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Abstract: With the rapid development of global industrialization, the pollution of hexavalent chromium (Cr(VI)) in soil and
groundwater has become increasingly serious. Field investigation and laboratory tests were carried out for the soil polluted by the
chromium slag of a ferroalloy plant. The adsorption, infiltration and dispersion experiments were conducted to study the adsorption
characteristics and migration mechanism of Cr(VI) in silty clay. A three-dimensional kinetic mathematical model of Cr(VI) migration
considering convection-dispersion-adsorption was established. The migration and distribution characteristics of Cr(VI) in groundwater with
the pollution source located upstream or downstream of the contaminated site were obtained using the numerical approach.
Meanwhile, the effects of dispersity (@) and distribution coefficient (K,) on the spatial and temporal distribution of Cr(VI) were
revealed. The experimental results show that the Langmuir isotherm model well fits the adsorption data of silty clay. The maximum
adsorption capacity of silty clay for Cr(VI) was 466.6 mg/kg. The hydraulic conductivity of silty clay under the infiltration of distilled
water and 160 mg/L Cr(VI) solution was 6.5x107-6.7x10~7 cm/s, while it increased to 4.4x10-% cm/s under infiltration of Cr(VI)
solution with a concentration of 1 000 mg/L. The hydrodynamic dispersion coefficient (D) of silty clay was 1.4x10~* m?/d. The value
of the retardation factor (R, ) was found to be 4.2-10. The results of the numerical simulation indicated that when the downstream
was contaminated by Cr(VI), there was still a risk of pollution in the upstream even if molecular diffusion was not considered. The
degree of pollution depended on the dispersity of the aquifer. Considering the adsorption of Cr(VI) by the aquifer, the higher the soil
distribution coefficient, the smaller was the distribution range of the Cr(VI) pollution plume. Therefore, the transformation processes
such as Cr(VI) adsorption should be focused on when predicting the distribution of Cr(VI) in contaminated sites.

Keywords: contaminated site; hexavalent chromium Cr(VI); migration and transformation; dispersion; numerical simulation

transformation mechanism of Cr(VI) in soil-ground-

1 Introduction o y .
water for the remediation of chromium-contaminated

With the increasing scale of global industrialization
and the continuous advancement of urbanization, heavy
metal pollution in soil and groundwater is becoming
more and more serious™*?. Among them, the chromium
pollution problem of groundwater due to the random
piling of chromium slag and infiltration of chromium
slag leachate is particularly prominent. Chromium (Cr)
mainly exists in the form of +3 and +6 valence. Hexavalent
chromium (hereinafter referred to as Cr(VI)) often
exists in the environment as an ionic statel®l, and it is
100- 500 times as toxic as trivalent chromium
(hereinafter referred to as Cr(IlD)*°L Cr(VI) is
carcinogenic, mutagenic and teratogenic®. China is the
largest producer of the chromium chemical industry in
the world. With the implementation of industrial
structure adjustment, such as "retreating from the city
to the park" and "shifting from a labor-intensive
industry to service economy"”, a large number of
chrome-contaminated sites have been left behind, and
the remediation and treatment of
chrome-contaminated sites are imminent. Therefore, it
is of great significance to study the migra tion and
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sites.

Many scholars studies on the temporal and spatial
distribution, migration and transformation mechanism
of chromium mainly focus on static adsorption testl™),
soil-column test®, box model test® and centrifuge test!*?,
Zhang et al.l" investigated the adsorption performance
of Cr(VI) for the surface layer of Shanghai silty clay
and the migration of Cr(VI) in surface soil under
preferential flow conditions. The results showed that
the adsorption of Cr(VI) by silty clay was consistent
with Henry's isothermal adsorption, and the speed of
heavy metal migration was related to the preferential
flow and the amount of heavy metal adsorbed by clay
via combining batch adsorption and soil-column tests.
Zhao et al.l¥l used a three-dimensional model sandbox
to simulate the migration of Cr(VI) in the unsaturated
zone and aquifer. Xu et al.l*? analyzed the effect of
soil pH on the migration, morphological transformation
and oxidation of Cr(IlI). The above research reveals
the migration and transformation of Cr(VI) in the soil-
water medium under different conditions, but the
migration parameters of Cr(VI) in the soil are not
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obtained. In addition, the adsorption test generally
adopts a small solid-liquid ratio, and the measured
results are quite different from the soil-column test,
which cannot accurately reflect the actual adsorption
capacity of soil for pollutantst*®l. Few studies have
used the adsorption and soil-column tests for the com-
parative determination of Cr(VI) migration parameters
in silty clay.

