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ABSTRACT

A permeable reactive barrier (PRB) remediation test trough with coarse sand-supported zero-valent
iron (ZVI) composite filler was designed and built. Considering the convection-dispersion and chem-
ical reaction of 2,4-dichlorophenol (2,4-DCP) in groundwater, a coupled model of chemical reaction
and solute transport of 2,4-DCP was built. The adsorption kinetics data of 2,4-DCP were fitted, the
results showed the pseudo-second-order kinetic model could better describe 2,4-DCP adsorption
process than the pseudo-first-order kinetic model. The model parameters were determined by static
adsorption test and continuous flow dynamic tracer test. Compared with the linear model and the
Langmuir model, the Freundlich model fits better with the adsorption test data, it shows that the
adsorption of 2,4-DCP by coarse sand and coarse sand-supported ZVI filler was more in line with
the Freundlich model. A Freundlich model showed a satisfactory fit to the equilibrium adsorption
data with a correlation coefficient R? = 0.968 for coarse sand and R? = 0.954 for coarse sand-supported
ZVI. The adsorption coefficient K, of 2,4-DCP on coarse sand and coarse sand-supported ZVI are
4.456 x 10 and 0.00846 respectively, the dispersion coefficient is 0.345 cm?/min, the porosity is 0.38,
the specific yield is 0.1, the permeability coefficient is 4.15 x 102 cm/s, and the seepage velocity is
1.245 x 10* cm/s. The FEMWATER software and the TOUGHREACT software are used to calculate
the coupling model to simulate the migration and transformation process of 2,4-DCP in ground-
water. The results show that the calculated values by software TOUGHREACT do not agree well
with the measured values for the failure zone of composite filler, the values calculated by software
FEMWATER has better fitting effect with the measured values.
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1. Introduction

2,4-dichlorophenol (2,4-DCP), as one of the chlorophe-
nols, has strong toxicity, carcinogenicity, and mutagen-
icity. It is difficult to biodegrade and easy to accumulate
in animals. It is widely used in the production of wood
preservatives, herbicides, insecticides, etc. Once entering

* Corresponding author.

the environment, it accumulates and imposes long-term
adverse effects on human health and the ecological environ-
ment [1-3]. Therefore, it is listed as a priority pollutant by
US Environmental Protection Agency (EPA) and European
Environment Agency (EEA) [4] and is blacklisted as a pri-
ority pollutant in water by China National Environmental
Monitoring Center (CENMC). It is an important and urgent
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task to study the removal of organic pollutants, especially
chlorinated compounds of groundwater [5].

The conventional technology used to remediate contami-
nated groundwater has been the ‘pump-and-treat’ (P&T) sys-
tems. However, clean-up goals have hardly been met with
this technique [6]. Thus a large number of research papers
on pollutant removal in groundwater have been published
in the past 30 years. Permeable reactive barriers (PRBs) are
a low-cost in-situ remediation technology for groundwater
pollution, which was proposed by the US Environmental
Protection Agency in the late 1980s. Its basic principle is to
insert reactive materials with physical, chemical, biological
functions or their combination functions into the under-
ground aquifer in a certain geometric form, and the upstream
contaminants are intercepted and treated in the barriers as
the plume flows through it under the influence of the natural
hydraulic gradient. As contaminated water passes through
the reactive zone of the PRBs, the contaminants are either
immobilized or chemically transformed to a more desirable
(e.g., less toxic, more readily biodegradable, etc.) state via
processes such as adsorption, precipitation, denitrification
and biodegradation [7].

Since the invention of PRBs in the early 1990s, granular
activated carbon, zero-valent iron (ZVI), red mud, fly ash,
peat, activated sludge, tree leaves, steel fibers from tires,
blast furnace slag, steel slag dust, plant shell and weed, bone
char, non-living biomass, maize cob, etc., are examples for
materials that can be used in the PRB for containment of the
pollutants [8]. The most common reactive materials are ZVI
[9,10]. In June 1996, a PRB was established at the contami-
nated site of the North Carolina Coast Guard Airport [11],
TCE decreased from 6 to 0.005 mg/L. If the system operated
continuously for 20 years, it would save 4 million dollars
compared with the traditional pump & treat system. Parbs
et al. [12] noted that soluble carbonates affected the long-
term removal of TCE by ZVI. Carbonate and bicarbonate
ions accelerated the corrosion of ZVI. At the same time,
due to the adsorption and precipitation of carbonate on the
surface of ZVI in this buffer system, the active sites of ZVI
were reduced. Li et al. [13] noted the removal rate of PCE by
ZVI can reach more than 80%. The removal of PCE by ZVI
treatment system has both chemical reaction and physical
adsorption. By 2010, there will be more than 200 ZVI PRB
projects worldwide, including more than 150 commercial
remediation projects [14].

