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Ab s t r a c t
The aim of this study was to examine the ability of zero-valent iron (ZVI), zeolite (Z) and modified con-
struction aggregate (MCA) to remove heavy metals from aqueous solutions. In addition, the use of an 
alternative material in permeable reactive barriers (PRBs) technology was investigated. This paper pres-
ents the premilary kinetic batch test and continuous-flow column test results by single- and multi-layered 
systems. The batch tests were conducted using 2.0 g of materials with 100 mL of solution (PE flask) with 
a constant concentration of heavy metals (30 mg/L). The flasks were sealed and placed in a rotary shaker 
at 15 rpm at the room temperature of 21°C ± 2°C; the concentrations of metal ions were measured in time 
spans (1, 3, 6, 10, 24 and 48 h) to determine the removal ratio. During the contact with Z, the removal of 
Pb(II) was on average 88% and for other metals was at approximately 20%. The efficiency of Ni, Pb and 
Cu removal on MCA was higher than 90%, while on ZVI all metals were practically completely removed. 
In column tests, after the saturation of materials beds, the evaluation of hydrodynamic parameters of 
the materials was performed by adding a pulse dose of chloride solution as a mobile tracer. The amount 
of adsorption was determined by conducting the column test for a synthetic multicomponent model 
solution (20 mg/L of Cd, Cu, Ni, Pb and Zn), where at intervals the heavy metal concentrations were 
analysed. The breakthrough time (tbR) for Cd was in the range of 2.93 × 106 s for MCA, through 5.84 × 105 s 
for ZVI, to 1.69 × 107 s for Z. The breakthrough time for Ni was in the range of 8.16 × 106 s for MCA to 
1.80 × 107 s for Z. Furthermore, the breakthrough time for Zn was in the range of 1.53 × 106 s for MCA to 
5.08 × 107 s for Z. During the experiment, the concentration of Cd, Cu, Ni, Pb and Zn in the effluent solu-
tion from a column with layers of reactive materials and Cu, Zn for ZVI and Pb for column filled with Z 
was close to zero. The reduction of metal ions removal was due to high pH values of the solution (above 
8.00). Therefore, MCA may be recomended as a “new” alternative reactive material for PRBs technology. 
The presented test results allow the conclusion that the PBR’s layer system consisting of ZVI, Z and MCA 
for heavy metals removal is more effective than a single-layer system and is therefore more efficient on 
account of long-time effective cleaning without breakthrough times for contaminants.

Keywords:  Permeable reactive barrier; Reactive materials; Heavy metals sorption; Zero-valent iron; 
Zeolite; Modified construction aggregate

1. Introduction

In recent years, there has been an increasing ecological 
concern related to environmental contamination by heavy 

metals, which are defined as metallic elements that have a 
relatively high density compared to water [1]. The natural 
sources such as erosion, weathering or volcanic eruptions 
have been reported to contribute to the heavy metal pollution 
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of groundwater [1,2]. High concentrations of heavy metals 
are a result of human activities. The anthropogenic sources 
include agricultural, pharmaceutical, industrial production 
(e.g. metal processing in refineries, coal burning in power 
plants, petroleum combustion, nuclear power stations, 
plastics, textiles, microelectronics, and transport), waste-
water and solid wastes [3–9]. Contaminants from sources 
mentioned above are deposited on the ground surface and 
with runoff may infiltrate as leachate into the groundwater 
causing its serious pollution because of their high bioavail-
ability, toxicity and mobile nature [10,11]. Due to the fact 
that groundwater is a reservoir of fresh water (30% of the 
world’s resources) and the main source of drinking water, 
the deterioration of their quality is one of the basic global 
environmental problems. This problem has attracted the 
attention of both research centers and international organi-
zations such as the World Health Organization, the United 
Nations Educational, Scientific and Cultural Organization, 
the International Water Association and the Organization 
for Economic Co-operation and Development [12]. In many 
developed countries, a number of laws and regulations have 
been introduced to initiate actions aimed at minimizing pol-
lutant emissions and improving the current quality status of 
groundwater. The implementation of these assumptions is 
based on the Water Framework Directive [13], introduced 
in the European Union, which sets limit values for prior-
ity substances, including heavy metals (cadmium, nickel, 
lead and mercury). In addition, according to its content, EU 
countries are obliged to achieve “good quality” of surface 
and groundwater.