With the rapid development of computer technology,
numerical simulation has become an important tool to
study the migration and transformation of groundwater
pollutantst**-8l. He et al.*®! used numerical simulation
to study the migration of Cu?* and Zn?* and the blockage
of bentonite engineering barrier in a tailings pond, and
the results showed that after 5 years, the maximum
migration distance of heavy metal ions reached 45 m,
and the blocking efficiency of 0.5 m thick bentonite
engineering barrier for pollutants exceeded 87%. LU
et al.?D established a two-dimensional numerical model
of steady flow in the study area and determined the
optimal location of permeable reaction walls in the
contaminated site. At present, most of the existing
studies use models to predict the migration dynamics
and trend of chromium slag leachatel?2%1, and rarely
consider the migration and transformation of Cr(VI) in
groundwater at the same time. The model parameters
are mostly determined empirically and less often determined
by experiments. In particular, there are few studies
regarding the effect of pollution source location on the
migration and distribution of Cr(VI) in groundwater.

In this paper, the chromium-contaminated site of a
ferroalloy factory was taken as the study object. The
distribution characteristics of soil and groundwater
pollution were obtained through field investigation.
Combined with adsorption, infiltration, and dispersion
tests, the adsorption characteristics and migration patterns
of Cr(VI) in silty clay samples were analyzed, and a
three-dimensional dynamic model of Cr(VI) migration
was established, considering convection, diffusion and
adsorption. Visual MODFLOW was used to carry out
three-dimensional visualization simulations of the
Cr(VI) migration and transformation process in ground-
water and to reveal the mechanism of Cr(VI)
migration and transformation in the contaminated site.

2 Site investigation and laboratory experiment

2.1 Survey of the chromium-contaminated site
2.1.1 Overview of the chromium-contaminated site

The chromium-contaminated site selected in this
paper is a ferroalloy smelter (as shown in Fig. 1). The
factory was built in 1958, officially put into production
in 1962, and it was completely eliminated in 2010.
There was a wet smelting production line for chromium
in the contaminated site. The long-term production and
randomly piled chromium slag in the chromium slag
yard resulted in severe Cr(VI) pollution in
groundwater in the research area.

According to the geological drilling data of the
chromium-contaminated site, the formation lithology
in the study area is miscellaneous fill, silty clay, medium

https://rocksoilmech.researchcommons.org/journal/vol43/iss2/7
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sand-silt, round gravel, and argillaceous siltstone from
top to bottom. The miscellaneous fill contains perched
water and receives recharge from atmospheric rainfall,
surface runoff and factory drainage; the silty clay layer
in the site is an aquiclude with poor permeability; the
medium sand-silt layer, round gravel layer beneath the
silty clay are the main confined aquifer, containing
medium pore water, and receiving overflow recharge
from atmospheric precipitation, artificial drainage and
lateral runoff recharge from groundwater.

Fig.1 Orientation diagram of the conta

2.1.2 Survey of groundwater in the chromium-
contaminated site

Based on the groundwater survey scheme, monitoring
wells were arranged to collect groundwater samples,
test the concentration of Cr(VI) in groundwater, and
determine the pollution distribution characteristics of
Cr(VI) in the site. In order to make the collected water
samples representative, the monitoring wells were cleaned
before sampling, and the groundwater samples were
collected after backflow and stored promptly in a low-
temperature incubator at 0—4°C for testing. The detection
method of water samples was in accordance with the
requirements of Standard for groundwater quality
(GB/T 14848-2017)[?41, and the determination of Cr(VI)
concentration was carried out according to the requirements
of Water quality-Determination of chromium (VI)-1,5
Diphenylcarbohydrazide spectrophotometric method
(GBI/T 7467-1987)%1. The coefficient of permeability
of the confined aquifer was determined based on the
field pumping test data.
2.2 Laboratory experiment
2.2.1 Experimental material

The soil samples used in the laboratory experiment
were taken from the above-mentioned ferroalloy plant,
and the sampling depth was 0-2 m. The basic physical
and chemical properties of the in-situ soil samples were
determined with reference to Standard for geotechnical
testing methods (GB/T 50123-2019)%¢1, as shown in
Table 1. According to the results of field survey, com-
position analysis and plasticity index results, it was
determined that the soil sample used in this laboratory
experiment was silty clay. X-ray fluorescence spectrometry
(XRF) was used to determine the chemical composition
of the soil sample, and the chemical composition of
the soil sample was measured as follows: SiO, 63.056%,
Al;03 19.483%, Fe,Oz 11.048%, K,O 1.979%, TiO>
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1.234%, SOz 1.178%, MgO 0.873%, Cr,03 0.315%,
Ca0 0.222%, Na;O 0.200%, P20s5 0.119%, MnO 0.083%,
Zn0 0.064%, and others 0.146%.

