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ABSTRACT: Regarding the Brazilian textile industry, part of the northeast region
stands out as the second-largest textile manufacturing hub in the country. Despite its
importance, this industrial activity has been bringing relevant environmental concerns
regarding the disposal of textile effluents, especially from industrial laundries. This
waste contains many chemicals and among them are various types of heavy metals. To
assess environmental risks associated with heavy metals, pollutant transfer needs to be
investigated. This study evaluated the retention and mobility of heavy metals Cd and
Cu in alluvial soil, through soil column tests. The up-flow column percolation tests were
performed using a nonreactive tracer (KBr) at a concentration of 0.3 mol L and injecting
a metallic solution containing Cu and Cd at 100 and 60 mg L*, respectively. The injection
flow rate was 0.75 mL mint. The hydro-dispersive parameters were obtained by modeling
the observed breakthrough curves with the convection-dispersion equation (CDE) and
the two-region model, also referred to as the MIM (Mobile-IMmobile waters) model. The
transport parameters were obtained from the two-site model (TSS). All elution curves
were fitted to the models with the CXTFIT 2.0 program. The Two-Site Sorption Model was
the best for the case studied, with R? of 0.985 and 0.995 for Cu and Cd, respectively.
The values of R were considerably higher than the unit, presenting an average of 2.138
for Cu and 1.907 for Cd. This indicates a delay of these contaminants when leaving the
column, which is caused by the interaction of these chemical compounds with the soil.
The values obtained for parameter D were 3.469 for Cu and 5.205 for Cd. Thus, the metals
in this study present a risk of groundwater contamination for the local alluvial aquifers.
The main reason for that is the physicochemical features of the soil, such as high sand
content (85 %) and low OM content (2.1 %). The results also indicated greater retention
and less mobility for Cu than for Cd, pointing to a greater risk for Cd.
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INTRODUCTION

The increased pollution of water resources is a major environmental problem. It is reported
that an increasing number of hazardous chemicals have been released into receiving
waters and could reach the groundwater (Abbasi et al., 2021). The contamination of these
waters by human activities is of concern due to the threat to public health (Won et al.,
2019). In this case, heavy metal pollution has great relevance due to its toxic effects,
non-biodegradability, and multiple releases by a wide range of anthropogenic activities.

Heavy metals are classified as persistent bio-accumulative toxicants (PBTs), in the same
way as organo-metal compounds (Akindele et al., 2020). These compounds cannot
be degraded, only converted to less toxic forms (Swarnkumar et al., 2020), and are
generally toxic to animals and plants (Wang et al., 2020). Regarding adverse health
effects, several neurological and functional disorders are reported (Swarnkumar et al.,
2020; Liu et al., 2021).

The content of heavy metals exceeds safety standards in many rivers and groundwater
(Qiu et al., 2021). Groundwater contamination by heavy metals can occur from different
sources, such as leachate from mine tailings and landfills or discharge of domestic and
industrial effluents (Abbasi et al., 2021). Within these sources, textile effluents are
diversified in terms of chemical composition and highly characterized by heavy metals
in high concentration, such as cadmium and copper (Swarnkumar et al., 2020).

In Brazil, the northeast region stands out as the second-largest textile manufacturing
hub in the country (Alexandre et al., 2020). This region hosts the Textile Pole of Agreste
of Pernambuco, an important local production arrangement of garments that involves
more than 1200 production units in more than 10 municipalities (Sebrae, 2013). Despite
all this industrial arrangement, the northeast region, which encompasses most of the
Brazilian semiarid region, is marked by problems related to water scarcity. In the absence
of surface water resources, many rural communities in this region obtain water through
underground reservoirs, such as alluvial deposits. These reservoirs serve as natural
water resource, from the excavation of wells in the dry bed of intermittent rivers (Braga
et al., 2015).

In particular, these reservoirs are easy to recharge in short rainy periods, serving the
diffuse rural population in long periods of drought. These deposits are an important source
of water supply in the region (Alexandre et al., 2020; Caetano et al., 2020), with high
potential for various purposes, such as domestic use, family agriculture, and animal and
plant watering. In contrast, these formations have a high vulnerability because the textile
economic activity has generated contamination risks by heavy metals and textile dyes.
From a compositional point of view, the alluvial deposits in the Alto do Capibaribe region
are highly heterogeneous geological formations, made of lithofacies with contrasting
hydrodynamic properties, which are prone to preferential flows and pollutant dispersion
(Slimene et al., 2017; Rabelo et al., 2021).