In 1994, Gillham et al. [15] proposed for the first time that
ZVI can be used for in-situ remediation of groundwater and
chlorinated organic compounds can be effectively dechlo-
rinated by metallic iron. Since then ZVI gained increasing
attention due to its low toxicity, low price, easy operation and
less secondary pollution to the environment [16]. Especially
in the past decade, nanoscale zero-valent iron (nZVI) has
been extensively and deeply studied in in-situ groundwater
remediation due to its large specific surface area and strong
reductive activity [17-21]. However, the application of nZVI
is restricted by its easy passivation, easy agglomeration and
poor transport [22]. Therefore, the introduction of materi-
als with low reactivity, such as sand or natural minerals, to
fix ZVI is an effective measure to improve the permeability
of PRB. It can improve the specific surface area, adsorption
capacity and pollutant removal efficiency of ZVI [23]. The

research group prepared and characterized coarse sand-
supported ZVI composite filler and the result indicates that
2,4-DCP degradation by coarse sand-supported ZVI filler
follows the pseudo-second-order kinetic model and the deg-
radation effect is remarkable. The related research results can
be seen in the literature [24].

With the development of computer technology, numeri-
cal simulation of pollutant transport and groundwater flow
have gradually become an important method to study the
effect of groundwater remediation due to its flexibility, effec-
tiveness and low cost. The numerical simulation of contam-
inant transport in the PRB process is an important means to
evaluate the effect of PRB on the remediation of contami-
nated groundwater [25]. Weber et al. [26] used an enhanced
version of MIN3P to simulate dominating processes in
chlorinated hydrocarbons treating ZVI PRBs. The results of
model of field site demonstrated that temporarily enhanced
groundwater carbonate concentrations caused an increase
in gas phase formation due to the acceleration of anaerobic
iron corrosion. Benner et al. [27] evaluated and analyzed
the performance of a permeable reactive barrier, designed
to remove metals and generate alkalinity by metal sulfide
precipitation, by means of chemical analysis coupled with
geochemical speciation modeling using MINTEQA?2 code.
They reported that the dominant changes in water chemistry
in the barrier and down-gradient aquifer can be attributed to
bacterially mediated sulfate reduction. Deng et al. [28] con-
structed a 3D coupling model of groundwater seepage and
nitrate pollution migration by numerical analysis method
and simulated the nitrate remediation effect of Fe0-PRB in
groundwater by GMS software. The simulation results show
that the PRB of 6 m thick and 4 m thick can degrade the
nitrate from 600 mg/L upstream of PRB to 0.52 and 1.71 mg/L
respectively. Jeen et al. [29] applied the MIN3P model to
simulate the degradation of TCE by ZVI in an unsaturated
porous medium in PRBs and compared it with the observed
result of a long-term column test. The model successfully
demonstrates the dynamic change of iron reactivity and
contaminant treatment effect, and the research makes
remarkable headway in predicting the long-term behavior
of Fe-PRB. Eljamal et al. [30] established a one-dimensional
solute transport model coupled with chemical reactions to
simulate the process of removal of trivalent arsenic by ZVIin
PRBs column experiments. The simulation results show that
the adsorption rate of pentavalent arsenic is faster than that
of trivalent arsenic. ZVI can be used as an effective reagent
for in situ arsenic remediation in groundwater. There are
a great number of research publications about PRBs sim-
ulation with the solute transport model [31-33], and most
of them focus on heavy metal simulation. Up to now, the
simulation of solute transport for chlorophenols in the PRB
system has rarely been reported in the literature.

