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a b s t r a c t
The present work is represented by the derivation of mathematical model and solving the model 
analytically using the method of separation of variables to describe the migration of the contam-
inant metal ions through a column packed with bed of permeable reactive barrier (PRB). The 
validity of the solution can be evaluated through the simulation of cadmium and chromium ions 
using scrap iron and/or aluminum by-products in the form of wastes that if not utilized to treat 
waste by waste can impose further burden over the ecosystem. Breakthrough curves proved that 
the increase of metal ions velocity will decrease the capturing of the ions; therefore, the distribu-
tion coefficient and the retardation factor also decrease. Furthermore, the increase of barrier depth 
will increase the longevity of PRB because this will delay the migration of contaminant. A math-
ematical model has acceptable ability in the representation of experimental measurements with 
Nash–Sutcliff efficiency coefficients greater than 0.98. The longevity of the PRB was estimated for 
the field scale to be 210 and 250 d to produce contaminant effluent beyond 100 cm barrier matrix 
within the environmental permissible concentrations. Although groundwater velocity is highly 
variable, a proposed velocity of 0.25 cm/min which is assumed to be analogous to the groundwater 
velocity has revealed prolonged longevity of 7.02 y for the capture of chromium.

Keywords:  Modeling; Zero-valent iron; Zero-valent aluminum; Groundwater contamination; Solute 
transport
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1. Introduction

The widespread contamination of surface water and 
groundwater with heavy metals has created serious prob-
lems for the ecosystem. Due to the complex co-existence, 
mobile nature, toxicity, high relative density; these metals 
infiltrate into the soil and pollute the surface and ground-
water systems. Rather than the anthropogenic sources, the 
natural sources of pollution also contribute largely to the 
contamination of these vital water bodies [1–3]. For exam-
ple, the prolonged presence of cadmium and chromium 
metals will endanger aquatic livings and mankind even at 
low concentrations [4,5]. Many regulations specified the 
permissible concentrations for cadmium (Cd(II)) and chro-
mium (Cr(III)) to be 0.005 and 0.1 mg/L respectively [6]. 
Although trivalent chromium is an essential microelement 
for humans and is nontoxic in normal doses in the food 
supply; at higher doses, however, it can exhibit cytotoxicity. 
Also, despite chromium(III) is much less toxic than chromi-
um(VI), the respiratory tract is also the major target organ 
for chromium(III) toxicity similar to chromium(VI).

The ongoing deterioration of the ecosystem has ren-
dered the urgent need for particular remediation tech-
niques to get rid of all these pollutants. The “impermeable 
barriers” and “pump and treat” systems are examples of 
the most conventional remedial techniques used so far; but 
the high costs, as well as difficulties concomitant with the 
operation and maintenance, would render these passive in 
situ remediation techniques unfavorable [7,8]. In this direc-
tion, the permeable reactive barrier (PRB) has proven to 
be one of the most practical approaches in treating heavy 
metals. These barriers capture the pollutants that perme-
ate through the saturated zone and therefore enhance the 
natural attenuation processes occurring in soil. The mobil-
ity of heavy metals dissolved in groundwater might be 
controlled by reactions that cause metals to be adsorbed 
or to precipitate [9].

Prior to this study, several studies have been examined 
such as the sorption of copper and chromium on lateritic 
silty-clay soils [10], the batch study using zero-valent iron 
as a reactive medium for the removal of high-level arse-
nite from groundwater [11], the biosorption of Cr(III) 
onto Agave lechuguilla biomass [12]. Deep discussion for 
removal efficiencies and reaction mechanisms due to 
interaction of zero-valent iron with inorganic and organic 
chemicals were introduced [13]. The effect of inexpensive 
and available zero-valent iron on the removal of zinc ions 
from the contaminated groundwater was implemented. 
The study was furnished with a mathematical model that 
can be solved using computer techniques with the aid of 
COMSOL software [14]. The optimum conditions for clari-
fying wastewater from the dissolved heavy metals using an 
acid prewashed zero-valent iron (ZVI) and/or zero-valent 
aluminum (ZVAI) as PRB were studied [15]. Many exten-
sive studies were directed to study the ability of PRB in the 
remediation of aqueous solutions contaminated with dif-
ferent types of heavy metals using different materials like 
zeolite [16], waste foundry sand [17], cement kiln dust [18], 
sewage sludge [19], waterworks sludge [20], iron slag [3], 
coated sand by iron oxide [21], and activated carbon – waste 
foundry sand composite sorbent [22].