Contamination of alluvial soils by textile dyes, such as Remazol Black B and Direct Black
22, respectively, were investigated by Alves et al. (2020) and Alexandre et al. (2020)
in the Alto Capibaribe region, Agreste of Pernambuco. They used the batch method
to evaluate the retention capacity of local soils for such contaminants. Both authors
concluded that these pollutants have enough mobility to contaminate the local aquifer,
constituting a risk to the soil and groundwater quality. This case is an illustration of the
risks associated with textile effluents, which are one of the sources of heavy metals in
the environment and groundwater (Panigrahi and Santhoskumar, 2020).

To understand the environmental behavior and risks associated with heavy metals,
column experiments combined with modeling constitute an efficient tool to accede to
the transfer can be obtained through displacement experiments of solutions containing
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heavy metals in soil columns under laboratory conditions. According to Dong et al.
(2018), soil column experiments’ transport parameters can predict the contamination
plumes in natural porous environments. Understanding the miscible displacement of
non-reactive and reactive solutes in laboratory columns and the related estimation of
transfer parameters applicable to real soils is fundamental to mitigating the environmental
impacts caused by these pollutants. The hydrodispersive and hydrodynamic parameters
play a significant role in the characterization of solute transfer and remain crucial for
the prevention and remediation of pollutant impacts on the environment. The miscible
displacement assays of contaminants are highlighted in the literature by several authors
in different soil types for different types of pollutants (Lassabatere et al., 2004, 2007,
Smaranda et al., 2017; Chotpantarat et al., 2018; Morsali et al., 2019; Shahmohammadi-
Kalalagh and Taran, 2019; Abbasi et al., 2021; Alves et al., 2022).

Regarding the models used for solute transfer through soil columns, the convection-
dispersion equation (CDE), also called the one-region model, is the classic model often
used for the one-dimensional transport of solutes in homogeneous porous media, under
isothermal conditions. Due to physical and chemical non-equilibria, many experiments
have demonstrated the presence of nonequilibrium flow and transport conditions in
soils (Simdnek et al., 2008). In these cases, the CDE model no longer describes the
transport adequately. For physical non-equilibrium (water fractionation into mobile and
stagnant zones), the two-region non-equilibrium model (MIM) is required (Kéhne et al.,
2009a,b). This model accounts for the concomitancy of two regions, the mobile region
hosting the mobile water and the immobile region hosting pockets of stagnant water (van
Genuchten and Wierenga, 1976). Solutes are transported by convection and dispersion
in the mobile region and diffuse to the immobile region by molecular diffusion at the
interface between the two regions (Gaudet et al., 1977). On the other hand, for the
chemical non-equilibrium, the two-site non-equilibrium model (TSS) considers different
types of adsorption: type 1 (instantaneous sorption) and type 2 (first-order kinetically
limited sorption) (Cao et al., 2021). The chemical non-equilibrium is a kinetic process
attributed to a slow sorption reaction at the solid-solution interface or a slow diffusion
to sorption sites (Sidoli et al., 2016).

The determination of transport parameters through the CDE, MIM, and TSS models has
great importance for the prediction of pollutant transport in alluvial deposits. Each heavy
metal has specific chemical, physical, and toxicological features (Suzaki et al., 2017).
Consequently, it is necessary to analyze the transport of different metals that are present
in textile effluents. To contribute to the issue, this study evaluates the retention and
mobility of two heavy metals, cadmium (Cd) and copper (Cu), both already reported in
textile effluents at high concentrations (Abdullahi and Ibrahim, 2019), in an alluvial soil
of the dry bed of the Capibaribe River, Agreste de Pernambuco Brazil, through laboratory
tests with saturated soil columns.

This study is part of a series of studies that analyzed the impact of the textile industry in
northeastern Brazil. The series began with the analysis of the transport of the dye Remazol
Black 5 (Alves et al., 2020) and Direct Black 22 (Alexandre et al., 2020), both widely used
by the local textile industry. These studies demonstrated the great mobility of the dyes
in the alluvial soils of the region and considered that the textile effluent is characterized
by heavy metals (Swarnkumar et al., 2020). Meanwhile, other studies have evaluated
the retention and mobility of heavy metals in alluvial soils of the location under study. A
kinetics and sorption isotherm study was conducted for Cd and Cu (Barros et al., 2021)
and chromium and zinc (in publication process). Other studies were conducted using
the miscible displacement technique in soil columns saturated with the dye Remazol
Black 5 (Alves et al., 2022) and Cd and Cu (present study). Thus, this study suggests
a proposal to complement the study of kinetics and isotherm of Cd and Cu (Barros et
al., 2021), which, despite being efficient for analyzing the solute-soil interaction, has
the disadvantage of a high liquid-solid ratio (Alves et al., 2022). Therefore, the miscible
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displacement method provides a better analysis because it is closer to reality (Zhang
et al., 2018). Because of that, it was possible, for example, to work with the apparent
density of the experimental columns similar to the real one. This study aimed to evaluated
the mobility of heavy metals Cu and Cd in alluvial soils of the Alto do Rio Capibaribe, in
Pernambuco, Brazil, through laboratory tests with saturated soil columns.