In order to achieve this quality regulations, so far the 
high cost conventional techniques, such as imperme-
able barriers or “pump and treat” systems, were used for 
the remediation of contaminated groundwater [11,14]. 
However, difficulty and high costs of the aforementioned 
methods caused passive in situ remediation techniques 
to be favoured. These include permeable reactive barriers 
(PRBs), constructions that are semipermeable and perma-
nent or replaceable [15–17]. These barriers capture the pol-
lutants that flow through the saturated zone [15,18] and 
thus enhance the natural attenuation processes occurring in 
soil. The mobility of heavy metals dissolved in groundwa-
ter might be controlled by reactions that cause metals to be 
absorbed or to precipitate as well as by chemical reactions 
that keep metals associated with the solid phase of reactive 
materials filled with the PRBs [18]. Various low-cost mate-
rials, including agricultural and industrial wastes and local 
minerals, have been suggested for the removal of heavy 
metals, for example, peanut husk [19], rice husk, fly ash 
[20], charcoal [19], limestone [21], silica sand [22], benton-
ite, clay [23–25], diatomite [26], concrete [27] and modified 
minerals [19,28–30].

In PRB design, both laboratory batch and column tests 
are used to obtain information about intensity and kinet-
ics of removal reactions between the contaminants in the 
solution and the reactive material [31–34]. In comparison, 
column tests are complicated and require more time but 
overcome some limitations of batch testing. Long-duration 
column experiments provide dynamic flow conditions that 
closely approximate those of a PRB in a field deployment 
(e.g. saturation of the reactive zone, flow velocity of the 

contaminated water, effective porosity and bulk density of 
reactive materials) [35,36].

The main objective of this study is to identify and test the 
transport mechanism of heavy metals (Cd, Cu, Ni, Pb and 
Zn) through zeolite (Z), zero-valent iron (ZVI), modified con-
struction aggregate (MCA) and layered treatment zone of ZVI, 
Z and MCA, with the parameter evaluation of contaminant 
transport through porous materials using the STANMOD 
package CXTFIT [37]. Finally, the recommendation of the 
most favorable treatment media for the removal of heavy 
metals was made.

2. Experimental

2.1. Materials and chemicals

Materials for this study were chosen based on their 
availability, low cost and suspected or proven ability to 
remove heavy metals. Granular ZVI (iPutec GmbH & Co. KG, 
Rheinfelden, Germany), granular clinoptilolite-rich Slovak 
zeolite tuff – Z (Zeocem, Slovakia), and MCA (Wrzosówka 
Mine, Poland) met the above criteria and were used in labora-
tory tests as the reactive materials. The main fraction of rock 
materials from Wrzosówka Mine was spongolite and lime-
stone. The material was prepared by using chemical depo-
sition method. The surface of construction aggregate was 
immersed in 10% dose of aqueous solution of magnesium 
oxide (MgO) for half an hour in order to fully impregnate 
the pore of material. After that, MCA was dried at 120°C for 
1 h and at 250°C for 1 h more. Subsequently, the impregnated 
sample was heated to 450°C for 4 h to increase the pore size 
and develop surface area by calcination. The modification of 
materials by MgO was performed in several studies [38–40]. 
The scanning electron images (QUANTA 250 FEG, FEI) and 
X-ray diffraction (XRD) patterns (X’pert APD, Philips) of the 
ZVI, zeolite and construction aggregate samples are shown in 
Fig. 1. The specific surface area was determined by Brunauer–
Emmett–Tyller (BET) N2 adsorption analysis, and the total 
pore volume was determined by Barret, Joyner Halendy 
adsorption analysis using the surface area analyser (ASAP 
2020M, Micromeritics). The pattern of XRD and spectroscopy 
emission microscopy (SEM) images of the ZVI sample indi-
cate that the dominant component is iron with the addition 
of silica, aluminium, magnesium and carbon. The SBET of ZVI 
is 0.52 m2/g and the total pore volume is 1.0 × 10-6 m3/kg. The 
SEM image of the zeolite sample showed the microstructure 
of its surface and revealed that the main components are Si, 
Au, Al, Na and K. The pores have sizes from 0.1 to 10 µm and 
are irregular in shape. Its SBET is 32.44 m2/g and the total pore 
volume equals 5.0 × 10-6 m3/kg [41]. In a diffraction pattern of 
the MCA, the strongest peaks were observed for calcite and 
quartz. The structure of the aggregate exhibits a rough and 
porous surface with MgO crystal aggregates. The specific sur-
face area of the sample is 2.82 m2/g and the total pore volume 
is 2.00×10-7 m3/kg. The properties of the material (particle size 
distribution, specific gravity, bulk density, specific surface 
area and total pore volume) are summarized in Table 1.