Table 1 Basic physicochemical properties of soil samples
Total

Natural

moisture N%t:rzgiltsry Specific Plli?;ti'tc I‘Illcr‘#lltd Plastic chromium Natural
content /(g-cm™d) gravity ot o index  content pH

1%
24.97 1.56 2.61

/(mg-kg™)
224 373 149 4396  4.93

Potassium dichromate (K2Cr.07) solution was used
to simulate the groundwater of the chromium-contaminated
site. In order to simulate the actual site conditions, the
initial concentration of Cr(VI) contaminant in the
infiltration and dispersion tests was set as 160 mg/L
according to the site groundwater investigation results.
The 2.83 g K2Cr,O7 (pure analytical grade) was dissolved
in a small amount of deionized water and then poured
into a 1 L volumetric flask to prepare 1000 mg/L
Cr(VI) mother liquor for later tests. The Cr(VI)
solution used in adsorption, infiltration and dispersion
tests were obtained by diluting the mother liquor, and
the solution was re-prepared every 15 d.

2.2.2 Specimen preparation

After natural air drying, the soil samples were
placed in an oven at 105°C for 24 h. After cooling to
room temperature, the samples were screened by a 0.5
mm sieve and stored in sealed plastic bags for the
adsorption test.

The soil-column samples for the infiltration—dispersion
test were prepared by static pressing. According to the
target dry density (selected according to the density of
the silty clay layer in the site), the natural air-dried soil
samples with the corresponding mass and known moisture
content were weighed and poured into the stainless
steel sample ring of the infiltration—dispersion device
(as shown in Fig. 2). The samples were pressed by the
electronic universal testing machine with a displacement
control method. The vertical loading rate was maintained
at 0.2 mm/min, and the soil sample was uniformly
compacted to the design position and stood for 1 h
under a constant volume condition to prevent the sample
from bouncing back. After unloading, a compacted
sample with a diameter and height of 5 cm and an
initial dry density of 1.5 + 0.02 g/cm® was obtained.

an
Note: (D—Base; @—Water inlet valve; )—Sample chamber;
@—Liquid outlet; ®—Constant head device; ©—Top cap;
(@—Piston; @—Porous stone; @—Soil sample;
—Pipette; AD—O ring.
Fig.2 Schematic view of the permeability
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and dispersion device

2.2.3 Experimental equipment and method

(1) Adsorption test

The adsorption characteristics of Cr(VI) on silty
clay surface at constant temperature were studied by
batch adsorption test, and the model parameters such
as distribution coefficient and retardation factor were
measured. In order to accurately determine the actual
adsorption capacity of silty clay on Cr(VI) , 9 samples
of 25 g adsorbed soil were respectively placed in a 250 mL
triangular flask. In the experiment, a comparatively
large solid to liquid ratio of 1:4 recommended by
Shackelford et al.”"! was adopted (referring to adding
4 mL Cr(VI) solution to 1 g soil sample), and the pH
value was 5.6. The initial concentration of Cr(VI)
increased from 10 mg/L to 1000 mg/L, and one group
was distilled water control group. The triangular flasks
containing the samples were numbered and oscillated
in a 25°C constant temperature oscillation box at 180
r/min for 24 h. After that, the supernatant was
centrifuged for 10 min, and the concentration of Cr(VI)
in the centrifuged supernatant was determined by the
diphenylcarbohydrazide spectrophotometric method?],
The adsorption capacity of soil on Cr(VI) g, is

(GG (D
m

where C, is the initial concentration of Cr(VI)
solution (mg/L); C, is the concentration of Cr(VI) in
centrifuged supernatant (mg/L); V is the volume of
solution (L); and m is the soil mass (g).

(2) Infiltration and dispersion test

The infiltration—dispersion test apparatus was self-
designed, as shown in Fig. 2. A saturated permeability
test was carried out by the constant head method. When
the coefficients of permeability calculated over adjacent
long periods were constant, the permeability was con-
sidered to be stable, and the coefficient of permeability
of the soil sample was calculated according to Eq. (2),

_4_Lth 2
Al AhAt
where k is the coefficient of permeability (cm/s); q is
the seepage flow (cm?/s); i is the hydraulic gradient; A
is the cross-sectional area of sample (cm?); L is the
height of sample (cm); V: is the volume of solution
flowing through the sample within t (cm®); Ah is the
hydraulic head difference (cm); and t is the time ().

A Cr(VI) solution of 160 mg/L or 1 000 mg/L was
introduced into distilled water after the completion of
saturation and during the stable permeation. The
coefficient of permeability of soil samples under the
infiltration of Cr(VI) solution with different concentrations
was determined. During the infiltration of Cr(VI)
solution, the solution in the measuring cylinder was
collected regularly, and the concentration of Cr(VI) in the
effluent was determined by the diphenylcarbohydrazide
spectrophotometric method. When the concentration of
Cr(VI) in the effluent was close to that of the initial
solution, the test was stopped. Combined with the




Rock and Soil Mechanics, Vol. 43 [2022], Iss. 2, Art. 7

HE Yong et al./ Rock and Soil Mechanics, 2022, 43(2): 528-538 531

breakthrough curve model of pollutants proposed by
Van Genuchten et al.?®l the parameter inversion
method was adopted to determine the hydrodynamic
dispersion coefficient and retardation factor of Cr(VI) in
the sample. Meanwhile, based on the cumulative mass
approach for column testing proposed by Shackelford??,
the retardation factor was calculated by the graphic
method.

