three

iterations. In the first step, the tests have been modelled as for saturated conditions. The

volumetric soil water content is the result obtained from the inverse solution. The second and

third steps lead to the estimation of the saturated hydraulic conductivity and dispersivity

parameters.

o and n parameters acquire significance in the modelling of unsaturated conditions. They were

set equal to 9.83 and 4.73, respectively. These values are obtained from the soil water retention

curves retrieved for the used sand material.
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For unsaturated tests in soil columns, in absence of study on soil-water retention curves, a and
n values predicted by the software were used for sandy loamy soil, according to the

granulometric fractions:

- 76% sand;
- 15%silt;
- 9% clay.

The result was:

- a=3.74

- n=1.5186.
The boundary conditions this time were modified into:
- Upper BC: constant flux:
q(x =0,t) = q
- Lower BC: water content from desaturation
0(x =L, t) = Ounsar
- IC: constant water content from desaturation

B(x,t = 0) = Oynsar

3.6.3 Metal injection modelling

For metal injection modelling, data obtained from tracer tests were used in order to determine
the Ky parameters, thus retardation factor, R, according to Eq. 2.15. and Eq. 2.16. A linear one-

site chemical non-equilibrium was used to consider a first-order decay of solutes.
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4 Results and discussion

4.1 Batch tests

In this section, the results of batch tests are reported for both zinc and aluminium contaminants.
For a more concise discussion, only the sorption isotherms with the best fit are shown: Langmuir

(and IV type) isotherm for zinc, and linear isotherm for aluminium.
4.1.1 Zinc

For zinc contaminant, the batch test on standard soil allowed the reconstruction of the sorption
isotherm in Figure 4.1. While the concentration at equilibrium decreases, the sorption capacity
seems to reach a plateau, to line up for lower values, almost as the trend of a IV type sorption
isotherm. This trend is not confirmed since it seems due to the last point only. Removing the last
point from the analysis, the points are better described by a Langmuir isotherm (Figure 4.2).
According to the R?(0.9737 vs 0.9422 Langmuir fits better than linear isotherm. This is confirmed
by Behroozi et al., 2020, who verified the ZnCl; sorption capacity of natural soil at lower zinc
concentrations (ZnCl; solutions from 100 mg/L to 10 mg/L) and observed a good fitting with the

Langmuir model.

Ce (mg/L)

Figure 4.1 - IV type sorption isotherm for ZnCl,

Langmuir isotherm, is expressed by the relation:

afC
S =
1+aC
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with the meaning of the a and B parameters explained in the literature background chapter

(2.1.2.1 paragraph).

An estimate of the retardation factor, calculated through Eqg. 2.16:

R:1+%(ﬁ)

for the injected concentration in the following column tests (10 mM) results equals to 1 with

- a=6.821/mgzx
— B =7.40-10°mgzn/8soi

The retardation factor found differs by one order of magnitude from that obtained from the soil
column test (see paragraph 4.2).
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Figure 4.6- Langmuir isotherm for ZnCl; in the a) not-linearized form and b) linearized form

4.1.2  Aluminium

For AICl; the data from batch tests are adequately interpolated by a linear function. According
to the R? parameter (0.9449), the linear isotherm best describes the obtained data points. In

Figure 4.3 the above-mentioned sorption isotherm is shown.
The linear sorption isotherm is defined by the following equation:
S=K;C,

Kq is the slope of the tendency line equation, thus it is equal to 0.0122 L/g. From this value,

recalling the Eq. 2.15:

e
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R results equal to 76, higher than that obtained from the transport test in soil (see paragraph

4.2).
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Figure 4.3 — AlCl3 linear sorption isotherm

4.1 Sand-packed column tests

In this section, the results of the column tests on sand material are discussed. As already said,
all the metals injection tests were preceded by tracking operation with bromophenol blue. The
description is structured according to this framework, with an initial analysis of BTCs’ dye,
followed by a comparison with those of the metals. This qualitative comparison gave a measure
of the peculiar behaviour of the two metals. The discussion starts from zinc, then moves to the
aluminium study. In all the graphs the HYDRUS fitting is overlapped to the data obtained from
the spectrophotometric readings. Metals modelling was done using the one-site CNEM, thus

along with the Ky parameter, the mass transfer coefficients w are listed.