In the paper, considering the convection-dispersion and
chemical reaction of 2,4-DCP in groundwater, the chemi-
cal reaction-solute transport model of 2,4-DCP in PRB test
trough is constructed. The model parameters are determined
by static test, and the concentration of 2,4-DCP at PRB out-
let is determined by continuous flow dynamic PRB test.
The simulated values were calculated by TOUGHREACT
software and compared with the measured values to ver-
ify the correctness of the coupled chemical reaction-solute
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transport model, reveal the migration and transformation
laws of 2,4-DCP, simulate the remove effect of PRB technol-
ogy on 2,4-DCP, and provide effective data and theoretical
support for the PRB technology to remove chlorophenol
compounds in the field.

2. PRB test device with coarse sand-supported ZVI com-
posite filler

2.1. Construction of PRB remediation test device

As shown in Fig. 1, the PRB test device with coarse
sand-supported ZVI composite filler is composed of PRB
remediation test trough, water distribution tank, gas intake
tank, and gas collector. The PRB remediation test trough is a
plexiglass cuboid. The flow rate of the inlet and outlet can be
adjusted by the electromagnetic diaphragm metering pump.

The PRB remediation test trough consists of water
trough I, sand trough II and reaction medium trough III. The
water trough, 20 cm x 40 cm x 80 cm, with water inlet and
outlet adjustable by valves, is used to simulate groundwa-
ter level; the sand trough, 25 cm x 40 cm x 80 cm, with 1
to 2 mm coarse sand as filler and filling height of 72 cm, is
used to simulate groundwater aquifer; the reaction medium
trough, 30 cm x 40 cm x 80 cm, with coarse sand-supported
ZVI composite as filler (refer to literature [24] for detailed
preparation method) and filling height of 72 cm, is used
to simulate PRB for treatment of organic contaminants in
groundwater. In the sand trough and reaction medium
trough, there are 3 x 4 sampling holes with an inner diameter
of 2 cm respectively.

The water used in the test is untreated groundwater
taken from a deep well in Beijing. The concentration of the
prepared 2,4-DCP inflow water is 20 mg/L and the feeding
mode is continuous water feeding.

2.2. Debugging and operation of PRB remediation test device
2.2.1. Debugging of PRB remediation test device

Firstly, water is injected slowly through the liquid flow-
meter from the bottom of the test trough to exhaust and
saturate the test trough. When the water level in the test
trough reaches 3-4 cm high from the bottom of the coarse
sand layer and the reaction medium layer, stop water injec-
tion and keep it stable for a certain time to ensure complete
exhaust. When the water level in the test trough is stable,
the water level will be raised by 3 to 4 cm by water injection
until the sand layer and the reaction medium layer in the test
trough are immersed. Finally, after the test trough is fully
saturated, close the bottom water injection valve of the test
trough, and open the inlet and outlet solenoids respectively
for groundwater lever regulation. When the water level dif-
ference between the two sides is 3 mm, the hydraulic gradi-
ent is 3%eo.

2.2.2. Operating conditions of PRB remediation test device

PRB remediation test trough is shaded with cellophane
and filled with argon to create a closed groundwater reduc-
tion environment, avoiding photolysis of 2,4-DCP and oxi-
dation of reaction medium. Continuous automatic water
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Fig. 1. PRB remediation test device. I. Water trough; II. Sand trough; and III. Reaction medium trough.
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intake of the test trough is achieved by metering pump.
The influent concentration of 2,4-DCP was 20 mg/L, the
influent velocity was 1.2 L/h and the influent volume was
0.0288 m?/d. The groundwater level of the PRB remediation
test trough is controlled at 67 cm. The concentration of 2,4-
DCP was analyzed at 12 sampling holes and outlets. At the
same time, the changes of pressure measuring tubes in 12
holes were monitored to determine the groundwater level
in the test trough. When the concentration of 2,4-DCP in the
effluent reaches 20 mg/L, the test is stopped.

2.2.3. Adsorption kinetics of 2,4-DCP

For the core-shell structure of coarse sand-supported ZVI
composite in batch experiments, concentration-time curve of
2,4-DCP in groundwater is presented in Fig. 2.