3 Numerical simulation

3.1 Simulation model

In this paper, the migration distribution characteristics
of Cr(VI) in groundwater were simulated by the
MODFLOW-2005 and MT3DMS modules in the
numerical software Visual Modflow Flex 6.1. The model
area was rectangular, 345.770 m long, 202.720 m wide,
and 20.937 m deep. According to the stratigraphic
distribution of the site, the model was vertically divided
into five layers: (i) miscellaneous fill layer, (ii) silty
clay layer, (iii) medium sand-silt-round gravel layer,
(iv) strongly weathered mudstone and (v) moderately
weathered mudstone, as shown in Fig. 3. Only the
migration of pollutants in the saturated zone was
considered in this study, hence the migration of Cr(VI)
in the medium sand-silt-round gravel layer aquifer was
simulated. With reference to the hydrogeological condi-
tions of the research area, the constant head boundary
conditions were given for the model. Since the aquifer
had a certain embedment depth, the evaporation effect
was neglected. Through field survey and head calibration,
it was determined that the northwest boundary head
was 51 m and the southeast boundary head was 50 m.
Considering the rainfall infiltration recharge of the
aquifer, the average annual rainfall in the study area was
2 483 mm, the rainfall infiltration recharge coefficient
was 0.1, and the calculated rainfall infiltration recharge
was 248.3 mm/a.

The shallow groundwater movement in the model
region was simplified as a three-dimensional stable flow
and described by the groundwater flow differential
equation:

i(kxﬁj+i[k @j+i(k2@)+qs=ssa—h (3
ox\ “ox) oy\ Yeoy) ez\ "oz ot
where h is the water level of the aquifer (m);
k., k,andk, are the coefficients of permeability (m/s)
in the x, y and z directions, respectively; g, is the
source/sink term (s); and S, is the water storage
rate (m™).

Considering the convection, dispersion, adsorption
of aquifer medium, and fluid source/sink term of
groundwater in the study area, a convection—dispersion—
adsorption three-dimensional solute migration partial
differential equation was established to describe the
migration of Cr(VI) in groundwater*4-2],

or, % = 0 Lao ac] % (qC)+

o ol ox, ) ox (4)

qscs - j’.Lec - ﬂzpba
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where @ is the porosity; R, is the retardation factor;
C is the dissolved concentration (g/m®); D; is the
tensor of hydrodynamic dispersion coefficient (m?/s);
g; is the Darcy speed (m/s); C, is the concentration
of source/sink (g/m?); 4, is the reaction rate constant
of the dissolved phase (s); 4, is the reaction rate
constant of the adsorbed phase (s™); p, is the bulk
density of the porous medium (kg/m®); and C is the
adsorption concentration (mg/g), which is a function
of the dissolved concentration C according to the
adsorption isothermal relationship.

EIC\’a[iUrl Z/m

-

Note: (D—Miscellaneous fill; @—Silty clay; G—Medium sand-silt-round
gravel; (@—Strongly weathered mudstone; 6—Moderately weathered
mudstone.

Fig.3 Three-dimensional stratigraphical structure model
of the site

3.2 Model assumptions and parameters

It is assumed that the initial concentration of Cr(VI)
in the model region was 0, and the pollution source was
a 10 mx10 m regional source with a constant concentration
of 120 mg/L. The pollution sources were set at the
lower right corner (upstream), and upper left corner
(downstream) of the model, and the site environment
was assumed to be isothermal. At the same time, it is
assumed that the stratigraphic medium in the same
direction is uniform, and the molecular diffusion effect
of Cr(VI) in the aquifer was not considered due to the
large coefficient of permeability of the medium sand-
silt-round gravel layer. The selection of model calculation
parameters was mainly based on field experiments,
laboratory experiments, research reports and literature™-34,

Calculation parameters included the initial coefficient
of permeability of the medium sand-silt-round gravel
layer aquifer, aquifer characteristic parameters and
pollutant migration parameters, and the specific values
are shown in Table 2. The coefficient of permeability
was determined through the single on-site single hole
steady flow pumping test. The coefficients of permeability
in the X and Y directions are the same, and the coefficient
of permeability in the Z direction was 1/10 of the
horizontal coefficient of permeability®. The bulk
density was obtained by laboratory experiments, and
other parameters were referred to the literaturef°-3,
Based on the Visual MODFLOW PEST module, par-
ameters were calibrated to obtain the groundwater
seepage field and distribution after calibration. The ratio
of transverse dispersity to longitudinal dispersity was
0.1, and the ratio of vertical dispersivity to longitudinal
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dispersivity was 0.01(3-34,
Table 2 Parameters of medium sand-silt-round gravel aquifer
used for calculation