In this study, the chemicals and reagents of analytical 
grade (CHEMPUR, Poland) and distilled water (DI) were 
used. The salts of heavy metals (CdCl2·2.5H2O, CuCl2·2H2O, 
NiSO4·7H2O, Pb(NO3)2 and ZnCl2) were diluted in DI and 
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arranged according to our previous study [41]. The con-
centrations of 100 mg/L chloride solution using NaCl for 
column tests and 30 and 20 mg/L multicomponent solution 
of Cd, Cu, Ni, Pb and Zn for batch and column tests were 
used, respectively. Although the presence of chloride salts 
in the solution causes corrosion [42,43] of the ZVI bed, this 
process can have both positive and negative effects on water 
purification. During the corrosion of iron, an increase in the 
concentration of hydroxides and the associated precipita-
tion of metals is observed, which is considered as one of the 
mechanisms for removing impurities. On the other hand, the 
occurrence of these processes (corrosion and precipitation of 
metals) results in a decrease in the porosity and hydraulic con-
ductivity of the deposit. The use of the above chloride doses 
was dictated by their widespread use as de-icing agents in 

urban areas (e.g. highways, roads, gas stations, parking lots, 
landfills), where their concentrations often exceed acceptable 
standards [44,45]. In addition, the choice of chloride salts 
resulted from their use in earlier studies (batch, column and 
pilot type) over the use of ZVI in PBR technology [3–5].

The pH and electrical conductivity (EC) values were 
measured using a multiparameter instrument (YSI, USA). 
In the experiments, the pH of the chloride solution was 
in the range of 6.37–6.72 and the pH of the metal solution 
was between 5.50 and 6.00. Initial EC values ranged within 
205–389 and within 45–57 mS/cm for the chloride and metal 
solutions, respectively.

2.1.1. Batch tests

Tests on heavy metals removal were conducted for the 
evaluation of a PRB system suitable for application in con-
taminated area such as industrial dumping and mining 
sites, brown fields or traffic infrastructure. The chemical 
compounds selected for testing were chosen based on sev-
eral reports of the results of chemical composition analyses 
of the leachate from these sites [46,47]. In most cases, heavy 
metals concentrations that exceeded acceptable limits were 
observed. Therefore, the following ions of heavy metals were 
examined: Cd, Cu, Ni, Pb and Zn. The batch tests were the 
preliminary tests of heavy metals removal from an aqueous 
solution by selection of reactive materials. The tests were 
conducted as follows: in the first stage, 2.0 g of zeolite, ZVI 
and MCA were added to 100 mL of a solution (PE flask) with 
a constant concentration of heavy metals (30 mg/L); in the 
second stage, the flasks were sealed and placed in a rotary 
shaker at 15 rpm (GFL, Germany) at room temperature of 
21°C ± 2°C. To determine the removal ratio changes in time 
span, the contents of flasks were agitated until the concentra-
tions of metal ions were measured following 1, 3, 6, 10, 24 and 
48 h. The content of metal in the solutions was determined 
by atomic absorption spectrometry – AAS method (Thermo 
Scientific iCE 3000, USA).

The removal ratio RR (%) of metal by materials was 
calculated using the equation:

R
C C
CR %( ) = −

×0

0

100  (1)

where C0 and C are the initial and final metal concentrations 
(mg/L).

An additional control solution using DI water alone was 
used for two double-blind samples to measure background 
and residual metals within the testing equipment.

2.1.2. Column tests

Column tests were carried out with uni- and 
multi-compound solutions to evaluate the removal efficien-
cies by zeolite, ZVI and MCA. Laboratory-scale PRBs systems 
used in the experiment were designed using four PVC col-
umns with 0.4 m length and 0.04 m internal diameter. The top 
and bottom of each column were sealed off with a PVC cap 
with a filter on the valve. The main parameters of the column 
tests are illustrated in Table 2.

Fig. 1. SEM images and XRD patterns of modified construction 
aggregate, zero-valent iron and zeolite.