MATERIALS AND METHODS

Study area

The studied soil belongs to the most superficial layer of an alluvial sediment deposit
of the Capibaribe Basin, Pernambuco, Brazil, classified as Neossolo Fluvico Psamitico
according to Santos et al. (2018) and Fluvisoil according to IUSS Working Group WRB
(2015). The collection site is located in the macrozone of Alto Capibaribe, where the river
is intermittent, in the division between the Pernambuco cities of Santa Cruz do Capibaribe
and Brejo da Madre de Deus (Figure 1). The geographic coordinates are 7° 56’ 57" S
and 36° 17' 57" W. The samples were collected from the most superficial layer of the
alluvial deposit profile of the dry bed of the Capibaribe River. Before sampling, a trench
measuring 12 X 5 x 2 m was excavated and its layers haven inspected. The top layer
with a maximum thickness of 0.52 m was chosen for this study. Sampling was carried
out using a hand auger, resulting in disturbed samples. No additional preparation was
undertaken for sample collection, except for removing surface debris.

Legend
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Figure 1. Study area sites adapted from Rabelo et al. (2021).
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The region has an annual average rainfall of 600 mm and a potential evapotranspiration
of 1900 mm per year. The climatic conditions are semiarid and the native vegetation
cover is Caatinga (Braga et al., 2015). Geologically the study area is located over the
Borborema Province and inserted on fissural domain hydrogeology, formed by rocky
crystalline features (Beltrao et al., 2005).

Soil physical-chemical properties

Physicochemical properties of the soil are presented in table 1. The Point of Zero Charge
(PZC) was obtained by Alexandre et al. (2020), and other physicochemical properties
were determined by Rabelo et al. (2021).

The soil is sandy, having 82 % of sand and only 18 % of fine particles (silt and clay),
and belongs to the soil class “loamy sand”. Clays, organic matter, and iron oxides are
identified as the most reactive constituents in soils and sediments, playing an important
role in the fate and transport of contaminants (Yin et al., 2019). Clay (7 %) and organic
matter content (2.17 %) are of low concentrations.

Despite the low percentage of clay and OM, the soil presented an average value of
cation exchange capacity (CEC) (7.0 cmol_dm=). Exchangeable cations include both
basic cations (K*, Ca?*, Mg?*, and Na*) and acidic cations (H*, AI** and Fe?*). The soil CEC
quantifies the capability of the soil to sorb exchangeable cation (Kalubi et al., 2017). The
soil presents a pH(H,O) of 8.26, higher than the PZC (5.02). The Point of Zero Charge
PZC represents the value of pH(H,O) corresponding to zero surface charge for particles.
If the pH is lower than the PZC then the matrix has a positively charged surface, while if
the pH is higher than the PZC, the surface is negatively charged (Bachratd et al., 2013).
The first condition favors the sorption of anions, whereas the second condition favors
the sorption of cations (Banerjee and Chattopadhyaya, 2017).

Up-flow column percolation test

The up-flow column percolation tests were performed in triplicate. The experimental
device used was a cylindrical acrylic column 0.30 m high and 2.60 cm of internal diameter,
a twelve-channel peristaltic pump, and a fraction collector (Figure 2). The column was
filled with soil and was lightly compacted into 2 cm layers. The soil used was subjected
to air-drying, disaggregation, and sieving through a 2 mm mesh sieve prior to being
filled in the columns. The soil was saturated with a solution of CaCl, (Calcium chloride),
purity =99 %, in an ascending flow with a concentration of 0.01 mol L. A pore volume
was applied for each type of displacer solution. Three different solutions were used. One
tracing solution containing Potassium Bromide (KBr) at the concentration of 0.3 mol L.
This non-reactive tracer, aimed to determine physical transport parameters. The others

Table 1. Physicochemical properties of the soil

Sand Silt Clay Soil classification SS pH(H,0) ZPC BS CEC oM oc V2
% m?g* —— cmol_dm? %
82 11 7 Loamy sand 3.75 8.26 5.02 7 7.4 2.17 1.26 94
Oxides
Mn Fe Ni Zn Pb Sr Ti Mg Al Si K Ca Vv
mg kg!
231+29 13897%445 949 25+7 32+12 409+6 2356+93 7112 981 6476%1852 318]‘_12;8 28185+633 7367+£927 66%12