Horizontal

Water

coefficient of storage Effective Total Longitudinal  Distribution Bulk
permeability rate Sg porosity porosity  dispersity  coefficient K,  density p,
. K, \ iy e Oy /m (Lmgd)  Akgm)
m-s-
8.3x10*  1x10™* 0.4 0.43 0, 13,130 1.3x10 2000

4 Results and discussion

4.1 Survey of groundwater in the contaminated site
The testing results of confined pore water in the
contaminated site are shown in Table 3.

Table 3 Statistics of analysis and testing results of confined
groundwater

Total Over

number Number of standard Maximum Minimum Mean
of overstandard rate  /(mg-L?) /(mg-L?) /(mg-LY)

analysis 1%

Relative
deviation
1%

Test ST
OPESmg.LY)

Cr(VI) 0.10 45 23 51.1 109 <0.01 21.20 30.60
As  0.05 44 NC NC NC NC NC NC

Pb  0.10 44 0 0.0 0.02 <0.01 0.02 0.00
Mn  1.00 44 16 364 223 <0.01 211 398
Zn  5.00 44 0 0.0 096 <0.01 009 022

Note: NC indicates that it is lower than the laboratory detection limit and has
not been calculated.

Among all the over standard indexes, Cr(VI) had
the highest over standard rate of 51.1%, and the over
standard multiple was up 1000 times. The next highest
over standard rate was 36.4% for manganese, and the
over standard multiple was as high as 22 times.

The field pumping test showed that the coefficient
of permeability of the aquifer was 4.71x107°-8.3x
10~ m/s.

4.2 Migration and transformation test of hexavalent
chromium
4.2.1 Batch adsorption test

Figure 4 shows the static equilibrium adsorption
curve of Cr(VI) on the silty clay sample. With the
increase of the initial concentration of Cr(VI), the amount
of Cr(VI) available in the solution for soil adsorption
increased, and the amount of Cr(VI) absorbed in the
silty clay also increased rapidly and finally tended to
equilibrium.

500 1

400

300 |

200

g./(mg - kg™?)

100

0 1 1 1 1 J
0 200 400 600 800 1000

C/(mg -« L)
Fig.4 Adsorption isotherm of silty clay for Cr(VI)

The Langmuir, Freundlich, D-R, and Henry models®>1

Published by Rock and Soil Mechanics, 2022

were used to fit the adsorption isotherm, and the fitting
parameters and the retardation factors calculated by each
model are shown in Table 4. The correlation coefficient
R? of the Langmuir model was 0.988 (as shown in
Fig. 5), which was the closest to the experimental data.
The adsorption capacity of the silty clay was 361.01 mg/kg.

Table 4 Adsorption isotherm parameters of Cr(VI) on silty

clay
Ad%%ré’éic’” Fitting equation Parameter selection
a=0.017 L/mg
1.1 /= 36101 mg/kg
Langmuir q, afC, B R 1P af
,=1+22 - =
R? =0.988 n (1+aC)

1+21.661x(1+0.017 C)2

K; =1.338x10° L/mg

N=0.6

Freundlich g, = K.C," , R =0.861 P

R, =1+ K NCM =
n

1+28.33 C04

In(g,) = In(q,,) - Ke*,

D-R
E - ,R?=0.913

V2K

K = 0.007 mol?/kJ?
E = 8.45 kJ/mol

K, =%&= 2.63x10° L/mg

Henry g, =K,C,,R*=0.859 ¢
R, =1+22K, =10
n

y=a+hx

1/, /(kg - mg™)

0.00 ! ! ! ! )
0.00 0.05 0.10 0.15 0.20 0.25

1/Ce /(L - mg™)
Fig.5 Langmuir adsorption isotherm of silty clay for
Cr(VI)

The constant of the Freundlich model was N = 0.6,
which was consistent with the study of Sharma et al."),
indicating that the adsorption of the silty clay on Cr(VI)
in within the initial concentration range selected in this
paper was nonlinear. The maximum adsorption capacity
(q,,) calculated by the D-R model was 1320.8 mg/kg,
which was about 4 times the adsorption capacity calculated
by the Langmuir model. This was because the D-R
isothermal adsorption model was based on the assumption
that the adsorbate was completely filled in the pores of
the adsorbent. According to the calculation results of the
D-R model, the equilibrium adsorption free energy was
8.45 kJ/mol, indicating that the adsorption mechanism
of silty clay for Cr(VI) was ion exchangel®-39,