Table 1
Physical properties of the reactive materials

Material Particle 
size 
(mm)

Specific 
gravity

Bulk 
density 
(cm3/g)

Specific 
surface 
area 
(m2/g)

Total 
pore 
volume 
(m3/kg)

ZVI 0.5–2.0 7.61 6.700 0.52 1.0 × 10-6

Zeolite 0.5–1.0 2.40 1.054 32.44 5.0 × 10-6

Modified 
construction 
aggregate

0.5–2.0 2.71 1.820 2.82 2.0 × 10-7
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The chemical solutions were continuously pumped into 
the column with downflow mode by a multichannel peristaltic 
pump (Zalimp, Poland) with a flow rates of 4.16 × 10-8 m3/s in 
order to imitate real rates in the aquifer and replicate the per-
formance of the PRB and of the pollutants in field conditions.

Performance comparison experiments were conducted 
using MCA alone, ZVI alone, zeolite alone (Z) and duplicate 
layers of ZVI, zeolite and MCA combined (Fig. 2). The columns 
filled with zeolite and ZVI alone were carried out due to its 
proven ability for the removal of heavy metals [48,49] and for 
comparison of the results in a test with a new material – MCA. 
Nowadays, the studies using ZVI as a comparison material are 
still performed by several researchers [50–52]. Moreover, ZVI is 
still the most popular reactive material used in PRB systems for 
groundwater remediation due to its reactivity and applicabil-
ity for organic and inorganic contaminants removal [17,53–55]. 
However, the use of ZVI alone in most cases could reduce the 
permeability of barrier related to the decrease of pore volume 
of ZVI filter by mineral precipitates [54,56,57], by surface coat-
ing of ZVI particles and by gas formation in the PRBs [58]. 
Mineral precipitation in the ZVI is expected because corrosion 
causes an increase in pH value as a results of the reduction of 
aqueous protons [52,53]. Hence, the great need and high cost 
of standard reactive materials for water remediation created a 
requirement for low-cost alternative materials like recycled and/
or rock materials. Selection and order of media were dictated 
by their removal properties. The first treatment layer from the 
bottom was ZVI, which was used to break down heavy metals 
by adsorption, reduction and coprecipitation. The middle layer 

was zeolite, which is well known for its cation exchange and 
adsorption properties. The third layer was MCA, which reveals 
high chemical precipitation capacity due to the increasing of pH 
in the solution. A recent review of literature shows that several 
laboratory studies on sequenced PRBs have been conducted 
using ZVI, zeolites, oxygen-release compound, lime stone and 
organic carbon (e.g. wood chips and compost) [59,60]. However, 
to our knowledge, the layers of ZVI, zeolite and MCA have 
never been performed in column tests. All materials were added 
to the columns in 5 cm lifts and compacted firmly with a pestle.

To ensure column saturation and minimize the occurrence 
of air bubbles entrapped in the material matrix, DI was fed 
up through the wing valve located at the bottom of a column 
from the bottom to the top of the samples. After saturation, the 
evaluation of hydrodynamic parameters of the reactive bed 
was performed by adding a pulse dose of chloride solution as 
a mobile tracer. The amount of adsorption was determined by 
conducting the column tests for a synthetic multicomponent 
model solution (20 mg/L of Cd, Cu, Ni, Pb and Zn).

At appropriate intervals, the effluent solutions from 
columns were collected for chemical analyses. The concen-
trations of metal ions were measured by atomic absorption 
spectrometry – AAS method (Thermo Scientific iCE 3000, 
USA), while the chloride ions were analyzed using the 
Mohr method. Solution pH and electrical conductivities 
were measured using multiparameter meter (YSI, USA). The 
experiments were performed at the constant temperature of 
the laboratory (20°C–22°C).

2.1.3. Hydrodynamic and sorption parameters

For estimating solute transport parameters (advec-
tion–dispersion) of selected contaminants through reactive 
materials, the software packages STANMOD and CXTFIT [37] 
were used. The parameters were calculated by applying 
a nonlinear least-squares parameter optimization method 
from the noticed column test data.

The following initial boundary assumptions were made in 
the developed numerical models: for the homogeneous sam-
ple, the initial concentration and diffusion coefficient DM equal 
to zero. In this examination, the first-type (Dirac) boundary 
conditions and constant concentration of tested ions for the 
influent solution were assumed, while the zero-concentration 
gradient was estimated at the outlet of the column. The 
CXTFIT codes were used to estimate the following transport 
parameters from observed concentration distributions ver-
sus time: vR ratio of flow velocity (vR = v/R), DR ratio of dis-
persion (DR = D/R), αL longitudinal dispersivity (αL = D/v), Pe 
Péclet number (Pe = vL/D), tb breakthrough time, after which 
the mobile tracer concentration in the outlet was 0.5 C0 and 
tbR breakthrough time for a reactive tracer with retardation 
factor (the concentration in the outlet of the column was 0.95 
C0). Detailed description of the procedure used in the solution 
of advection–dispersion equation and calculation of transport 
parameters is presented by Toride et al. [37].