413 Zinc
4.1.3.1 Saturated conditions

Bromophenol Blue BTC

In Figure 4.4 the result of the saturated tracer test is shown. The typical behaviour of a tracer is
observed: a rapid increase in C/Co until the unit value is reached. Values slightly higher than 1
does not have any physical significance; they are probably linked to operative issues related to

the flow cells employed.
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The software provided for a good fitting of the experimental data, as demonstrated by the R?

values, very close to 1 (Table 4.1), better in the sorption, than in the desorption phase of BTC.

Through tracer tests, the duration of the pore volume parameter is determined (Table 4.1). In
the same table, the water content is reported, together with the hydraulic conductivity and
dispersivity. The very low a, value suggests a homogeneous packing of the sand since a relation
between the dispersivity in the flow direction and the mean grain size diameter exists at

laboratory scale (Jellali et al., 2003).

Table 4.1- Transport parameters obtained from BFB tracer test in saturated conditions (Zn injection column)

PV (min) 6;(-) a(m) R?(-)
13.23 0.395 1.39-10° 0.99892
1.2
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Figure 4.4- Tracer BTC in saturated conditions (Zn injection sand column). UV-vis spectrophotometer data and
HYDRUS-1D modelling

Zinc transport
The zinc BTC in saturated sand is reported in Figure 4.5.

A good fitting is again observed after the HYDRUS modelling of the spectrophotometric results,
especially in sorption and desorption. In Table 4.2 all the parameters obtained from the

modelling are listed, together with the R squared value.
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Figure 4.5- ZnCl2 BTC in saturated conditions. UV-vis spectrophotometer data and HYDRUS-1D modelling

Table 4.2- Modelling result of zinc injection BTC curve in saturated conditions

Ka (m*/g) w (s) R (-)
5.75 - 107 9.421 - 10° 0.99233

A comparison between zinc chloride and BFB breakthrough curves (Figure 4.6), highlights that
the contaminant behaviour is similar to those of the tracer in sand material. The ascending and
descending branches almost overlap. However, a certain interaction with the solid matrix
happens, considering that the plateau occurs at values slightly lower than 1. To confirm this, the

mass balance gave the results in Table 4.3, demonstrating that =15% is retained in the column.

Column tests were performed in parallel with the validation of the defined metals detection
method. The BTC reconstructed with the Zinc-Zincon complexation is reported with the ZnCl,
BTC in Figure 4.7. Looking at the graph, it can be concluded that the method is sufficiently
precise, especially in the ascending and descending parts of the BTC. At plateau, instead, a value

around 0.88 is observed.
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Table 4.3- ZnCl, mass balance in saturated sand column

MASS IN (mmol) 56

MASS OUT (mmol) 47.5

% OUT 84.7

1.2

0.8

0.6

C/Co (-)

—— BB

0.4 ZINC

0.2

Figure 4.6- Tracer and ZnCI2 BTCs in saturated conditions. HYDRUS-1D modelling
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Figure 4.7- Comparison between reconstructed (with Zn-Zincon complexation method) and observed BTC in the
saturated sand column
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4.1.3.2 Unsaturated conditions
Bromophenol Blue BTC

In unsaturated conditions, the tracer test gave the result shown in Figure 4.8, in terms of BTC
curve. The value retrieved for the pore volume is in Table 4.4. Pore volume is related to the total
volume of voids in the porous medium and is calculated by multiplying the total volume by the
effective porosity. This definition explains the lower value observed in unsaturated conditions
with respect to saturated conditions. The other transport parameters are listed in the same

table.

Table 4.4- Transport parameters obtained from BFB tracer test in unsaturated conditions (Zn injection column)

PV (min) 0(-) oL (m) Ks (m/s) R%(-)
9.67 0.2936 5.62-10°3 2.98-10% 0.99455
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Figure 4.8- Tracer BTC in unsaturated conditions (Zn injection sand column). UV-vis spectrophotometer data and
HYDRUS-1D modelling

Zinc transport
The modelling of zinc injection BTC (Figure 4.9) in the unsaturated sand column confirms the

result obtained in saturated conditions.

In Figure 4.10, there is a direct comparison with the tracer BTC (the two curves are referred to
tests with different duration). It is observed that, during the sorption zinc follows the same trend

of the tracer, as in the desorption, while the C/Co < 1 explains that the contaminant remains
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attached to the sand, to a higher extent than the saturated test. The mass balance (Table 4.6)

reveals in fact only = 9% of retention.