Huge amounts of scrap iron and alumina were pro-
duced every day in industrial workshops distributed in 
Baghdad, Iraq with average daily rates reached up to 13.2 
and 0.24 tons per capita respectively. These scrap wastes 
are banished to the ecosystem, so, their reuse as reactive 
materials in the PRBs for the elimination of heavy metals 
from contaminated groundwater can be considered as an 
application in the field of sustainable development. The 
uniqueness of this investigation is achieved the continu-
ous study supported by the derivation of a mathematical 
model with an analytical solution to present a conceptual 
vision for the migration of cadmium and/or chromium 
ions in the one-dimensional ZVAI and/or ZVI packed bed 
columns respectively. Hence, the main aims are; (i) inves-
tigating the possibility of using ZVI/ZVAI as inexpensive 
by-product materials in the PRB for capturing cadmium 
and/or chromium ions, (ii) treating waste by another waste 
to reduce remediation costs to a minimum (iii) developing 
a mathematical model solved analytically to characterize 
the one-dimensional contaminant transport.

2. Experimental work

2.1. Preparation of ZVI/ZVAI

The ZVI (Fig. 1a) was prepared as follows [11]; (1) puri-
fying the raw scrap iron at which iron was magnetically 
separated from other impurities (grit, dirt, hairs, and stubs), 
(2) sieving the purified iron using a sieve with mesh num-
ber (75) to produce uniform iron solid particles of 1.5 mm, 
and (3) chemically prewashing the purified iron in such 
a way the ZVI is immersed in 0.1 M H2SO4 solution for 
10 min and then in acetone for 30 min and finally rinsed in 
distilled water three times.

The ZVAI (Fig. 1b) was prepared as follows [11]; 
(1) purifying the raw scrap alumina by sorting out splinters, 
screws, and other foreign substances, (2) soaking the puri-
fied scrap alumina as it is in benzene for 10 min to remove 
grease and oils, and( 3) chemically prewashing the purified 
and degreased alumina, the ZVAI (with particles diameter 
identical to that of ZVI) is slowly added to (10 mL) con-
centrated HCI, a 0.5 mL of 0.5 M H2SO4 was added to dis-
sipate heat generated and the suspension was stirred for 
20 min and filtered.

2.2. Contaminants

A 50 mg/L of both Cd(II) and Cr(III) concentrations 
were prepared by dissolving certain quantities of cadmium 
nitrate (2.1032 g Cd(NO3)2) or hydrated chromium nitrate 
(7.696 g Cr(NO3)3·9H2O) in 250 mL of deionized water for 
the preparation of cadmium and/or chromium stock solution 
respectively. The solution was diluted to 1 L in a volumetric 
flask and stored in a polythene bottle where the concentra-
tion of metal can be measured in the emission at 326.1 nm 
for cadmium and 425.4 nm for chromium using air-acet-
ylene flame atomic absorption spectrophotometer (AAS) 
type Shimadzu, 635 D, Japan and according to the conven-
tional Standard Methods. The AAS device was calibrated 
using operational standard solutions covering the expected 
concentration range of the samples.
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2.3. Column tests

Five columns of Pyrex glass were installed; each col-
umn (125 cm length and 1.6 cm inner diameter) was packed 
with a specified depth of reactive materials. This means 
that columns 1, 2, 3, 4, and 5 were packed with depths 
of 20, 40, 60, 80, and 100 cm respectively as illustrated in 

Fig. 2a. These columns are equipped with several ports for 
sampling depended on the depth of the reactive bed. An 
infusion set (Fig. 2b) was connected to each port for eas-
ily controlling the withdrawal of aqueous solution sam-
ples for concentration measurements. The infusion sets are 
more secure and accurate than syringes to withdraw 1 mL 
of water sample without probable disruption of the flow 
in the porous medium for the packed bed. The ports are 
equally spaced at which any two adjacent ports are 20 cm 
apart, except the first port is located at the base of the bed.