By comparing the above four static equilibrium
adsorption models, it could be found that the adsorption
of Cr(VI) by silty clay was more in line with the Langmuir
model, and the maximum adsorption capacity calculated
by the Langmuir model was the closest to the test results.
Among them, the equilibrium adsorption free energy
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of the D-R model could explain the adsorption mechanism
of Cr(VI) by silty clay. In addition, the fitting results
showed that when the equilibrium concentration of the
solution was less than 200 mg/L, the adsorption of Cr(VI)
by silty clay conformed to Henry's linear adsorption,
and the adsorption distribution coefficient K, =2.63x
10 L/mg and the retardation factor R, =10 were
calculated according to the linear adsorption model.
When the initial solution concentration was 160 mg/L,
combined with the calculation formula in Table 4, the
retardation factors calculated by the Langmuir and
Freundlich models were 4.2 and 5.6, respectively.
4.2.2 Infiltration—dispersion test

The variation of the coefficient of permeability of
soil samples under the infiltration of distilled water
and Cr(VI) solution with different concentrations is
shown in Fig. 6. From the figure, the coefficients of
permeability of soil samples under the infiltration of
distilled water and 160 mg/L Cr(VI) solution were close
to each other, ranging from 6.5x107-6.7x10~" cm/s.
When the concentration of Cr(VI) solution increased
to 1 000 mg/L, the coefficient of permeability of the
soil sample increased to 4.4x107° cm/s, indicating that
the coefficient of permeability of silty clay increased
under the effect of high concentration chemical solution.
This might be because, under the effect of high
concentration Cr(VI), the thickness of the diffusion
electric double layer on the surface of clay mineral
particles became thinner, and the effective porosity
increased™],
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Fig.6 Variation of coefficient of permeability of silty clay
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The breakthrough curve of Cr (VI) in silty clay is
plotted in Fig. 7. The breakthrough curve of Cr(VI) in
the soil sample is S-shaped, and the change of Cr(VI)

https://rocksoilmech.researchcommons.org/journal/vol43/iss2/7
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concentration in effluent with time could be divided
into three stages. Stage 1: when t <166 h, Cr(VI) was
not detected in the effluent. Before the dispersion test,
the pores of the soil sample were saturated with distilled
water. After 160 mg/L Cr(VI) solution was introduced,
the effluent was displaced by distilled water. Therefore,
the concentration of Cr(VI) in the effluent at the initial
stage of the test was 0. However, the accumulative
outflow volume of the solution in the first stage was
5.46 pore volumes (as shown in Fig. 8), indicating that
with the infiltration of the solution, Cr(VI) was
adsorbed and retained in the pores by the soil sample or
undergone chemical interactions such as dissolution
precipitation and redox with the soil, resulting in that
Cr(VI) was detected in the outflow after 166 h. Stage 2:
when 166 h<t< 552 h, CrVI) in the soil column
reached a certain lower limit of accumulation
concentration, and Cr(VI) began to flow out gradually.
With the increase of Cr(VI) accumulation
concentration in the soil column, the concentration of
Cr(VI) in the effluent increased rapidly. Stage 3: when
t>552 h, the concentration of Cr(VI) in the effluent
was close to the initial concentration of Cr(VI)
solution, the adsorption of Cr(VI) by the soil sample
basically reached saturation, the accumulation
concentration of Cr(VI) in the soil column reached the
upper limit, and the concentration of Cr(VI) in the
effluent generally stopped changing.
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The hydrodynamic dispersion coefficient of Cr(VI)
in the soil sample obtained by the parameter inversion
method was 1.4x10™* m?/d, which was in good agree-
ment with the available literature results®sl. However,
the retardation factor of soil on Cr(VI) obtained by the
parameter inversion method was 9.32, which was quite
different from the retardation factor calculated by the
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Langmuir and Freundlich models in the adsorption test
(4.2 and 5.6, respectively). In order to further explore
the influence of different calculation methods on the
determination of pollutant migration parameters, the
cumulative mass method was used to calculate the
retardation factor and compared with the above results.

The cumulative mass curve of Cr(VI) in the soil
sample is shown in Fig. 8, and the relevant calculation
parameters are shown in Table 5. The retardation factor
was calculated based on the relationship between the
cumulative mass rate of Cr(VI) through the soil
column and the parameter T in a certain time. The T
value obtained by extending the straight-line part of
Fig.8 to the X-axis was defined as T,,R;=T,. As
shown in Fig. 8, the test results in this paper were
consistent with those described by Shackleford®®l, When
T > 8, the cumulative mass rate basically increased in
a positive proportional R, =T, =10. The retardation
factor calculated by the cumulative mass method was
the same as that calculated by Henry linear adsorption
model in the adsorption test and was also consistent
with the results obtained by the parameter inversion
method, indicating that the larger solid-liquid ratio of
1:4 in the adsorption test in this paper was more consistent
with the actual adsorption conditions of the soil.