SS: specific surface; ZPC: zero charge point; BS: sum of bases; CEC: cation exchange capacity; OM: organic matter; OC: organic carbon; V2: Base saturation,
calculated as the ratio between effective CTC and total CTC.
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solutions contained Cu Nitrate [Cu(NO,),.3H,0] and Cd Nitrate [Cd(NO,),.4H,0] at a
concentration of 100 mg L* and 60 mg L?, respectively. The injection of each heavy
metal occurred separately in its respective column. The average flow rate used was
4.5 x 10° m3 h* (0.75 mL min). The injection of CaCl, solution followed this step to
leach each solution from the soil column. After column passage, the solution output
was collected with the fraction collector. For the tests with the nonreactive solution, the
electrical conductivity of each bottle was read on a Digimed DM-31 digital conductivity
meter. The Agilent Atomic Absorption Spectrometry (AAS) apparatus was used to read
Cu and Cd concentrations in the samples, following the manufactures’ recommendations
for wavelength and calibration curve (Agilent, 2017).

The progression of solute advancement was performed by measuring concentration (C)
over time. The evolution of the parcel C/C, due to the number of pore volumes of the
effluent collected (V/V,) provided the elution curves (Moura et al., 2013).

The elution curves of KBr were adjusted according to the CDE model and the mobile-
immobile convection-dispersion model (CDE-MIM). Contaminant elution curves (Cu and
Cd) were fitted to the two Sorption sites (TSS). All adjustments were made using the
STANMOD computer software CXTFIT 2.0 (Code for Estimating Transport Parameters
from Laboratory or Field tracer Experiments) (Toride et al., 1995). The STANMOD is a
software that allows the numerical solution of Equations for different initial and boundary
conditions of column experiments: known concentration at the input, zero gradient
concentration at column output, and initial solute concentration over time t = 0. The
transfer parameters are estimated by the inverse method, fitting the calculated data to
the experimental data and using the nonlinear least-squares optimization method based
on the Levenberg-Maquard algorithm.

Convection-dipersion Model

The convection-dispersion (CDE) model, also called a region model, is the classic model of
the one-dimensional transport of solutes in homogeneous porous media under isothermal
conditions. The CDE model equation for the transfer of interactive solute with the soil
matrix in homogeneous soils may be written as (Equation 1) (Radcliffe and Simlnek, 2018):

ACRYLIC CILINDRIC
COLUMN

FRACTION

COLLECTOR

PERISTALTIC - el
PUMP T

DIGITAL SCALES

Figure 2. Picture of the experimental laboratory setup.
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%(ec +pyS) = —%[—9D2—§+qc} Eq. 1
in which: c is the dissolved solute concentration [M L?3], t [T] is the time, z is the spatial
coordinates [L], S is the concentration of adsorbed solute expressed as the solute mass
per soil mass [M M?], p, is the specific mass of the soil [M L?], D is the hydrodynamic
dispersion coefficient [L2 T], g is the density of water flow [L T], and 6 is the volumetric
water content [L3 L3].

The convection-dispersion model equation (Equation 2) may be described in dimensionless
form, considering that the displacement of the studied substance occurred with sorption
under chemical equilibrium conditions (Barizon et al., 2006; Milfont et al., 2006, 2008):
2
& _pe fq. 2
ot oz 0z
in which: v is the average of pore water velocity [L T'] and R is the delay factor, obtained
according to equation 3:

K
R:1+—p"9D Eq. 3

in which: K is the linear distribution coefficient [L> M*], representing the distributed
concentrations between the liquid and adsorbed phases.

The equation is valid for the one-dimensional transport of reactive solutes subjected
to adsorption, first-order degradation, and zero-order production in homogeneous and
non-deformable soil.

Two region nonequilibrium model (MIM)

The MIM model consists of a conventional convection-dispersion equation for solute
transport in the mobile region, coupled with a term describing solute mass transfer
between mobile and immobile regions (Gao et al., 2009).

Mobile moisture is a moisture content that is located within the pores in the coarse
aggregates, it has a dynamic state and the solute transport is done by convection and
hydrodynamic dispersion. Stagnant moisture is a moisture content located within the
microcosms’ pores and is stationary.

Thus, the concentration c is the sum of the two components (mobile and immobile),
resulting in equation 4:

0¢=0,C, +0,,Cp Eq. 4

in which: m and im refer to the mobile and immobile region respectively.

The equations of the MIM model can be expressed by equations 5 and 6:

2
6, Lm g, Xm_gp € gy %n Eq. 5
ot ot oX oX
oc,
ima_tfn: a)(cm_cim) Eq 6

in which: w is the mass exchange rate between mobile and immobile regions [T].