The packs of the columns are composed of ZVI, ZVAI, 
or a mixture of these two materials. This mixture con-
sisted of 86% ZVI and 14% ZVAI (i.e., 6 g ZVI/1 g ZVAI). 
Distilled water was pumped through the columns at a low 
rate to expel air entrapped within the bed voids. The sim-
ulated contaminated groundwater in the source tank was 
adequately fed from the bottom of the columns by using a 
peristaltic pump at different volumetric flow rates of 3, 4.5, 
6, and 7.5 mL/min with corresponding apparent velocities 
of 1.50, 2.25, 3.00, and 3.75 cm/min. Frequent observations 
have been triggered along with the columns and water 
samples were withdrawn from each port every almost 
2 h then up to 24 and 48 h to track down the contaminant 
propagation through the packed bed.

3. Mathematical model

Solutions of the governing equations may yield exact 
predictions in the form of analytical solutions that sat-
isfy minimal error between the experimental values and 
the theoretical outputs of hydro-physical parameters such 
as head, potential, flux, concentration, and others. Most 
complex groundwater systems can hardly be tackled with 
analytical solution approaches and the omission or approx-
imation of some parameters in the governing equation 
may produce a satisfactory solution with the acceptable 
magnitude of error [23]. The partial differential advec-
tion-dispersion equation for one-dimensional contaminant 
propagation in porous media can be written as follows:
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where R is the retardation factor (dimensionless), D is the 
dispersion coefficient (cm2/min), and U is the seepage water 
velocity (cm/min). The governed equation with the given 
boundary and initial conditions; C(0,t) = Co mg/L, � � �C z/ 0 
at z=H; C(z,0) = 0 mg/L can analytically be solved using 
Fourier transform, Laplace transform, or separation of vari-
ables. The mathematical model is used in predicting the con-
taminant breakthrough curves making use of the separation 
of variables method that can be outlined as follows [24,25]:

The non-homogeneous boundary conditions render the 
solution by the method of separation of variables harder; 
therefore, they must be transformed into homogenous 
ones by letting:

C z t z t f z, ,� � � � � � � ��  (2)

Substituting into Eq. (1) yields:

 

 

Fig. 1. Appearance of (a) ZVI and (b) ZVAI sorbents with their 
surface morphologies imaged by SEM analysis.



189A.A.H. Faisal et al. / Desalination and Water Treatment 259 (2022) 186–196

R
t

D
z

U
z

d f
dz

df
dz

�
�

�
�

�
�

� ��
� �

�

�
��

�

�
�� � �

�

�
�

�

�
�

2

2

2

2  (3)

Now, Eq. (3) is a combination of Eqs. (4) and (5):
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The second-order ordinary differential Eq. (5) has the 
following solution:

f z ae bU Dz� � � �/  (6)

 

 
Fig. 2. (a) A schematic diagram for the columns configuration and (b) photo image for the columns configuration.
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The arbitrary constants a and b can be determined via 
substituting the boundary conditions such that:

The C(0,t) = Ф(0,t) + f(0) = Co and if Ф(0,t) = 0, then f(0) = Co, 
that is,

a b Co� �  (7)
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Neither velocity nor the exponential terms are equal to 
zero; therefore, substituting a = 0 into Eq. (7), yields b = Co, 
however, substituting a and b reduces Eq. (6) into f(z) = Co, 
and since C(z,0) = Ф(z,0) + f(z) = 0; the new initial condition 
will be:

� z Co,0� � � �  (9)

The non-homogeneous boundary conditions are trans-
formed into homogeneous ones and separating variables 
can easily be applied by letting:

� � ZT  (10)

where Z = Z(z) and T = T(t), substituting into Eq. (5) yields:
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The proportionality constant (k) may take positive, zero, 
or negative values (i.e., µ2, 0, –µ2). The first two possible 
values yield a trivial solution while the latter value yields 
a non-trivial one and consequently:
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Solving the left member of Eq. (12) yields:
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Likewise, solving the right member of Eq. (12) and tak-
ing into consideration that as the groundwater velocity U 
approaches zero, the discrimination becomes negative, that 
is, U2 – 4Dµ2 < 0 and hence complex conjugates result in 
this regard. The complementary solution corresponding to 
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Substituting Eqs. (13) and (14) into Eq. (10):
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The arbitrary constants A and B can be determined via 
applying the new homogeneous boundary conditions at 
which A = 0. For n harmonics, Eq. (15) reduces to:
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The B in Eq. (16) is determined by the Fourier half-range 
expansion:
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Eq. (20) can only be applied for very low water velocity 
as in the flow of groundwater; furthermore, the substi-
tution of this equation into the one-dimensional advec-
tion-dispersion [Eq. (1)] would not be satisfied unless 
the water velocity approaches zero.

4. Results and discussion

4.1. Description of reactive materials

Table 1 exhibits the physico-chemical properties for 
ZVI and ZVAI. Their appearance can be explained in 
Fig. 1 which signified the surface morphologies for ZVI 
and ZVAI at magnification powers of 100 µm for ZVI and 
200 µm for ZVAI. The scanning electron microscopy (SEM) 
test was conducted using a scanner type FEI-S50, Japan. 
Fig. 1a exhibits the surface of the ZVI which is craggy 
by its nature to capture contaminants. Similarly, Fig. 1b 
exhibits the surface of the ZVAI which is characterized by 
large holes and cavities to entrap contaminants.
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4.2. Longitudinal dispersion coefficient

The experimentally measured values of the hydrody-
namic longitudinal dispersion coefficients using tracer 
experiments for the ZVI, ZVAI, and ZVI/ZVAI mixture 
are summarized in Table 2. This table exhibited different 
interstitial velocities (mean pore water velocities) which 
are somewhat analogous to the groundwater flow velocity 
since they satisfied the laminar flow pattern with Reynolds’ 
number which is less than 10 [26].

The variation in simulated contaminated water velocity 
has produced a linear relationship relating the hydrody-
namic longitudinal dispersion coefficient to the interstitial 
velocity. This relationship revealed that the dispersion coef-
ficient is directly proportional to the pore water velocity 
and the hydrodynamic longitudinal dispersivity (αL) and 
equals the slope of the line while the intercept of the dis-
persion axis was used to determine the effective molecular 
diffusion coefficient (Table 2). The hydrodynamic longitu-
dinal dispersion coefficient was in the order of:

•  (5–10) times greater than that of the effective molecular 
diffusion coefficient (≈10 cm2/min for ZVI medium.

•  (2–3) times greater than that of the effective molecular 
diffusion coefficient (≈35 cm2/min for ZVAI medium.

•  (3–5) times greater than that of the effective molecular 
diffusion coefficient (≈23 cm2/min for ZVI/ZVAI medium.

Generally, the molecular diffusion coefficient for the 
media proposed in this study was almost lower than the 
hydrodynamic dispersion coefficients as in the ZVAI and 
ZVI/ZVAI media; or much lower than the hydrodynamic 
dispersion coefficient as in the ZVI medium. The reason 
for this variation can be elucidated that as narrowing the 
diameter of the columns in the present study, a negligi-
ble radial velocity and higher longitudinal velocity would 
result in this regard, that is, the transverse velocity has 
had little effect on the transverse hydrodynamic dispersion 
coefficient and thus generating low coefficient values.

4.3. One-dimensional model development

The advection–dispersion partial differential equation 
is used to describe the equilibrium contaminant transport 
through the PRB taking the sorption process into account. 
This equation was solved analytically as described previ-
ously with the application of the boundary conditions (at 
the boundaries of the proposed column) and the initial 
condition at the same distance along the column (distance 
between successive ports) and for adequate time intervals. 
The basic configuration of the columns system was made 
up of five columns, 125 cm by 1.6 cm in diameter each, 
the diameter was intentionally chosen as 1.6 cm for the 
following reasons:

•  The apparent cross-sectional area of the column would 
equal to 2 cm2 and this would facilitate the interstitial 
water velocities calculations since the actual pore water 
flow area becomes 1 cm2 corresponding to nearly 0.5 
porosity and as a result; the magnitude of the intersti-
tial water velocity would be as the same as that of the 
water flow rate.