Table 4.5- Modelling result of zinc injection BTC curve in unsaturated conditions

Ka (m*/g) w (s™) R ()
5.74 - 107 9.42-10° 0.99607

Table 4.6- ZnCl, mass balance in unsaturated sand column

MASS IN (mmol) 44

MASS OUT (mmol) 39.9

% OUT 90.6

1.2
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1 SPTF DATA
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-0.2
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Figure 4.9- ZnCI2 BTC in unsaturated conditions. UV-vis spectrophotometer data and HYDRUS-1D modelling
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Figure 4.10- Tracer and ZnCI2 BTCs in unsaturated conditions. HYDRUS-1D modelling

The developed detection method for zinc has proved to be properly valid to quantitatively
measure the contaminant also in unsaturated conditions. In Figure 4.11 the ascending and
descending branches are well represented. The stationary level on the contrary presents the
same problem of saturated conditions: a small but non-negligible scattering at high zinc

concentrations.

1.2

0.8

w\
s |
8
-

D
& 0.6 ZINC ZINCON

SPTF DATA

c/
———

0.4 ——HYDRUS 1D

P —

0.2

Time (s)

Figure 4.11- Comparison between reconstructed (with Zn-Zincon complexation method) and observed BTC in
unsaturated sand column
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4.1.4 Aluminium
4.1.4.1 Saturated conditions

Bromophenol Blue BTC
The saturated tracer test performed on this second sand-packed column provided the BTC

drawn in Figure 4.12.

The pore volume retrieved from the experiment is slightly lower than the corresponding value
in the other saturated column test. This is probably due to little variation in packing operations.
The dispersivity parameter appears lower, while the saturated water content is increased,

demonstrating differences in the porosity (Table 4.7).

Table 4.7- Transport parameters obtained from BFB tracer test in saturated conditions (Zn injection column)

PV (min) 6;(-) a(m) R?(-)
16.80 0.4965 1.01-10°% 0.99937
1.2

0.8
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Figure 4.12- Tracer BTC in saturated conditions (Al injection sand column). UV-vis spectrophotometer data and
HYDRUS-1D modelling
Aluminium transport

The data fitting in HYDRUS-1D continues to be satisfactory also for saturated AICls injection

study. The modelling results are shown in Table 4.8 and the modelled tracer BTC in Figure 4.13.

By comparing the aluminium and the tracer BTCs (Figure 4.14) the values of the parameters in
table acquire significance: the absence of retardation is evident, with the sorption lines that

increase together until stationarity, as well as the desorption part.
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Table 4.8- Modelling result of aluminium injection BTC curve in saturated conditions

Ka (m*/g)

w (s7)

R”(-)

2.49 - 107

2.51- 10"

0.99486

1.2
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Figure 4.13- AICI3 BTC in saturated conditions. UV-vis spectrophotometer data and HYDRUS-1D modelling
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Figure 4.14- Tracer and AlCI3 BTCs in saturated conditions. HYDRUS-1D modelling
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Retention is observed this time, too, even though it is not so significant: C/Co values at plateau
are very close to 1 and the performed mass balance, in Table 4.9, suggests a retention

percentage of = 3%.

Table 4.9- AlCI3; mass balance in saturated sand column

MASS IN (mmol) 893
MASS OUT (mmol) 862
% OUT 96.6

The detection analysis based on aluminium-pyrocatechol violet complexation enabled to
reconstruct the breakthrough curve in Figure 4.15. What has already seen in the previous
discussion is again observed: the method is able to detect well the concentrations in the

ascending and descending part, but it is less accurate at the plateau.

1.2

0.8

06 ALUMINIUM-PCV
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0.4 e HYDRUS

0.2

PV (-)

Figure 4.15- Comparison between reconstructed (with Al-PV complexation method) and observed BTC in saturated
sand column

4.1.4.2 Unsaturated conditions
Bromophenol Blue BTC

In Figure 4.16 the result of the unsaturated tracer test modelling is shown. The characteristic
pore volume along with the other transport parameters obtained from the modelling are listed

in Table 4.10.
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Figure 4.7- Tracer BTC in unsaturated conditions (Al injection sand column). UV-vis spectrophotometer data and
HYDRUS-1D modelling