The average pore of water velocity (v), dispersivity (A) [L], and the dimensionless number
of Peclet (Pe) was defined as equations 7, 8 and 9:

=— Eq. 7
v‘9 q
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D
A=— Eq. 8
Vv q

pe= =
A

Convection Two-Sorption sites Dispersion Model

The Convection-Two-Sorption sites Dispersion Model (TSS) also called the two-site
sorption model, is a model that represents the chemical non-equilibrium between the
solute and soil. The interaction of the solute with the soil matrix can be considered
instantaneous or not. Where, in the dimensionless form, the model that represents the
chemical non-equilibrium at two sorption sites is represented by equations 10 and 11
(Toride et al., 1995):

oC. oC. 0%C, oC
R 1 1-— R 2 C. = 1 1 )
PR+ (= PIRGE + e =50, Ea. 10
oC.
(1—ﬁ)R6—T2:CO(C1—C2) Eq 11

in which: C, and C, are the equilibrium and non-equilibrium site concentrations, respectively;
T is the dimensionless time; T is equal to vt/L; z spatial coordinate; P, is the number
of Peclet (Equation 9); y, is the degradation rate; B is the partition coefficient between
the two sorption sites; w is the number of Damkdhler, representing the dimensionless
mass-transfer coefficient. The parameters B and w are defined by equations 12 and 13.

_ 0+ p,fK,

P =k Eq. 12
1- )AL
o2 V/’) Eq. 13

in which: fis the fraction of sites in equilibrium; a is the first-order kinetics rate for
non-equilibrium sites; L is the column length; 6 is the volumetric humidity; v is the
average water velocity in the pores; and p, is the specific mass of the soil.

Statistical criteria

After adjusting for these models, a statistical analysis was performed to determine which
of these models best fit the data. This analysis was based on four statistical criteria:
Mean Square Error (MSE), Deviation Ratio (DR), Modeling Efficiency (ME), and Residual
Mass Coefficient (RMC). Besides these, the determination factor (R?) was also analyzed.
The equations of these parameters are shown below (Equations 14, 15, 16, and 17):

s [W] 100 Eq. 14
N M
" (M, -Mm)?
pR = 2ia(M M) Eq. 15
Zi:l(T’ -M)?
Y (M -M2 =S (T -M Y
ME:Z/:I( ;) Z/:lg ) Eq. 16
Zizl(Mi _M)
"mM_oy'T
RMC :M Eq. 17
ZI:IMi

in which: T, is the values calculated by the model; M, is the experimental values; M is the
average of the experimental values; and N is the number of determinations.
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The DR describes the dispersion ratio of the values calculated by the theoretical model,
and it tends to be one. In the absence of systematic deviations between the theoretical
and experimental values, the RMC tends to zero. It indicates whether the model tends
to overestimate or underestimate, with negative or positive RMC values, respectively.
The MSE indicates the deviation degree between the experimental determinations and
the values calculated by the theoretical model. Its expected value tends to zero. The ME
indicates whether the theoretical model provides a better estimation of the experimental
determinations than the mean value of these determinations, and its value tends to be
the ones determined by Rabelo et al. (2021).

RESULTS AND DISCUSSION

Hydrodispersive Characterization of Soil Assay with KBr

Table 2 shows the physical characteristics of the column assembly and the KBr tracer
passage. For each repetition, a pore volume was applied with an average flow of
0.75 mL min. One observed homogeneous experimental conditions, since the coefficients
of variation were small. Besides, the respective values for the standard deviation, the
respective parameters were also small when taking into account their order of magnitude.
It is important to highlight that the density used in the test was close to the real density
of the soil in the field. In tables 3 and 4 can be observed the adjusted hydrodispersive
parameters and statistics, respectively, for the CDE and CDE-MIM models.

Table 2. Initial parameters and experimental conditions for column assays of KBr

Statistic P, LA (2] q v pulse

Mg m= cm? m3 m-3 cm ht h
Values®® 1.543+0.012 54.430+2.138 0.343+0.012 6.850+0.848 19.587+2.379 1.543+0.188
CV (%) 0.748 3.928 3.363 12.378 12.145 12.162

) Average + standard deviation (n = 3). CV: coefficient of variation (%).

Table 3. Adjusted parameters of elution curve according to CDE model

Statistic D R R? A P, MSE DR ME RMC
cm? ht cm

Values® 3.495+0.350 1.099+0.033 0.989+0.005 0.181+0.038 169.930+33.521 13.419+2.389 0.965+0.031 0.989+0.005 0.049+0.024

CV (%) 10.003 3.003 0.525 20.703 19.727

(1) Average = standard deviation (n = 3). CV: coefficient of variation (%).