It can be seen from Fig. 2 that the concentration of 2,4-
DCP decreases first, then rises, and then decreases con-
tinuously. It shows that the complex process of degrading
2,4-DCP by ZVI on the surface of composite fillers includes
adsorption, desorption and reductive dechlorination of 2,4-
DCP [24]. Firstly, The Si component in the composite mate-
rial has a great influence on the adsorption. Si can improve
the surface hydrophobicity of composite materials, which
leads to the preferential adsorption of organic compounds
[34]. At this stage, 2,4-DCP is adsorbed by a large amount
of ZVI and sodium alginate in the composite filler. Secondly,
there is a complex competitive process between adsorption
and desorption. Some adsorbed 2,4-DCP is desorbed from
the surface of composite fillers [35]. Finally, the dynamic
equilibrium between adsorption and desorption was estab-
lished. Therefore, the reduction dechlorination reaction was
the main route in the degradation of 2,4-DCP by composite
fillers. The pseudo-first-order kinetic model was described as
follows.

ln(qg —q,)zlnqt, -kt O

The pseudo-second-order kinetics model should be
described as follows.

SIS @)

qy - qi qe

where k, (min™) and k, (g mg™ h™) is the adsorption rate con-
stant. g, and g, (mg g™) are the amounts of 2,4-DCP adsorbed
over composite at equilibrium and time f (min), respectively.

The data of 2,4-DCP adsorption kinetics are fitted by
pseudo-first-order kinetics model and pseudo-second-order
kinetics model. The adsorption rate constants and adsorption
capacity are shown in Table 1.

From Table 1, we can see that the correlation coefficient R?
of the pseudo-second-order kinetics model is closer to 1 than
that of the pseudo-first-order kinetics model. It implies that
adsorption of 2,4-DCP follows a second-order kinetics model
and the control mechanism of adsorption reaction is chemi-
cal adsorption of surface reaction. When chlorinated organic
compounds are treated with ZVI, oxidation of ZVI and Fe(II)
provide electrons for dechlorination [36].
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Fig. 2. Degradation process of 2,4-DCP in groundwater.

Table 1
Adsorption kinetic parameters of 2,4-DCP in groundwater

Pseudo-first-order Pseudo-second-order

qe kl RZ qL’ k2 R2

(mgg™) (min™) (mgg™) (gmg'h)

0.0078  0.06188 0.9670 05050  0.2149 0.9972
Fe+R-Cl+H" > Fe” +R-H+Cl" 4)
2Fe* +R-Cl+H,0 - 2Fe’ +R-H+Cl (5)

3. Conceptual model of 2,4-DCP chemical
reaction-solute transport

3.1. Model conceptualization

In this study, the PRB remediation test trough is taken
as the research object, and its hydrogeological conditions
are simple. The filling media for sand trough and reaction
medium trough are coarse sand and coarse sand-supported
ZVI composite filler respectively, which can generalize the
groundwater flow in the PRB remediation test trough into
the homogeneous, isotropic and steady phreatic water flow.
Considering that the water surface of the PRB test trough
is relatively flat and the flow is horizontal, the vertical and
transverse components of seepage velocity can be neglected,
so it can be simplified to one-dimensional flow.

In the simulation, according to the distribution of PRB
reaction, it is determined that the simulation range of the
PRB test trough with 80 cm length, The water trough at either
side of the PRB test trough is generalized as the boundary
of fixed water level, and the top, bottom and side bound-
aries of the test trough are generalized to zero flux and
concentration boundaries.

According to continuous-flow test, the left water trough
is generalized as the boundary of fixed concentration and
fixed head, the right water trough is generalized as the
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boundary of fixed concentration and fixed head, and the
groundwater and 2,4-DCP are sourced from the left water
trough through lateral feeding based on model input.

The simulation range is divided into coarse sand range
and reaction medium range. For grid cell generation in
the coarse sand range, one grid cell is generated for every
2 cm, so there are 26 grid cells in coarse sand range in total
at both sides; For reaction medium range which is the pri-
mary range for 2,4-DCP reaction, one grid cell is generated
for every 1 cm, so there are 30 grid cells in reaction medium
range; therefore, there are 56 grids in the simulation range.
Because TOUGHREACT is capable of adaptive time-step-
ping, the time step is determined as 1 h, and the simulation
lasts for 50 d.

3.2. Numerical groundwater flow model

Based on the conceptual model of groundwater and the
determination of initial and boundary conditions of the PRB
simulation range, the numerical groundwater flow model is
constructed as follows:

0 oH oH
x5 w5
0<x<08 ©6)

H(x),,=H(x).
=H, t>0

(x).

where x is the direction along the water flow direction, ¢ is
time, K is permeability coefficient, Z is groundwater floor
elevation, H is groundwater level, W(t) is source-sink term,
W is specific water yield, H(x) !, is the water head of the grid
when t = 0, H(x) is the water head of grid point, I', is the
boundary of fixed water level of the PRB remediation test
trough, H (x,if)‘r is the water head value at boundary at the

time ¢, and Hl(x,i‘) is the elevation of grid.