Table 4.10- Transport parameters obtained from BFB tracer test in unsaturated conditions (Zn injection column)

PV (min) 0(-) o (m) Ks (m/s) R2(-)

9.83 0.3011 6.36 - 107 5.84 - 10" 0.99403

Aluminium transport
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Figure 4.8- AlCI3 BTC in unsaturated conditions. UV-vis spectrophotometer data and HYDRUS-1D modelling
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Figure 4.18- Tracer and AlICI3 BTCs in unsaturated conditions. HYDRUS-1D modelling

Figure 4.17 shows the modelled AICl; BTC and in Table 4.11 the reaction parameters are
reported. In all the tests carried out in unsaturated sand columns, aluminium behaves in unusual
ways, as highlighted by the comparison with the respective tracer BTC (Figure 4.18). This
unexpected behaviour is probably determined by the sand column being altered by the
aluminium transit in saturated conditions. The mass balance (Table 4.12) proves that all the

injected aluminium leaves the column.

Table 4.11- Modelling result of aluminium injection BTC curve in saturated conditions

Ka (m*/g) w (s) R? (-)
1.503 - 10°® 1 0.99203

Table 4.12- AlICls mass balance in unsaturated sand column

MASS IN (mmol) 62.8
MASS OUT (mmol) 62.7
% OUT 99.9

The irregularity of aluminium behaviour in unsaturated conditions is observed also at the UV-vis
spectrophotometric detection with complexation with PV reactant. The resulting BTC, shown in
Figure 4.19, demonstrates that the colorimetric method fails in reconstructing all the steps of

the BTC.
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Figure 4.19- Comparison between reconstructed (with Al-PV complexation method) and observed BTC in unsaturated
sand column

4.2 Soil-packed column tests

The results of unsaturated tracer tests performed on soil-packed columns are reported in Figure
4.20 and Figure 4.21. As it can be noted, BFB has essentially the same behaviour in sand and
standard soil. The retrieved pore volumes in both cases are in the same order of magnitude than

in sand-packed columns. The same for the other parameters listed in Table 4.11 and Table 4.12.

Table 4.10- - Transport parameters obtained from BFB tracer test in unsaturated conditions (Zn injection soil-
column)

PV (min)

6(-)

oL (m)

Ks (m/s)

R?(-)

13.76

0.4767

5.71-10°3

1.48-10°

0.99742

Table 4.12- - Transport parameters obtained from BFB tracer test in unsaturated conditions (Al injection soil-column)

PV (min)

6(-)

oL (m)

Ks (m/s)

R?(-)

12.76

0.557

7.65-103

1.51-10°

0.9978
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Figure 4.20- Tracer BTC in unsaturated conditions (Zn injection soil column). UV-vis spectrophotometer data and
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Figure 4.21- Tracer BTC in unsaturated conditions (Al injection soil column). UV-vis spectrophotometer data and

The metals’ transport in unsaturated soil has the trend shown in Figure 4.19 and Figure 4.20 for
zinc and aluminium respectively.

The BTCs are reconstructed exclusively from colorimetric detection on punctual samples.
Moreover, due to the high retardation factor estimated in batch tests, experiments on soil were

conducted on a time-period of 24 h, by sampling at a frequency of 25 minutes. Then, on the
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sampled 25 puL complexation operations took place. HYDRUS 1D modelling of zinc injection in
unsaturated soil column considers a linear sorption with chemical non-equilibrium given by the

first-order kinetic degradation (SNKL1). Aluminium BTC was modelled like on sand material.

The determined values of the retardation factors (listed Table 4.13 and 4.14), suggest that the
overlapping with the BTCs of the respective tracer tests is poorly informative in both cases. C/Co

= 0.5 requests 13 PV to be reached for zinc, while 8 PV for aluminium.
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Figure 4.22- Zinc BTC in unsaturated soil determined through Zn-ZINCON complexation
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Figure 4.23- Aluminium BTC in unsaturated soil determined through Al-PCV complexation
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Table 4.13- Modelling result of zinc injection BTC curve in unsaturated soil

Kd (m3/g) w (sY) SNKL1 (s?) R(-) R? (-)
3.53-10° 0.1814 3.16 - 10* 12 0.9873

Table 4.11- Modelling result of aluminium injection BTC curve in unsaturated soil