3. Results and discussion

3.1. Estimation of removal percentage of heavy metal—batch tests

The results for the removal of heavy metals with respect 
to contact time are shown in Fig. 3. From the zeolite graph, 

Table 2
Column tests parameters

Column mark Mass of dry 
material (g)

Porosity Column 
PVF (mL)

MCA 2,649.4 0.21 103.08
ZVI 7,467.3 0.24 127.63
Z 2,355.0 0.47 260.16
ZVI 2,489.6 0.24 42.55
Z 785.16 0.47 76.92
MCA 883.3 0.21 34.38

m
od

ifi
ed

 c
on

st
ru

ct
io

n 
ag

re
ga

te
 - 

M
C

A

ze
ol

ite
 - 

Z

ze
ro

 v
al

en
t i

ro
n 

- Z
V

I

Z
V

I  
   

   
   

   
   

Z
   

   
   

   
   

 M
C

A

0,
91

"
0,

91
"

0,
91

"

2,
71

"

0.
13

 m

0.
40

 m

0.
13

 m
0.

13
 m

Fig. 2. Schematic diagram of the test columns columns test?



93K. Pawluk et al. / Desalination and Water Treatment 144 (2019) 89–98

it can be concluded that the most intensive contaminants 
removal proceeded for lead ions. During the experiment, 
the removal of Pb was on average 88%, while for other 
metals was at approximately 20%. The component of the 
solution removed to the smallest extend by zeolite was 
nickel. Moreover, the percentage of metal ion adsorption 
on adsorbent is determined by the adsorption capacity of 
the adsorbent for various metal ions. From the values of the 
removal ratio, the order of adsorption priority on zeolite was 
as follows: Pb > Zn > Cd > Cu > Ni.

On the other hand, practically complete removal of heavy 
metals from the solution on ZVI was observed after the first 
hour of the experiment. At this time, the removal ratio was 
99.85% for Cd, 99.62% for Cu, 99.83% for Ni, 99.80% for 
Pb and 94.13% for Zn. From the beginning to the end of 
the studies, the percentage removal of Ni and Pb show 

100% removal, which indicates that these metals were the 
most favourable. The order of adsorption priority was the 
following: Pb > Zn > Cd > Ni > Cu.

The graph of alternative material and MCA shows that 
the material displayed high removal properties. The heavy 
metal removal expressed by R factor (%) revealed that from 
the aqueous solution Ni (98%) Pb (98%) and Cu (0.90%) were 
removed at the highest level, whereas the retardation fac-
tor of Zn and Cd during the contact time with MCA were 
71% and 69%, respectively. The values of removal ratio 
indicated the following order of adsorption priority on 
MCA: Ni > Pb > Cu > Zn > Cd.

3.2. Test with mobile tracer – column tests

The measured breakthrough curves by the displacement 
experiments with a mobile tracer are shown in Fig. 4. In this 
figure, the relationships between the effluent concentration 
distributions versus the number of pore volume of flow 
(PVF), which represents the volume of the solutions equal to 
the volume of material pores, are presented. Moreover, the 
content of tracers in an outlet solution is presented as relative 
concentrations of chemicals C/C0.

In this study, the backward analysis of the advection–
dispersion equation was performed. The retardation coeffi-
cient R of chloride ions was assumed to be unity, and there 
was no interface between the contaminant and the material. 
In Table 3, the results of the calculation of transport param-
eters of the advection–dispersion equation are shown. In 
all analyses of the mobile tracer breakthrough curves, the 
equilibrium model was applied for zero-valent-iron, zeolite, 
MCA and layers of ZVI, Z and MCA. In Fig. 4, the fitted 
breakthrough curves for MCA and ZVI are regular and sym-
metrical. There is coherence between the ascent and descent 
with different times, which proves the homogeneity of the 
samples. However, there is a difference of the rise (prior) 
and fall (flattened, long and insignificantly disturbed tail) 
in Z and layers of ZVI, Z and MCA. The irregularities on 
the curve may be caused by a non-uniform particle size dis-
tribution of materials in columns. The values of transport 
parameters in CXTFIT were calculated with determination 
coefficients of 0.79–0.99, which predict good correlation to 
an exact match between observed and fitted data.