•  The narrowing of the column diameter would bring 
about one-dimensional upward water flow with neglect-
ing radial water flow velocities and their correspond-
ing transverse hydrodynamic dispersion coefficients.

The contaminated solution with a concentration of 
50 mg/L was fed to the packed columns from the bottom 
base. The reason for installing five columns with dif-
ferent sorbent depths has had two folds’ objectives; the 
first is to take average values for the effluent concentra-
tions and the second is to provide extra time and take 
the opportunity for other concentration measurements 
without the frequent need for the sorbent regeneration. 
The necessary constants and parameters for the PRB bed 
utilized in the one-dimensional solute transport model 
can be explained in Table 3.

4.4. Measured breakthrough of Cd(II)/Cr(III) 
in the ZVI and ZVAI bed

Breakthrough curves have been obtained by nor-
malizing the contaminant concentration from the results 

Table 2
Experimental hydrodynamic longitudinal dispersion coeffi-
cients for ZVI and ZVAI PRB medium as a function of intersti-
tial velocity

Medium and parameter Flow rate (mL/min)

3 4.5 6 7.5

ZVI
U (cm/min) 3.19 4.78 6.38 7.97
DL (cm2/min) 54 76 98 120
αL (cm) 14.66

ZVAI
U (cm/min) 3 4.5 6 7.5
DL (cm2/min) 60 74 85 98
αL (cm) 8.33

ZVI + ZVAI U (cm/min) 2.9 4.5 5.9 7.5
DL (cm2/min) 58 78 95 112
αL (cm) 11.93

Table 1
Physico-chemical properties for ZVI and ZVAI

ValueProperty

ZVAIZVI

2.707.87Solid density (g/cm3)
1.3504.175Bulk density (g/cm3)
–90Iron (%)
94–Aluminum (%)
7.80.67Specific surface area (m2/g)
1326Atomic number
2756Atomic mass
6271,537Melting point (°C)
6602,861Boiling point (°C)
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already obtained from the experimental values. The exper-
imental breakthrough curves for each metal uptake cor-
responding to flow rates of 3 and 4.5 mL/min for different 
intervals and locations along each column packed with 
different sorbents are shown in Fig. 3. This figure in con-
junction with Table 3 revealed that as the contaminant 
velocity increases, the probability for the contaminant to 
be captured on the sorbent medium decreases; therefore, 
the distribution coefficient and the retardation factor also 
decrease. This renders the contaminants to emerge faster 

and as a consequence; the breakthrough curves would be 
steeper S-shaped and extended upward in contrast with the 
lower velocities that guarantees the partitioning of the con-
taminants over the solid medium which increases both the 
distribution coefficient and the retardation factor that hin-
ders the movement of the contaminant flow and diminishes 
the probability of the contaminant emergence.

When the velocity had increased from 3 to 4.5 cm/
min; the distribution coefficient decreased consequently 
from 0.0022 to 0.0017 L/g, that is, 23% a decrease in the kd 
for the sorption of a single Cr(III) onto ZVI that made the 
retardation factor to be reduced from 20.5 to 15.2, that is, 
26% a decrease. Although the distribution coefficient for 
the chromium ions onto ZVI is less than that in cadmium 
ions onto ZVAI by 60%, the bulk density for the ZVAI is 
less than that of ZVI by 68% which makes the retardation 
to the chromium ions more than that in cadmium ones. 
Therefore, the shape of the breakthrough curves for the 
Cr(III) is broader than that in Cd(II) at the same intersti-
tial velocity and bed depth. Also, when the velocity had 
increased from 3 to 4.5 cm/min; the distribution coef-
ficient decreased from 0.0055 to 0.0047 L/g, that is, 15% 
a decrease in the kd for the sorption of Cd(II) onto ZVAI 
that made the retardation factor to be reduced from 16 to 
13.7, that is, 14% a decrease.

The breakthrough curves for the sorption of cadmium 
or chromium ions onto the ZVI/ZVAI composite sorbent 
(Fig. 4) reveals that, for instance, at depth 100 cm and 
interstitial water velocity 3 cm/min, the concentrations for 
cadmium ions were 34 and 46 mg/L while for chromium 
ions were 23 and 40 mg/L after time laps of 12 and 24 h 
respectively. This elucidates that the chromium ions have 
relatively more affinity to and highly hindered by the mix-
ture ZVI/ZVAI; therefore, chromium emerged slower than 

       

     

Fig. 3. Experimental breakthrough curves for Cd(II) and Cr(III) uptake by ZVAI and ZVI respectively at different values of interstitial.