Table 5 Parameters needed to calculate retardation factor
by the cumulative mass method

Length Average

Pore volume Test  Total fluid e Seepage
C, ofthe ; coefficient of ;
_ time pore volume e velocity v
/(mg-L™*) sample Py permeability k st
Jem lem /h T Jem-s) I(cm-s™)
160 5 4170 352.35 11.57 6.46x10~7  4.56x10°°

4.3 Numerical simulation analysis
4.3.1 Hexavalent chromium migration in the contaminated
site

Without considering the adsorption of Cr(VI) by the
medium sand-silt-round gravel aquifer, a regional pollution
source with an area of 10 mx10 m was set up at the
upstream and downstream of the study area simultaneously
(lower right corner and upper left corner of the model).
The distribution of Cr(VI) pollution plume in ground-
water after 30 and 730 d is shown in Fig. 9.

As can be seen from Figs. 9(a) and 9(b), Cr(VI) spread
in a plume-like manner diffusion in the upstream and
downstream regions. When the time increased from 30 d
to 730 d, the distribution range of Cr(VI) pollution
plume gradually increased. The difference was that
under the influence of upstream pollution sources, the
vertical distribution range of the pollution plume was
large, and the tail color of the pollution plume was light.
The farther the distance from the upstream pollution
source, the lower the concentration of Cr(VI), and the
concentration of Cr(VI) in groundwater had an
obvious decaying trend with the increase of distance.
When the pollution source was located downstream,
the vertical distribution of the pollution plume was
small and more concentrated. However, when the time
increased from 30 d to 730 d, the pollution plume
would expand from the downstream to the upstream;
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the concentration at the location of the pollution source
remained at the initial concentration value of 120 mg/L
input in the model (see the red pollution plume at the
downstream in Fig. 9). Regardless of the distance from
the downstream pollutant
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Fig.9 Spatial and temporal distribution of Cr(VI)
in aquifer when the pollution sources are located
upstream and downstream

pollution source, the color of the pollution plume in the
figure changed little, and the Cr(VI) concentration
basically tended to be the same. The simulation results
showed that even without considering the diffusion of
Cr(VI) molecules, when the pollution source was located
downstream of the site, the Cr(VI) pollution plume could
still expand to the upstream area in a large area with
the increase of time, and the Cr(VI) concentration in
groundwater tended to be uniform. The decrease of
concentration with increasing distance was not significant.
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In fact, the migration mechanism of Cr(VI) in ground-
water mainly included convection and dispersion. When
the pollution source was located upstream of the site,
Cr(VI) migrated from the upstream to the downstream
with groundwater, and the process was mainly controlled
by convection, with an extensive vertical distribution
range of the pollution plume. At the same time, the
pollutant concentration was fully diluted with the water
flow, and the pollutant concentration gradually decreased
with the increase of distance. When the pollution source
was located downstream of the site, most pollutants
migrated downstream with the water and did not enter
the upstream area. However, due to the different pore
paths and velocities of fluid particles in the aquifer
medium, the water containing solutes moved at different
speeds, the two water bodies would mix along the flow
path, the solute concentration front expanded laterally and
longitudinally simultaneously, and Cr(VI) produced
mechanical dispersion in the aquifer. The dilution effect
of water flow in this process was weak, coupled with
the flat topography of the site (the northwest boundary
head was 51 m, and the southeast boundary head was
50 m), the convection effect was weak and the distribu-
tion of Cr(VI) concentration in groundwater was more
concentrated, and the pollutant concentration values
were still at a high level farther away from the pollution
source. This phenomenon was affected by the dispersity
of aquifer, and the larger the dispersity of aquifer, the
larger the area of the pollution plume extended from the
downstream to the upstream by mechanical dispersion.

In order to verify the above process, the aquifer
dispersity in the model was set to 13, and the other
parameters remained unchanged. The simulation results
are shown in Figs. 9(c) and 9(d). As can be seen from
Fig. 9, when the pollution source was located upstream,
the distribution pattern of Cr(VI) pollution plume was
relatively consistent with the previous simulation results
(as shown in Figs. 9(a) and 9(b)), and only the vertical
distribution range was reduced, which is due to the smaller
dispersity. When the pollution source was located
downstream, after the dispersion was reduced by 10 times,
the distribution range of the pollution plume was greatly
reduced, indicating that the migration and distribution
of the pollution plume were closely related to the dispersion
of the aquifer. In order to prove that this conclusion
was irrelative to the location of the pollution source
set at the end of the calculation area, further numerical
calculations were carried out considering only the
effect of groundwater convection and without considering
the mechanical dispersion of the aquifer (assuming
that the dispersity was 0), and the obtained results are
shown in Fig. 10. The results showed that Cr(VI)
migrated downstream with the groundwater convection
and moved forward in a piston flow with almost constant
concentration without considering the effects of mechanical
dispersion and molecular diffusion, under the action of
upstream pollution sources. However, the Cr(VI) pollution
plume located downstream no longer extended to the

https://rocksoilmech.researchcommons.org/journal/vol43/iss2/7
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upstream when the dispersivity was 0. Compared with
Figs. 9 and 10, it can be seen that the pollution plume
did not expand in the opposite direction of groundwater
flow when mechanical dispersion and molecular diffusion
were not considered.
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Fig. 10 Spatial and temporal distribution of Cr(VI)
in aquifer only considering convection