3.2. Test with reactive tracers – column tests

The breakthrough curves for reactive tracers are 
illustrated in Fig. 5. In general, the multi-layered column is 
more effective than a single one. This phenomenon was also 
confirmed in earlier studies using a system consisting of the 
following layers: raw construction aggregate, zeolite and 
activated carbon [41]. The presence of zeolite increased sorp-
tion impact on Cd and Pb, ZVI contributed to the increased 
removal capacity of Cu, Ni, Zn and MCA enhanced removal 
of Cu and Pb. Therefore, the final concentrations of Cd, Cu, 
Pb, and Zn in the effluent solution from multi-layered col-
umn were close to zero. In the graph in Fig. 5, Ni reduction 
can be observed, the course of which is less intense than other 
heavy metals in the solution.

The efficiency of heavy metals removal on ZVI was lesser, 
but still at a high level. The results showed that Cu, Ni and 

Z   

ZVI

MCA

Fig. 3. The effect of removal ratio for MCA, ZVI, Z.
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Zn were removed at considerable extents, which was also 
noticed by Bilardi et al. [61]. In contrast, the concentrations 
of Cd and Pb ions decreased steeply in the beginning and 
then reached the breakthrough point. The low effluent Ni 

(≤C/C0 = 0.2) was continuously achieved during the entire 
operation period. The graphs of Cd and Pb (Fig. 5) show 
that the shape and gradient of the breakthrough curves were 
similar with changes of ion concentrations in the effluent 

Fig. 4. Observed (circles) and fitted values (solid lines) of the mobile tracer for MCA, ZVI, Z and layers of ZVI, Z and MCA.

Table 3
Hydrodynamic and sorption parameters of MCA, ZVI, Z and layers of ZVI, Z and MCA obtained from column tests for the model 
solutions

Column Amount of PVFs v (m/s) vR (m/s) D (m2/s) DR (m2/s) R αL (m) Pe R2

MCA Cl 1.03 3.90 × 10-5 1 3.83 × 10-6 1 1 0.10 10.20 0.97
MCA Cd 34.23 3.90 × 10-5 1.70 × 10-7 7.52 × 10-6 3.30 × 10-6 228 0.19 5.19 0.98
MCA Cu 34.23 3.90 × 10-5 6.12 × 10-8 1.51 × 10-4 2.37 × 10-7 637 3.39 0.26 0.88
MCA Ni 34.23 3.90 × 10-5 6.13 × 10-6 1.51 × 10-4 2.37 × 10-9 636 0.04 25.83 0.99
MCA Zn 34.23 3.90 × 10-5 3.26 × 10-7 3.55 × 10-5 2.97 × 10-7 120 0.91 1.10 0.96
ZVI Cl 0.83 4.95 × 10-5 1 1.11 × 10-6 1 1 0.23 44.47 0.99
ZVI Cd 14.38 4.95 × 10-5 8.56 × 10-7 2.60 × 10-6 4.50 × 10-8 58 0.05 19.04 0.99
ZVI Pb 14.38 4.95 × 10-5 7.64 × 10-7 5.11 × 10-6 7.89 × 10-8 650 0.10 9.69 0.98
Z Cl 0.53 6.01 × 10-5 1 2.76 × 10-7 1 1 0.01 217.75 0.92
Z Cd 27.78 3.18 × 10-5 2.97 × 10-8 3.14 × 10-7 2.93 × 10-10 1,072 0.01 40.46 0.99
Z Cu 27.78 3.18 × 10-5 1.05 × 10-7 3.70 × 10-8 1.20 × 10-10 302 0.01 340.51 0.98
Z Ni 27.78 3.18 × 10-5 2.78 × 10-8 1.67 × 10-5 1.46 × 10-8 1,144 0.52 0.76 0.98
Z Zn 27.78 3.18 × 10-5 9.83 × 10-7 1.30 × 10-6 4.10 × 10-10 3,234 0.04 9.69 0.98
ZVI,Z,MCACl 0.22 2.10 × 10-5 1 1.11 × 10-4 1 1 0.18 5.29 0.74

Note: PVF, the pore volume of flow; v, the velocity of flow; vR, the ratio of decrease in flow velocity; D, the coefficient of hydrodynamic 
dispersion; DR, the ratio of dispersion decrease; R, the retardation factor; αL, the longitudinal dispersivity; Pe, the Péclet number.