Table 3
Constants and parameters utilized for the cadmium and chromi-
um transport in one-dimensional column model

Parameter
Value

ZVI ZVAI ZVAI + ZVI

Depth (m) 0.2–1
Porosity 0.5
Bulk density (g/cm3) 4.175 1.350 3.570
αL (cm) 14.66 8.33 11.93
Interstitial velocity 
(U, cm/min)

3 and 4.5

Distribution coefficient 
(kd, L/g) 

0.0022–0.0055

Retardation factor (R) 13.7–20.5
Initial condition (C(z,0), 
mg/L)

Zero

Boundary conditions 50 mg/L @ inlet of bed, advective 
flux at end of bed
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cadmium and this is obvious from the orientation, direction, 
and shape of the breakthrough curves. Previous researches 
like [27] have demonstrated that ZVI or ZVAI alone as the 
reactive medium had some limitations in removing con-
taminants from water. Despite the amenability of ZVI to 

oxidation by the presence of oxygen in wastes, the mixing 
up of ZVI with ZVAI inappropriate mass proportions will 
enhance the effectiveness of the removal process since the 
standard reduction potential for aluminum is (–1.67 V AI+3/
AI) which is much lower than that of iron (–0.44V Fe+2/Fe); 

Fig. 4. Experimental breakthrough curves for Cd(II) and Cr(III) uptake by ZVAI/ZVI composite sorbent at interstitial velocity equal 
to 3 cm/min.
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therefore the aluminum is strong reducing agent while 
iron plays an important role in carrying off the electrons 
donated by aluminum; furthermore, aluminum can also 
reduce iron ions (Fe++ and Fe+++) to prevent them to form 
iron corrosion products (iron oxides) on the ZVI surface 
and thereby maintain the surface activity of the ZVI [15].

4.5. Breakthrough modelling

Breakthrough curves have appreciable design outcomes 
in the column study at which concentration-time depen-
dent data contribute to the revelation of the surface charac-
teristics, affinity, and sorption phenomena for the sorbents 
[18,28]. The mathematical model derived (Sec.3) was applied 
to provide comparisons between the analytical (predicted) 
and experimental normalized concentrations for the con-
taminant(s) sorption onto each sorbent material(s). Fig. 5 
shows comparisons between analytical and experimental 
normalized concentrations for the sorption of Cd(II) and 
Cr(III) onto ZVAI and ZVI and at different water interstitial 
velocities, this figure revealed a good agreement between 
the analytical and experimental results. This could be 
attributed to taking the sorption onto the bed, that is, retar-
dation factor of the contaminant on the sorbent is greater 
than 1 in the present model.

To make informative evaluations on the accuracy of 
the outcome, predicted values were compared to the mea-
sured ones in a meaningful quantitative way. The coeffi-
cient of determination R2 alone is not precise indicative 
for the data analysis; therefore, a powerful statistical 
measure of Nash–Sutcliff [29] was introduced to deter-
mine the degree of perfectness between the analytical 

(expected) and the experimental (observed) values at 
which 1 is assigned to perfect agreement. In the present 
study, the Nash–Sutcliff efficiency was found to be greater 
than 0.98 and this is an indication that the derived math-
ematical model is more representative based on the 
experimental and predicted results adopted.

4.6. Measured breakthrough of Cd(II) and Cr(III) binary system 
through ZVAI + ZVI composite bed

For the interaction of the binary system with a com-
posite sorbent bed, Fig. 6a and b, signified that the exper-
imental breakthrough curves have relatively skewed to 
the right and broader than that of Fig. 3. This elucidated 
the sort of competition induced among contaminant spe-
cies Cr(III) and Cd(II) for the sorption onto the active sites 
available, also they possess a relatively high distribution 
coefficient that increases their retardation factor, a compar-
ison can be shown in Fig. 6c; therefore, retention and delay 
for the emergence of these contaminants occurred corre-
sponding to a wider or broader extension for the break-
through curves to the right.