Table 4. Adjusted parameters of elution curve according to CDE-MIM model

Statistic D R B w R? A MSE DR ME RMC
cm? ht cm

Values® 1.752+0.391 1.045%0.039 0.869+0.018 0.013%0.005 0.996+0.003 0.091+0.025 6.709+3.272 0.993+0.007 0.997+0.003 0.010+0.005

CV (%) 22.331 3.708 2.081 39.970 0.323 27.175

M Average + standard deviation (n = 3). CV: coefficient of variation (%).
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Analyzing the coefficients of determination (R?) from table 3, it may be considered that
the MIM model was better adjusted to the experimental data since for CDE the R? was
0.989, and for CDE-MIM the R? was 0.996. Analyzing the statistical parameters presented
in table 4, it ca state that the CDE-MIM model had the best fit for the elution curve of
the KBr tracer, especially when comparing with the MSE values.

The elution curves adjusted for the CDE and CDE-MIM models are shown in figure 3.
The experimental curves of KBr are slightly shifted to the right relative to the point
V/Vo = 1.0 and C/Co = 0.5, as considered a theoretical condition for an ideal tracer. An
asymmetry of the rising part regarding the downward of the curves is also observed.
Comparing the experimental elution curves with the adjustment curves, it can be seen
that both models agree adequately with the ascending part of the curves, while for the
descending part, it is noticed that the CDE model did not reproduce the “tail”. Similar
behavior was verified by Dousset et al. (2007) on bromide ion transport in columns of
soil classified as silty clay loam. The authors suggest that the tail of a BTC from a tracer
is an indication of physical imbalance. Based on the values of R?, it is possible to verify
that this physical imbalance is due to the occurrence of a behavior in two regions of
mobile and immobile water. Similar conclusions were reached by Costa et al. (2006) in
the analysis of experimental elution curves of KBr transport in columns of alluvial soil.
Certainly, a more careful analysis of these questions is allowed based on the transport
parameters (Table 4).

Regarding the transport parameters in tables 3 and 4, values for the R coefficient are
slightly higher than the unity for both, the adjustment of CDE and CDE-MIM. The R values
are slightly higher than the unit for Bromide ion displacement reported in several studies
(Milfont et al., 2006; Carmo et al., 2010, 2013; Moura et al., 2013). This result indicates
that these ions are subject to a slight adsorption in soil minerals. On the other hand, the
delay factor value (R) was slightly closer to the unit in the CDE-MIM model setting than in
the CDE model setting. This outcome indicates that there was no considerable interaction
between the tracer and the soil, but only a physical non-equilibrium. In any case, it can
be said that the delay factor, R, was close to one in both settings, which validates the
use of KBr to track water flow and that the conservative nature of the bromide was fully
respected (Prédélus et al., 2014).

The value of A is an indication of the distance traveled by the solute (Tan et al., 2016).
Masipan et al. (2016), in the displacement of the bromide ion in sandy loam soil columns
(71 % sand, 25 % silt, and 4 % clay), found A ranging from 0.37 to 0.98 cm. Lin and Xu
(2020) obtained values of 0.24 cm for loam and 0.31 cm for sandy loam. Therefore, one
can indicate that the average value found in the present study is low. Small value for
dispersivity indicates that the analyzed soil is a homogeneous porous medium (Jellali et

(b) 1 «©

V/Vo

< Observed

CDE ====MIM

Figure 3. The elution curves adjusted according to the CDE and CDE-MIM models of KBr (a) R1, (b) R2 e (c) R3.
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al., 2010; Lin and Xu, 2020). The results presented also show that the values of A in the
CDE model are higher than in the CDE-MIM model. Tan et al. (2016) conclude that the A
value in the CDE-MIM only partially concerns the dispersion phenomenon, whereas the
A value in the CDE includes two parts. These are the dispersion phenomenon and the
mass transfer, thus leading the A value in the CDE-MIM to be smaller than the A value
obtained by the CDE.

The Peclet number (P,) is the ratio of advective to diffusive transfer (Simhayov et al.,
2018), and the value obtained was 169.93. In the diffusion-dominated regime, P, <0.1,
advection is negligible, P, >300 corresponds to the mechanical dispersion regime and
for the intermediate values, 10< P, <100, the power-law dispersion regime is present
(Afshari et al., 2018, 2020). Therefore, the P, value for the KBr transport moves away from
the intermediate condition, tending towards a transport in which diffusion is considered
negligible.