95K. Pawluk et al. / Desalination and Water Treatment 144 (2019) 89–98

solution. Literature presents studies on the use of ZVI to 
remove Cu from aqueous solutions by cementation process 
(i.e. reduction of the oxidized form of the contaminant, Cu2+, 
and subsequent deposition of Cu0 onto the iron surface) but 
also to adsorption and co-precipitation on iron corrosion 
products [62]. Moreover, the corrosion of Fe0 and the subse-
quent increase of pH may also cause precipitation of Fe(OH)2 
at the start of the electrochemical process:

Fe H O Fe OH H0
2 2

2 2 2+ → ( ) + ++ −e  (2)

The experiments of evaluating nickel removal by ZVI 
[55–57] indicated that spontaneous electrochemical cemen-
tation process between Ni and ZVI is less favourable than 
in the case of copper. The standard redox potential of 
the couple Ni2+/Ni0 is only marginally higher than that of 
Fe2+/Fe0 and consequently initiates removal by adsorption, 
co-precipitation and adsorptive size-exclusion. Otherwise, 
zinc reduction by ZVI is caused by lower standard redox 
potential of the couple Zn2+/Zn0 than of couple Fe2+/Fe0 due to 
other mechanisms activated by ZVI [63,64].

On the other hand, at the beginning, the increase in 
concentration of Ni and an earlier breakthrough point was 
observed in the column with zeolite. The increased concen-
tration of Cd, Cu and Zn were detected in the outlet solution 
after time responding to PVF = 600. The shape of the break-
through curves for Cd, Cu and Zn (Fig. 5) presented the same 
behaviour of ion concentrations during the entire experi-
ment and evidenced their faster movement through the pore 

channels in diffusion processes [65]. The most immobilised 
ion during contact with zeolite was Pb and the final concen-
tration in the outlet from the column was close to zero.

In the column with MCA, different intensities of heavy 
metals removal from the solution were observed. The most 
exhaustive removal was noticed for zinc as well as for cad-
mium and nickel. Lead and cooper ions were also immobil-
ised, however, without achieving the equilibrium stage.

According to the characteristic points of the breakthrough 
curves (C/C0 equal to 0.5 and 0.95), the dynamic sorption 
capacities Sm and SmR of the materials were estimated. The 
calculated sorption parameters are presented in Table 4. The 
values of calculated SmR were at a different level, which indi-
cates diverse removal processes. The highest values were 
observed for Zn, Cd, Ni and Cu on zeolite – the material 
characterised by adsorption. Mean SmR values were observed 
for Zn, Cd and Ni for MCA, while the lowest for Cd and Zn 
for ZVI. Moreover, referring to the values of R, the sorption 
processes were unlimited (R > 1,000) for Zn, Ni, Cd on zeolite, 
very high (100 < R < 1,000) for Cu on Z and for Cd, Cu, Ni, 
Pb, Zn on MCA, and high (10 < R < 100) for Pb and Cd on 
ZVI. In comparison to previous studies, the MCA was char-
acterized by higher removal capacities than raw construction 
aggregate tested by Pawluk and Fronczyk [41]. The value of 
retardation factor was higher by one order of magnitude for 
MCA, whereas SmR was more than five times smaller for a 
raw material.

In addition, the dispersivity estimated for tested reactive 
materials attained different values for individual heavy met-
als (Table 3), although, it is a physical parameter and should 

Fig. 5. Observed (points) and fitted values (lines) of the reactive indicators for MCA, ZVI, Z and layers of ZVI, Z and MCA.
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depend only on the properties of a porous material. However, 
according to Dufey et al. [66], the value of dispersivity may 
be affected by the chemical interactions between the solution 
and the material (e.g. dissolution and precipitation).

In the examination of the breakthrough capacity, several 
analogies were noticed: SmR = 11.839 mg/g Zn, SmR = 11.034 mg/g 
Cd, SmR = 7.957 mg/g Ni and SmR = 7.957 mg/g Cu for Z, 
SmR = 4.487 mg/g Zn, SmR = 3.590 mg/g Cd and Ni for MCA, 
SmR = 0.273 mg/g Cd and SmR = 0.240 mg/g Pb for ZVI. Having 
compared the estimated values of this parameter for all mate-
rials’ beds, it was recognized that cadmium and zinc have 
a higher affinity to zeolite. In Table 3, the obtained retarda-
tion factors are presented. To compare the column system 
with numerical simulation (e.g. CXTFIT) for transport prob-
lems of contaminants, it is convenient to relate them by 
non-dimensional numbers like the Péclet number. The values 
of the Péclet number indicate the transport resulting mainly 
from the dispersion and advection mechanisms.