4.3.2 Hexavalent chromium migration considering
adsorption

When the pollution source was set at upstream of
the site. The contour of Cr(VI) mass concentration with
considering adsorption and without considering adsorp-
tion is shown in Fig. 11.
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0 |
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(a) Without considering adsorption

t=730d, a=130 m, K4=1.3x10° L/mg

0
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X/m

(b) Considering adsorption
Fig.11 Mass concentration isolines of Cr(VI) without
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considering adsorption and with considering adsorption

Figure 11 illustrates that under the same calculation
parameters, regardless of the adsorption of Cr(VI) by
aquifer media (K, =0 L/mg), the transverse diffusion
distance of the pollution plume was 35 m, the longitudinal
diffusion distance was 120 m, and the diffusion area was
about 4200 m? after 730 d. Compared with Figs. 11(a)
and 11(b), the adsorption of Cr(VI) by aquifer was
regarded as linear isothermal adsorption (K, =1.3x
107 L/mg). After 730 d, the transverse diffusion
distance of the pollution plume was 17 m, the longitudinal
diffusion distance was 60 m, and the diffusion area was
about 1020 m?. In conclusion, considering adsorption,
the diffusion range of Cr(VI) was reduced by 76%,
and the distribution area of the high-concentration
pollution plume is obviously reduced.

In order to further analyze the influence of adsorption
on the temporal and spatial distribution of Cr(VI), several
points were selected to form a line segment along the
migration direction of the pollution plume (as shown
in Fig. 11). The concentration distribution of Cr(VI) at
each point on the line segment is shown in Fig. 12.
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Fig.12 Concentration distribution of Cr(VI) at different
locations in the study area without considering adsorption
and with considering adsorption (730 d)

When considering the adsorption of Cr(VI) by the
aquifer medium, the concentration of Cr(VI) at each
point was less than that at the same position without
consider- ing the adsorption. As shown in Fig. 12,
when Cr(VI) was diffused horizontally for 7 m and
vertically for 35 m, the maximum difference of Cr(VI)
concentration in the aquifer obtained by numerical
calculation was 24 mg/L, which was about 20% of the
initial concentration. The above study indicated that in
addition to considering the convection—dispersion of
pollutants when predicting the concentration
distribution of Cr(VI) in groundwater, it was also
necessary to focus on the adsorption of Cr(VI) by
aquifer media and to determine the adsorption mode
and adsorption parameters of Cr(VI) by aquifer media
through laboratory experiments.

5 Conclusion

In this paper, the migration and transformation of
Cr(VI) in silty clay and aquifer were studied by field
survey, laboratory experiment and numerical simulation,
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and the main conclusions are as follows:

(1) The field survey showed that the groundwater
in the chromium slag site of the ferroalloy plant in this
study was mainly polluted by Cr(VI) and Mn(II).
Under the selected test conditions, the adsorption of
Cr(VI) by silty clay conformed to the Langmuir
isothermal adsorp- tion model, the maximum adsorption
capacity was about 466.6 mg/kg, and the adsorption
mechanism was ion exchange.

(2) Under the infiltration of low concentration Cr(VI)
solution, the coefficient of permeability of silty clay
sample did not change much; under the infiltration of
high concentration Cr(VI) solution, the coefficient of
permeability of silty clay sample increased. The hydro-
dynamic dispersion coefficient and retardation factor
were fitted by van Genuchten and Parker convection—
dispersion analytical solutions. The fitted retardation
factor was basically consistent with the retardation
factor calculated by the cumulative mass method of
soil column test and Henry adsorption model and was
quite different from the Langmuir and Freundlich models.

(3) Even if the pollution source was located in the
downstream area of the site, the pollution plume could
still extend from the downstream to the upstream of the
site through mechanical dispersion, resulting in upstream
groundwater pollution. The degree of pollution depended
on the dispersity of the aquifer.

(4) Considering the stratigraphic adsorption, the
calculated pollutant concentration and pollution plume
area were reduced, and the interaction between Cr(VI)
and the site geotechnical medium should be considered
in the formulation of groundwater pollution prevention
and control and remediation schemes.
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