3.3. Model of solute transport

Based on the full consideration to the joint influence of
multiple factors including flow, hydrodynamic dispersion,
adsorption, the coupling model of 2,4-DCP transport in
groundwater is constructed as follows:

aC_a(DaC]—a(ch)ﬂscs—A

ot ox\_ ox) ox'° n
C(x,0)=C,(x), 0<x<0.8 ()
Clxt)| =C (xt), t>0

I

where C is the concentration of 2,4-DCP in groundwater,
C, is the initial concentration of 2,4-DCP in groundwa-
ter and C; = 0 in the research, C, is the Dirichlet bound-
ary concentration of 2,4-DCP in groundwater, coarse sand
is the concentration of 2,4-DCP in source-sink term, D is
dispersion coefficient, v_is the horizontal flow velocity of

groundwater, n is porosity, g, is volume flow rate per unit

volume, ;(D(’;C] is the hydrodynamic dispersion term,
x x

0 . . i . .
a—(vxC ) is the convection term, q—SCS is the source and sink
X n

items, A is the adsorption item.

3.4. Determination of parameters for chemical reaction —
solute transport coupling model

3.4.1. Determination of adsorption coefficient

Prepare two groups of conical flasks (each group has
seven flasks), fill sterilized coarse sand filler and coarse
sand-supported ZVI composite filler into each group of
flasks, add 100 mL 2,4-DCP solute prepared with pure water,
with concentration of 1, 2, 5, 10, 12, 15 and 20 mg/L, respec-
tively to the flasks, mix filler and solution, put the flasks in
thermostatic oscillator for reaction until reaching equilib-
rium, and take supernatant to analyze the concentration of
2,4-DCP.

The adsorption capacity of filler can be calculated
according to the following formula:

(Co*ce)

WV ©)

9. =

where g, is the adsorption capacity of filler for 2,4-DCP
adsorption, mg/g; C, (mg/L) is the initial concentration of
2,4-DCP in solution, mg/L; C, (mg/L) is the concentration of
2,4-DCP in adsorption equilibrium, V(L) is solution volume,
W(g) is the mass of filler.

The common isothermal adsorption models include
linear adsorption model, Freundlich adsorption model,
Langmuir adsorption model, etc. The linear adsorption
model is:

q,=K.C, 9)

The Freundlich adsorption model formula is:

q.=K.C" (10)
The Langmuir adsorption model is:
K
qe — qm LCe (11)
1+K,C,

where C,and g, are the concentration (mg L™) and adsorption
capacity (mg g™) at equilibrium, g, (mg g™) is the maximum
adsorption capacity of the adsorbent and K, (L mg™) is the
Langmuir constant, K, (mg g™ (mg/L)*") and K, (L g™') are the
constants of Freundlich and linear models, respectively; n is
the exponent of Freundlich model.

The test data are fitted respectively according to the three
models, and the calculation results are shown in Table 2.

From Table 2 it is obvious that when the Freundlich
adsorption model is applied for composite filler, R? is closest
to 1, which indicates that the adsorption type of the composite
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Table 2
Parameters for the linear model, Langmuir model and Freundlich
models

Adsorption =~ Parameter Coarse  Coarse sand-supported
model sand ZVI composite
Linear K, 4.004E-4 0.0029
model R? 0.847 0.898
Freundlich K, 4.456E-6  0.00846
model n 0.381 1.827

R? 0.968 0.954
Langmuir K, 9.094E-6 0.238
model

q, 37.039  0.0395

R? 0.804 0.952

filler for 2,4-DCP adsorption is Freundlich adsorption, and
the corresponding adsorption coefficient K, is 0.00846.

3.4.2. Determination of porosity and specific water yield

In the research, the parameters such as porosity and
specific water yield are determined through laboratory tests
based on the volumetric method. The calculation of porosity
n is as shown by Eq. (12):

oV (12)

In Eq. (12), V, is the volume of water when the pores of
the coarse sand sample are filled with water; V, is the volume
of free-outflowing water; V, is the total volume of coarse sand
sample.