The pH and EC changes in the effluents solution in a 
function of time for columns filled with Z, MCA and ZVI 
and layers of ZVI, Z and MCA is shown in Fig. 6. The pH 
is one of the most important parameters for characterizing 
the chemical properties of aqueous solutions and controlling 
the adsorption behaviour. During the column experiments, 
the pH value of the effluent showed different removal pro-
cesses of heavy metal ions from the solution – by sorption 
and precipitation. Observations indicated that in the first step 
of experiments, the initial pH increased to value of 10.40 for 
MCA, to 10.37 for a column with layers and to 10.40 for a 
zeolite bed, which pointed to precipitation of heavy metals. 
On the other hand, for a column with ZVI, pH was constant 
in the range of 4.60–5.26. Afterward, the reduction of pH to 
values in the range of 6.40 for the zeolite, and the value of 
about 8.77 for layered beds was observed. The results show 
clearly that the sorption on zeolites particles was a complex 

process. It is well known that heavy metals removal by zeo-
lite is caused by ion exchange and surface complexation. On 
the other hand, the immobilization of heavy metal ions from 
aqueous solutions on MCA occurred mostly by precipitation 
and less by adsorption.

Moreover, the clogging of the ZVI beds was reported in 
the end of this experimental study. It was caused by cemen-
tation and precipitation processes on the material, espe-
cially during the contact with copper and nickel, which was 
observed as a blue precipitate. The decrease of the hydraulic 
conductivity of reactive materials mixture was also observed 
in the pilot-scale studies by Fronczyk [67].

4. Conclusions

In conclusion, the preliminary batch tests confirm the 
high efficiency of heavy metals removal from multicompo-
nent solution during the contact with ZVI. Moreover, the 
high values of removal ratios for all tracers on MCA indicated 
the usefulness of this material for groundwater remedia-
tion. Column experiments with zeolite showed an earlier 

Table 4
Hydraulic and sorption parameters of MCA, ZVI and Z obtained 
from column tests

Material tb (s) tbR (s) Sm 
(mg/g)

SmR 
(mg/g)

MCA Cd 1.28 × 104 2.93 × 106 2.341 3.590
MCA Cu 1.28 × 104 8.17 × 106 0.901 –
MCA Ni 1.28 × 104 8.16 × 106 2.731 3.590
MCA Pb 1.28 × 104 3.58 × 106 1.192 –
MCA Zn 1.28 × 104 1.53 × 106 0.878 4.487
ZVI Cd 1.01 × 104 5.84 × 105 0.055 0.273
ZVI Pb 1.01 × 104 6.55 × 105 0.011 0.240
Z Cd 1.57 × 104 1.69 × 107 6.094 11.034
Z Ni 1.57 × 104 1.80 × 107 1.405 7.957
Z Cu 1.57 × 104 4.75 × 106 5.932 7.957
Z Zn 1.57 × 104 5.08 × 107 5.446 11.839

Note: tb, the breakthrough time for the mobile tracer that does not 
sorb to the material (tb = L/v); tbR, the breakthrough time for a tracer 
with retardation factor R (tbR = R × tb); Sm and SmR, the dynamic 
sorption capacities of the breakthrough points, at which the relative 
concentration of the tracer in the effluent solution is 0.5 and 0.95, 
respectively.

Fig. 6. The pH profile at the exit of the column with MCA, ZVI, 
zeolite and layers of ZVI, Z and MCA.



97K. Pawluk et al. / Desalination and Water Treatment 144 (2019) 89–98

breakthrough point (tbR) for nickel, which had lower affinity 
for free place on the material surface than Cd, Cu and Zn 
ions. The highest removal on zeolite was found for lead ions 
and on ZVI for copper, nickel and zinc ions. The study carried 
out on the column with layered beds showed strong removal 
of all heavy metals from the multicomponent solution – the 
final concentrations of cadmium, copper, nickel, lead and 
zinc in the effluent solution from the column were close to 
zero. Based on the obtained results, cadmium was less effec-
tively removed from the solution compared to the Cu, Ni, Pb 
and Zn ions during the contact with all the materials. On the 
modified material, the heavy metals were immobilized with 
different intensity. The most intensive reduction was noticed 
for Cu and Pb. On the other hand, maximum concentration 
of Cd, Ni and Zn was observed in effluent solution. The pH 
value of effluent during column tests showed that the ions of 
heavy metals were retained from the solution by both sorp-
tion and precipitation processes. The column tests showed 
that the multi-layered reactive zones are more efficient for 
heavy metal removal from multicomponent solution than 
single zones.
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