The parameters w and B can be used to indicate the equilibrium and non-equilibrium
transport conditions. The B is the dimensionless non-equilibrium partitioning coefficient
and w is the dimensionless transfer coefficient. The B value equal to 1 indicates for a
non-reactive solute the lack of stagnant water and the existence of physical equilibrium,
while B value less than 1 indicates the inverse condition, stagnant water fraction and
non-physical equilibrium (Shahmohammadi-Kalalagh and Taran, 2019). The mean value
found for B was 0.869, indicating a physical non-balance. The dimensionless transfer
coefficient (w) is a parameter that has a minimum influence on the CDE-MIM (Tan et al.,
2016). The dimensionless parameter w incorporates in its definition the coefficient a,
describing the diffusive transfer between two regions of water (Parker and van Genuchten,
1984). The resistance to diffuse solute transfer between the two water regions is influenced
by the value of w, the higher the value of w, the lower the resistance to the occurrence
of diffuse transfer of solute between the two regions (Schlindwein, 1998). The parameter
w assumes a very low value (0.013), indicating that the system deviated from local
equilibrium, demonstrating that CDE-MIM model has more coherent adjustments.

TSS model of Cu and Cd

Table 5 presents the parameter values for the TSS model fitted to the Cu and Cd elution
curves. Figure 4 shows Cu and Cd elution curves, fitted to the two-site sorption model. In
table 5, the coefficient of determination was good for Cu (R? = 0.985), and even better
for Cd curves (R? = 0.995). The MSE and RMC statistics, whose expected value is 0, and
DR and the ME, whose expected value is 1, also validate the two-site model to describe
the experimental elution curves. Besides, all values of the standard deviations were
small regarding the order of magnitude of the respective parameters. However, the
standard deviation for the Dispersion Coefficient (D) was 1.2 for adjusting the Cu elution
curves, being an exception. It may be seen that the two-sorption site model adjusted the
CD elution curves very well and the Cu curves reasonably well because it was difficult

Table 5. Adjusted parameter values for the Cu and Cd elution curves for the two-sorption site model

Statistic D R B w H, R? K, MSE DR ME RMC
cm? ht ht L kg

Copper
Values®™  3.469+1.199 2.138+0.058 0.522+0.079 0.106+0.030 0.045+0.028 0.985+0.006 0.248+0.011 13.094+1.343 1.028+0.019 0.986+0.005 0.000+0.049
Cadmium

Values®?  5.205+0.179 1.907+0.080 0.525+0.022 0.156+0.036 0.005+0.003 0.995+0.004 0.203+0.019 6.135+1.775 1.017+0.008 0.997+0.002 0.020+0.027

() Average + standard deviation (n = 3). CV: coefficient of variation (%).
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Figure 4. Cupper elution curves adjusted according to the TSS model for the repetition (a) R1, (b) R2 and (c) R3 and Cd elution
curves adjusted according to the two-sorption site model for the repetition (d) R1, (e) R2 and (f) R3.

to adjust the curve peaks (Figure 4). These results indicate that the two-site model is
satisfactory to describe the transport of Cd and Cu in the analyzed soil.

The values of R were considerably higher than the unit, presenting an average of 2.138
for Cuand 1.907 for Cd. This indicates a delay in the output of these contaminants from
the column, caused by their interaction with these chemical compounds with the soil.
The values obtained for parameter D were 3.469 for Cu and 5.205 for Cd. Based on the
validation of this model, these results for parameters D and R, which have an inverse
tendency, confirm the peak values of relative concentration. These outcomes indicate high
retention and low mobility for Cu metal and the inverse trend for Cd metal. Therefore, in
this configuration, the risks of groundwater contamination are greater for Cd metal than
for Cu. Other studies also observed greater mobility of Cd metal than Cu metal (Sayyad
et al., 2010; Fonseca et al., 2011). A parameter that directly helps in this analysis is K,
which indicates the tendency for sorption and whose values for Cu and Cd were 0.248
and 0.203 L kg!, respectively.

To understand the processes involved in the transport of metals, it is necessary to
consider the characteristics of the soil (Table 1). In the batch experiments, Lin and Xu
(2020) observed that the loam soil with high OC and CEC exhibited strong sorption for
Cd and Zn, and sandy loam with high pH exhibited strong sorption for Cu. Studies have
also confirmed that Cd sorption was greater at higher pH than lower pH (Tahervand and
Jalali, 2017; Rezaei et al., 2021). The analyzed soil presents low OC (1.26 %), median CEC
value (7.4 cmol_dm?), and high pH (8.26). Then, except for the high pH, the other values
do not favor any sorption process. According to Tahervand and Jalali (2017), at high pH
values, metal sorption occurs along with the release of H*, resulting in specific sorption
due to the formation of inner-sphere complex via Si-O and Al-O groups. Furthermore, it
is important to highlight that the soil presents pH(H,0) (8.26) greater than PZC (5.02).
So, the analyzed soil surface has a negative surface charge (Bachrata et al., 2013),
being able to attract cations (Banerjee and Chattopadhyaya, 2017), such as Cu and Cd.
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Regarding CEC, based on the high values for the different soil samples, Defo et al.
(2017) concluded that net negative charges on the soil exchange complex attract and
fix positively charged elements, such as heavy metals. Thus, it is possible to verify from
the CEC that the analyzed soil does not present favorable conditions for a considerable
retention of both metals in the soil, which justifies the high mobility and low retention
verified. Organic content is also an important constituent of soils that affects heavy
metal transport. For example, Defo et al. (2017), comparing organic matter, CEC, and
clay content of tropical soils, found that organic matter exerted a greater influence on
Cd retention than CEC and clay content. Regarding the organic component, the soil has
a low value. This is consistent with the typical value of sandy soils, being, another factor
that explains the high mobility and low retention observed.