The calculation of specific water yield u is as shown by
Eq. (13):

h= (13)

In Eq. (13), V, is the volume of free-outflowing water;
V, is the total volume of coarse sand sample. The test-based
determined porosity is 0.38 and the specific water yield is 0.1.

3.4.3. Determination of permeability coefficient

Permeability coefficient is an indicator of expressing
rock permeability and one of the important hydrogeologi-
cal parameters about aquifer property. From Darcy law, it is
known that:

(14)
where Q is seepage flow; o is the seepage section area;
AH is water head difference; [ is the distance between sections;
K is the permeability coefficient.

According to the calculation based on the test data
about degradation of 2,4-DCP in groundwater by coarse

sand-supported ZVI PRB, the seepage flow is 1.2 L/h, the PRB
seepage section area (®) is 0.4 x 0.67 m?, the hydraulic slope
is 3%, and the permeability coefficient is 4.15 x 102 cm/s.
Through calculation based on Darcy law, the seepage
velocity is 1.245 x 10 cm/s.

3.4.4. Determination of hydrodynamic dispersion coefficient

Hydrodynamic dispersion coefficient is an important
hydrogeological parameter for characterizing the transport
of solute in groundwater. It characterizes the ability of a
porous medium to disperse a dissolved substance at a certain
flow rate. To obtain the hydrodynamic dispersion coefficient
of the porous medium in groundwater is a prerequisite for
introducing the mathematical convection-dispersion model.
In the research, the hydrodynamic dispersion coefficient is
determined by the breakthrough curve, the tracer is a NaCl
solution, and the dosing mode is continuous dosing. Refer to
the literature [32] for detailed test steps. Through test deter-
mination and data calculation, the dispersion coefficient is
0.345 cm/s, and the seepage velocity is 2.2 x 10~ cm?/min.

3.4.5. Chemical composition of initial water

The initial water is prepared with groundwater taken
from a deep well in Beijing City and added with a 20 mg/L
2,4-DCP solution. The concentration measurement of the
nine key components in groundwater, namely K*, Na*, Ca*,
Mg*, Fe**, HCO;, CI;, SO}, and NO;, shows that the corre-
sponding concentration is 1.79, 14.4, 61.7, 26.5, 0.127, 224.6,
21.3, and 43.9 mg/L, respectively.

3.4.6. Composition of coarse sand-supported ZVI composite

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDS) analysis of coarse sand-
supported ZVI composite filler were carried out. The SEM
and EDS photographs are detailed in reference [24]. Coarse
sand-supported ZVI composite filler belongs to a core-shell
structure, which is a polymer formed by a single irregular
particle. Sodium alginate encapsulates ZVI in the form of
a shell. There is a wide pore distribution in the composite
filler, which provides a convenient environment for ZVI
powder reacting with 2,4-DCP in groundwater. The energy
spectrum analysis of a micro-area of the composite filler
shows that the composite filler is mainly composed of C,
O, Fe, and Ba elements, accounting for 97.1% of the total
weight, Other trace elements are Si, S, Cl, and Ca. The con-
tents of the elements are shown in Table 3. The presence of
Ba in EDS analysis is mainly due to the use of barium chlo-
ride in the preparation of composite fillers, and the main
reason for the existence of Si is that the iron powder pur-
chased contains Si impurities.

3.5. Model debugging and operation

Run software TOUGHREACT, input the model para-
meters as shown in Table 4, make a model-based calcula-
tion and conduct a comparative analysis of the calculation
results and test results, and repeatedly adjust the parameters
related to adsorption coefficient in the database until the
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Table 3

EDS analysis results of coarse sand-supported ZVI composite
Element/ Weight Atomic
atomic layer percentage (%) percentage (%)
C/K 6.97 14.83
O/K 37.30 59.59
Si/K 1.19 1.09
S/K 0.88 0.70
CI/K 0.48 0.34
Ca/K 0.36 0.23
Fe/K 49.32 22.57
Ba/L 3.51 0.65
Total 100.00 100.00

Table 4

Model parameters
Permeability coefficient (m/d) 35.86
Bulk density 2,000
Bending degree 1.0
Transverse dispersion (m) 0.26
Longitudinal dispersion (m) 0.026
Retardation factor 0.3
Porosity 0.38

model-based calculated values and the test-based measured
values are well fitted.