Ka (m*/g) w (s R(-) R (-)
2.09 - 10 0.4252 6.73 0.93854

4.3 Simulation of zinc release from mining waste

In Figure 4.23, the BTC resulted from the pulse injection of mining waste is reported. In the graph
the released material is described as mass of Zn?* ion. The test is performed in a pH 3.6 sand
column, with a rougher mixture at the same pH. After the injection a sharp increase in the
released material is observed in the next 2 minutes. A slower release characterizes the next 5.5
minutes, with a progressive reduction of concentration up to values close to zero. After the
flushing with deionized water, a new release of substance is observed, probably determined by
changes in pH, that cause the movement of previously adsorbed particles. Considering the
material composition, the Zn?* presence in the material resulted equal to 3560 mg. As indicated
in Table 4.14 after the injection = 0.062 % of Zn?* is released, to reach little more than 0.09 %

after flushing.

1.20E-02
DIW flushing
1.00E-02

8.00E-03

6.00E-03

m ZnZ*(g)

4.00E-03

2.00E-03

0.00E+00
0 200 400 600 800 1000

Time (s)

Figure 4.24- BTC pulse injection of rougher material. The dashed line indicates the start of flushing with DIW
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To conclude, the mobilization happens at a slow rate, and it is highly affected by the pH of the
infiltrating water. Elaboration of batch tests realized on other pH values reveals, for the same

mass of waste material (1780 mg Zn?*), a dissolution of Zn?* in the percentage reported in Table

4.16.

Table 4.15- Zn?* release after injection and after DIW flushing

INJECTION STEP

FLUSHING STEP

RELEASED MASS (mg)

2.21

3.3

% RELEASE

6.20 - 102

3.06 - 102

Table 4.16- Effect of the pH in the Zn?* mobilization

DIW pH 4.5 pH 3.6
RELEASED MASS 0.446829 0.72755 1.557486
(mg)
% RELEASE 2.51-10*% 4.09 - 10" 8.75- 10"
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5 Conclusions

This thesis aimed to reconstruct the behaviour in the soil of two target contaminants, zinc and
aluminium, studied as chloride solutions. Column and batch tests were performed for this

purpose.

Column experiments allowed studying the transport in unsaturated conditions (vadose zone),
after a preliminary characterization in saturated conditions (groundwater environment).
Saturated and unsaturated tests on sand columns were carried out as the first step, before
moving to soil-packed columns, where only the unsaturated environment has been investigated.
In general, the results expressed as BTCs suggest the strong mobility of both zinc and aluminium.
Going into detail, zinc tents more than aluminium to be adsorbed on a solid support, less in
unsaturated than saturated conditions. Limited to sand columns, the percentage of release
varies from 90% of the vadose zone to more than 80% of the saturated conditions. In standard
soil, it exhibits a strong delay, though maintaining the same behaviour in terms of retention. For
what concern aluminium, sand-column tests show that it is always very mobile, particularly in
unsaturated sand columns, where almost 100% of the injected material is released. Soil column
experiment confirms this behaviour and highlights retardation, which, although less severe than

for zinc, is considerable.

Batch tests were used to determine the sorptive behaviour of the two studied metals before the
soil-packed column tests. Zinc is characterized by Langmuir sorption isotherm. Aluminium
behaviour is well described by linear isotherm. The calculated R factor are not confirmed by
column tests on soil. It can be concluded that batch tests over esteem and under esteem the

retardation in the case of aluminium and zinc, respectively.

A central part of this work was the development and the validation of colorimetric methods for
Zn and Al detection. Methods found in the literature were used as the basis to develop
consistent, effective, but also easy and safe protocols. These detection techniques exploit
complexation reactions with selective ligands on samples manually collected at a selected
frequency. The method proved to be rather accurate in the ascending and descending parts of

the BTCs, less at the plateau.
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In the last part, to simulate real contamination, a pulse injection of mining waste enriched in
zinc has been done on an unsaturated sand column. The pH value of the column was modified
to reach acidic values in order to recreate the optimal environment for Zn?* mobilization. The

typical path of an impulsive injection was observed, but with a limited Zn?* release.

To conclude, according to sand column tests groundwater may be threatened by zinc and
aluminium discharge on topsoil since they show a tracer-like behaviour, but interaction

mechanisms can slow down the spread in soils.