In practice, the magnitude of the groundwater veloc-
ity is much less than that proposed in the experiments 
conducted; therefore, two additional contaminant inter-
stitial velocities of 0.25 and 0.5 cm/min corresponding to 
flow rates of 0.25 and 0.5 mL/min for the binary chromium 
metal uptake column study were examined respectively. 
It was found that from Fig. 6d, each breakthrough curves 
up to 168 h have had no definite exhaustion points (time 
required for the normalized concentration C/Co to reach 1), 
but they have had breakthrough points (time required for the 
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normalized concentration C/Co to reach 0.05 or 0.1) of 72 h 
and 48 h for the binary chromium metal uptake correspond-
ing to contaminant interstitial velocities of 0.25 and 0.5 cm/
min respectively. The curve corresponding to pore water 
velocity of 0.5 cm/min is more extended upward than that 
with 0.25 cm/min; this is due to the early emergence of the 
contaminant. The exhaustion point can determine the time 
required for regenerating the remediation barrier; the pro-
posed low water velocities, particularly the 0.25 cm/min is 
more representative for the groundwater flow velocity.

4.7. Barrier longevity

The collected volumes of the treated water from the 
packed column in the present study were assumed as 
adequate as that flowing in the vicinity of soil where the 
ZVAI + ZVI sorbent is placed; furthermore, the hydraulic 
conductivity (K) of the reactive barrier must be equal or 
greater than that of the soil; the value of K may be assigned 
to 1.01 × 10–5 m/s that is similar to the value of the sandy 
soil while the hydraulic gradient values for the groundwa-
ter flow in the flat plane lands may be taken within the 
range (0.001–0.01) m/m [23]. Based upon the permissible 
contaminant concentrations for cadmium and chromium 
mentioned previously (Sec.1), the longevity of the PRB 
using the upper bound of the hydraulic gradient range 
was estimated to be 210 and 250 d to produce cadmium 
and chromium effluent ions respectively beyond 100 cm 
barrier matrix within these permissible concentrations. 
However, the interstitial water velocities of the contami-
nants were relatively higher than the actual groundwater 
velocity; therefore, another run for a continuous study 
was re-conducted under the same conditions and simulate 

the real status of the groundwater velocity. Velocities of 
0.25 and 0.5 cm/min were proposed for the binary chro-
mium uptake (Fig. 6d); it was found that the correspond-
ing longevity was calculated to be 7.02 y for the capture of 
chromium ions onto the composite mixture of ZVI/ZVAI; 
this elucidated that the lower contaminant velocity, the 
more longevity barrier is satisfied to meet the standard 
limits for the permissible contaminant concentration.

5. Conclusions

The results of the column study proved that the lower 
the metal ions velocity, the higher the distribution coefficient 
and high retardation for these ions (the retardation depends 
mainly on the physical characteristics of the sorbate such 
as distribution coefficient of the contaminant over the solid 
medium and velocity of the contaminant as well as the phys-
ical characteristics of the sorbent such as bulk density and 
porosity) is resulted which made the breakthrough curves 
broader and extended to the right rather than being steep and 
extended upward. For the breakthrough curves, the predic-
tions of the developed mathematical model solved analyti-
cally by separation of variables are in good concurrence with 
experimental measurements where Nash–Sutcliff efficiency 
is greater than 0.98. Also, the normalized concentrations in 
the binary system were relatively lower than those for single 
systems; this is due to the competition among contaminants 
in the binary mode. The SEM images for the ZVI and ZVAI 
before interaction with the metal ions revealed that the sur-
faces of these sorbents contain cavities, groovy lumps, rough 
and smooth texture, open, and closed pore channels. Finally, 
the longevity of the PRB based on maximum hydraulic con-
ductivity equivalent to 1.01 × 10–5 m/s (critical status) and 
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the upper bound of the hydraulic gradient 0.01 m/m was 
found to inversely proportional to the contaminant veloc-
ity. This means that the longevity of the barrier is increased 
with the lower velocity that brought about high retarda-
tion to the plume propagation and consequently makes 
the contaminant reach its permissible concentration after a  
longer time.
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