3.6. Validation of model-based calculation results

Obtain the simulated values of the chemical reaction-
solute transport coupling model constructed through soft-
ware TOUGHREACT, sample the water respectively at
sampling hole 2-2 in the reaction medium-range and outlet
during testing, measure 2,4-DCP concentration and obtain
the measured values, and plot the simulated values and
measured valves of 2,4-DCP concentration at different reac-
tion time, as shown in Figs. 3 and 4.

It is known from Figs. 3 and 4 that, as water sample
continuously flows into the reaction medium tank, 2,4-
DCP concentration in the reaction medium-range grad-
ually increases and tends to stabilize from the tenth day,
agreeing well with the simulated values, and that in the
outlet gradually increases and tends to stabilize from the
twentieth day, agreeing well with the simulated values.
In addition, it is also obvious that within the time range
when the measured values of 2,4-DCP concentration are
small, the fluctuation is large, showing irregularity; the rea-
son is that many factors are influencing 2,4-DCP concen-
tration measurement, which interferes with the accuracy
of measured results. Besides, it can be seen that 2,4-DCP
concentration increases sharply after 40 d and reaches the
initial concentration of 20 mg/L, which is not in good agree-
ment with the simulation value. The reason is that with the
reaction proceeding, the passivation of ZVI composite filler
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Fig. 5. The fitting curve for measured and simulated values by
software TOUGHREACT at sampling hole 2-2.
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Fig. 4. The fitting curve for measured and simulated values by
software TOUGHREACT in the outlet.

with coarse sand leads to the decrease of reaction activity.
In addition, the long-term precipitation of reactive minerals
on the surface of the filler has adverse effects on the perme-
ability of the reaction medium, which makes the compos-
ite filler lose the function of degrading 2,4-DCP so that the
concentration of 2,4-DCP at the outlet rises to the import.
To achieve a better simulation effect, the FEMWATER
module in GMS software is used to calculate the model based
on a chemical adsorption reaction the solute transport cou-
pling model. The simulation was carried out in two periods,
that is, from 2,4-DCP concentration rising rapidly to stable
period (1-40d, retardation factor is 0.3) and composite filler
losing utility period (41-48 d, retardation factor is 0). The fit-
ting effect of 2,4-DCP simulated value and measured value at
sampling hole 2-2 of the reaction medium-range calculated
by FEMWATER software is shown in Fig. 5. As a whole, it
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Fig. 5. The fitting curve for measured and simulated values
by software FEMWATER at sampling hole 2-2.

can be seen that the measured value and simulated value of
2,4-DCP are in good agreement.

4. Conclusion

The research group designed and built a PRB test device
with course sand-supported ZVI composite filler, success-
fully simulated the treatment of 2,4-DCP in groundwater
with PRB technology using continuous-flow operation
mode, constructed a 2,4-DCP chemical reaction-solute
transport coupling model, determined the model param-
eters by static test calculated the coupling model by run-
ning TOUGHREACT and FEMWATER software and
validate the coupling model with the measured test data.
The kinetic experimental data show that the adsorp-
tion reaction of 2,4-DCP follows a second-order kinetic
model. Adsorption of 2,4-DCP by coarse sand and coarse
sand-supported ZVI fillers accords with Freundlich
adsorption equation by fitting the adsorption equilib-
rium experimental data, their adsorption coefficients
were 4.456 x 107 and 0.00846, respectively; the dispersion
coefficient value was 0.345 cm?*/min by dispersion test, the
porosity was 0.38, the specific yield was 0.1. According to
Darcy’s law, the seepage coefficient is 4.15 x 10 cm/s and
the seepage velocity is 1.245 x 10 cm/s.

The calculation results by software TOUGHREACT show
that TOUGHREACT cannot fit well for the failure zone
of composite filler. The calculation results by software
FEMWATER show that the water level in the PRB reactor
is stable and the change is not obvious. 2,4-DCP increases
gradually along the direction of pushing flow with time;
2,4-DCP rises rapidly to the concentration stable period
and the useless period of composite packing have a good
fit between the simulated and measured values.

The coupled model of 2,4-DCP chemical reaction-solute
transport can be used to predict the long-term reactive
transport process of 2,4-DCP in the PRB process and to
evaluate the effect of PRB on remediation of polluted
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groundwater. The concentration changes of 2,4-DCP at
different locations in PRB are simulated and the life of
PRB is predicted, which provides technical guidance and
scientific basis for the design of PRB.
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