To improve the knowledge on these two contaminants’ behaviour across the vadose zone,
further studies can be done, investigating other scales for analysis, using different metals’

concentrations and/or using other porous media as solid material (i.e. natural soil).
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Appendix:
Characteristics of the

Dorslilit n. 8 sand

used materials

Table A.1- Dorsilit n. 8 sand characteristics (from Dorfner data sheet)

CHEMICAL COMPOSITION

SiO; (%w) 98
Al,O3 (%w) 0.8
Fe,05 (%w) 0.01
TiO; (%w) 0.04
K20 (%w) 0.3
NazO (%uw) 0.03
Ca0 (%w) 0.02
MgO (%w) 0.01
PHYSICAL PROPERTIES
Umidity (%w) <1
LOI (1000°¢) (%w) 0.25
Density (g/mL) 2.63
Bulk density (g/mL) 1.6
Grain size (mm) 0.3-0.8
GRANULOMETRIC DISTRIBUTION
> 0.8 (mm) 1
0.63 0.8 (mm) 37
0.315-0.63 (mm) 60
< 0.315 (mm) 2
dso (mm) 0.57
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LUFA Standard soil 2.2

Table A.2- Standard soil n. 2.2 characteristics according to GLP (modified from LUFA Speyer data sheet). All values
are mean values of different batch analysis + standard deviation. All values refer to dry matter

Organic carbon (% C) 1.77 £ 0.56
Nitrogen (% N) 0.20£0.06
pH value (0.01 M CacCly) 5603
Cation exchange capacity 85+2.0
(meq/100g)

PARTICLE SIZE DISTRIBUTION (mm) according to German DIN (%)
<0.002 10.6+1.9
0.002 - 0.006 33111
0.006 — 0.02 53+0.5
0.02 -0.063 7.4+0.9
0.063-0.2 30934
0.2-0.63 41.6+3.0
0.63-2.0 0.9+01
Soil type Loamy sand (IS)

PARTICLE SIZE DISTRIBUTION (mm) according USDA (%)
<0.002 10.6+1.9
0.002 - 0.05 15.0+1.2
0.05-2.0 74.4+2.7
Soil type Sandy loam
Maximum water holding 33851
Weight per volume (g/1000 mL) 1224 + 103
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Gorno mine flotation rougher

Table A.3- WPPF Analysis results

Rwp, % 0.00

S 0.00
X2 0.0000
Galena, syn

Weight fraction, %w 1.53(19)
a, A 5.93448
b, A 5.93448
c, A 5.93448
a,’ 90.000
B,° 90.000
v, ° 90.000
Lattice volume, A® 209.001
Size, A 0.0
Strain, % 0.21(9)
Calcite, syn

Weight fraction, %w 9(2)
a, A 4.98087
b, A 4.98087
c, A 17.07611
a,’ 90.000
B” 90.000
Y, ° 120.000
Lattice volume, A® 366.885
Size, A 0.0
Strain, % 0.058(4)
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Table A.3- WPPF Analysis results (continue)

Sphalerite, Fe?* bearing

Weight fraction, %w 89(2)
a, A 5.41101
b, A 5.41101
c, A 5.41101
a, ° 90.000
B,° 90.000
v, ” 90.000
Lattice volume, A® 158.429
Size 0.0
Strain, % 0.099(8)
Cerrusite, syn

Weight fraction, %w 0.71(8)
a, A 5.21874
b, A 8.52830
c, A 6.06965
a, ° 90.000
B,° 90.000
Y, ° 90.000
Lattice volume, A® 270.142
Size, A 0.0
Strain, % 0.14(9)
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I Galena, syn: 1.33(19)%
Calcite, syn : 9(2)%

I Sphalerite, Fe+..: 89(2)%

B cerussite, syn s 071(8)%

Figure A.4- WPPF weight fraction

Table 4.12- Measurement Conditions

X-Ray generator 40 kV, 30 mA Scan mode 1D(scan)
Incident primary Standard Scan speed/Duration time 10.00 °/min
Goniometer Standard Goniometer Step width 0.01°
Attachment Standard attachment head Scan axis 0/20
Filter K B filter for Cu Scan range 5~80°
Selection slit None Incident slit box 2/3°
Diffracted beam mono None Length-limiting slit 10 mm
Detector D/teX Ultra 2501 Receiving slit box #1 None
Optics attribute BB Receiving slit box #2 Open
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