The parameters B and w represented the non-equilibrium degree of the packed column.
The estimated B values are small, 0.522 for the Cu and 0.525 for the Cd. In the two-site
sorption model, the parameter 8 is a partition coefficient that actually represents the
fraction of the sites available for instantaneous sorption (Florido et al., 2010). Values of
B near the unit could indicate a chemical equilibrium (Radcliffe and Simlnek, 2018). This
did not occur for any of the curves presented, and thus the application of the two-site
sorption model is consistent. The B values derived from the breakthrough curve of Cu
and Cd suggest that about 52 % of the sorption sites were instantaneous, and the rest
were rate limited. The mass transfer coefficients are significantly small, 0.106 for Cu
and 0.156 for Cd, and point to a non-equilibrium process (w<1) (Fonseca et al., 2011)
for the transport of both metals.

Compared to KBr transport, the metals Cd and Cu migration patterns in the soil column
differed significantly. The curves are asymmetric by their format, mainly due to the
trail formed, which indicates chemical non-equilibrium. Thus, approximately nine pore
volumes are required to restore the curve. The relative concentration peak (C/C,) for Cu
was approximately 0.8, while the peak for Cd was 0.9, approximately. The peaks of the
curves shifted well to the right when compared to the elution curve of KBr (Figure 3). These
findings indicate a reactivity with the soil and, consequently, a delay in the displacement
of the flow of these solutes in the column. Lin and Xu (2020) analyzed the transport
of Cd, Zn and Cu metals. They verified that the initial breakthrough for Cd occurred
after over ten pore volumes, while for Cu it appeared later in the effluent, after 20 pore
volumes. The peak BTCs for Cd was 0.88 and much higher than for Cu, which was 0.35.
These differences, mainly regarding Cu, can be attributed to the different experimental
conditions of the referred study in relation to the present one. The main reason is the
fact that the authors analyzed the transport of metals Cd, Zn and Cu coexisting in the
same solution. Nevertheless, based on these and other results, the authors suggest
that, comparing the metals Cd and Cu, shallow water resources may be more exposed
to contamination risk by Cd. This finding could be determined according to the analysis
of the non-equilibrium transport parameters (Table 5).

CONCLUSIONS

The KBR is a good chemical tracer, not suffering interaction (adsorption or exclusion) in
the analyzed soil. For this non-reactive tracer, the presence of physical unbalance was
indicated by the best adjustment of the MIM model.

The Cu and Cd transport results indicated a chemical non-equilibrium due to the good
adjustment of the elution curves to the TSS model. The results show that the alluvial
aquifer is more subject to contamination by Cd than by Cu. However, both metals were
very mobile in the studied soil, which showed a low capacity to retain such metals. In
addition, the results of these adjustments indicated that about 52 % of the sorption sites
were instantaneous, and the rest were rate limited.
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This study is part of a series of research that analyzed the textile industry’s environmental
impact in northeastern Brazil and aimed to complement the kinetics and isotherm study
of the metals Cadmium and Copper, which despite being efficient in analyzing the solute-
soil interaction, has the disadvantage of a high liquid-solid ratio. Meanwhile, the miscible
displacement method provides a more complete analysis. Considering the soil structure, it
is possible to represent the real apparent density of the soil in the experimental columns,
approaching the reality of the soil in the environment. Thus, the tests carried out in this
study promote an expansion of the scale of observation of the contaminants behavior in
these soils and, consequently, the risk of contamination of aquifers. The determination
of the transport parameters of the studied contaminants is the starting point to propose
two-dimensional numerical simulations that can map the advance of the contamination
plume of these heavy metals in the studied soil.

Our results represent a significant contribution to the studied region, evaluating the
contamination possibility of the only water source of the population residing in the area.

For future studies, it is ideal to analyze the other soil layers in the same place and simulate
the dispersion in the soil. These actions will allow the assessment of the mobility of these
pollutants and a more accurate evaluation of the aquifer contamination.
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