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Abstract: The industrial dumping sites located in the southern provinces of Poland pollute groundwaters 

with metals. In the article, the possibility of groundwater (polluted by metals) treatment with the use of 

Permeable Reactive Barrier Technology has been presented. In this technology, the contaminants are 

removed from the aquifer by a flow of the groundwater through a PRB filled with a special reactive mate-

rial. The wastewater (which simulated groundwater) circulated through the column filled with zero-valent 

iron in the laboratory tests. During the tests, the treatment processes proceeded. Chromium, copper, nick-

el, cobalt, lead, cadmium and zinc, occurring in the water as cations and anions, have been removed in the 

iron bed. The rapid metal removal has likely occurred due to the reduction and precipitation/co-

precipitation and/or due to adsorption onto the iron metal surface or/and onto the iron corrosion products. 

Barium Ba2+ was the only metal, which has not been removed from the wastewater in the column. A rapid 

decrease of the redox potential and oxygen concentration as well as an increases of the pH value and 

stabilizations have also been observed during the flow of water through the column. Due to the Fe/Fe2+ 

half reaction during the treatment processes, the iron concentration has increased as well.  
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Introduction  

In the southern provinces of Poland, there are plenty of industrial dumping sites for 

the hard coal and non-ferrous metal ores mining as well as dumps resulting from the 

manufacture of non-ferrous metals. They affect the quality of ground and surface wa-

ter. The leachate from these dumping sites may contain following elements: As, Ba, B, 

Cd, Cu, Cr, Pb, Li, Mo, Ni, Rb, Sr, Tl, U, Zn (Twardowska et al., 2004; Pasieczna et 

al., 2008; 2010a; 2010b; Pasieczna and Kowalska, 2010; Nowak, 2008; Jarosiński et 

al., 2006, Suponik, 2012). An efficient removal of heavy metals as well as radionu-
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clides and arsenic was achieved by the multibarrier presented in the study of Groudev 

et al. (2007).  

In the article the possibility of the removal of Ni, Ba, Zn, Co, Cr, Cd, Pb and Cu 

from the groundwater with the use of zero-valent iron (ZVI, Fe
0
) using Permeable 

Reactive Barrier (PRB) Technology has been presented. The application of ZVI for 

cationic and anionic metals removal has been investigated (Wilkin and McNeil, 2003; 

Rangsivek and Jekel 2005; Li and Zhang 2007; Fiore and Zanetti 2009; Puls et al., 

1998; Meggyes et al., 1998). The main mechanisms suggested in these papers are re-

duction and precipitation/co-precipitation, and adsorption.  

The results of the research on the copper removal from wastewater has also been 

presented elsewhere (Suponik, 2009). Cu
2+

 is characterized by a higher standard elec-

trode potential than Fe
0
, hence iron displaces this hazardous cation from groundwater:  

 0 0
4 4Fe CuSO FeSO Cu . (1) 

This reaction (called cementation) is a well known in hydrometallurgy (Ek-

mekyapar et al., 2012). The reaction proceeds under condition that:  

 2+ 2+Fe/Fe Cu/Cu
U U  (2) 

where UFe/Fe2+ is the standard electrode potential (ORP), V.  

It was assumed in the paper that, cationic and anionic metals such as Ni
2+

, Cd
2+

, 

Pb
2+

, Co
2+

 and Cr2O7
2–

, HCrO4
–
, CrO4

2–
, may probably be removed from groundwater 

when the zero-valent iron is used as a reactive material in a permeable reactive barrier, 

as all these ions are characterized by a higher standard electrode potential than iron 

(Fe
0
). Finally, these metals may be precipitated out by a reactive material as Ni

0
, Cd

0
, 

Pb
0
, Co

0
 and CrxFe(1–x)OOH (see reaction 4) (Puls et al., 1998), Cr(OH)3 and Cr2O3 

(ITRC, 2011).  

Chromium(VI) is very toxic, whereas chromium(III) is slightly toxic and is easy to 

precipitate. Hence, the reduction of chromium(VI) into chromium(III) is the reaction 

which allows to remove it from groundwater (Suponik, 2011). The overall reaction for 

the hexavalent chromium, which occurs in water (under typical ground water pH and 

ORP conditions) as an oxyanion in the form of CrO4
2–

 or as Cr2O7
2–

 can be presented 

as (Meggyes et al., 1998):  

 CrO4
2–

 + Fe
0
 + 8H

+ 
 Fe

3+
 + Cr

3+
 + 4H2O. (3) 

In a further step, iron and chromium are precipitated as chromium(III) hydroxides 

or chromium-iron hydroxide solid solutions (Puls et al., 1998): 

 (1–x)Fe
3+

 + (x)Cr
3+

 + 2H2O  Fe(1 – x)CrxOOH + 3H
+
. (4) 

In accordance with Wilkin and McNeil (2003), when the value of pH is lower than 

7, the process which causes the cationic metals removal is the adsorption onto the iron 
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surface or onto the iron corrosion products, whereas if a neutral or an alkaline pH con-

dition occurs in the groundwater, the precipitation of carbonate species will provide 

different types of sorption surfaces and a potential for metals coprecipitation.  

According to the study of Li and Zhang (2007), the sorption/surface complex for-

mation is the removal mechanism for metal ions with a standard potential very close 

to, or more negative, than that of iron. The predominant removal mechanism, for met-

als with a greatly more positive and slightly more positive ORP than that of iron, is 

respectively the reductive precipitation, and the sorption and/or reductive precipita-

tion. In the research presented in the paper of Li and Zhang (2007), the nanoscale ze-

ro-valent iron has been used as a reactive material for the removal of metal cations in 

water. The article also includes a claim that as the pH of the groundwater passing 

through zero-valent iron substantially increases (e.g. reactions 5 and 6), the precipita-

tion of metal hydroxides may play an important role in the immobilization of metals – 

the following hydroxides are characterized by low solubility product: Cu(OH)2, 

Pb(OH)2, Cd(OH)2, Ni(OH)2, Co(OH)2, Zn(OH)2, Ba(OH)2.  

The primary goal of this study was to assess the possibility of the treatment of the 

groundwater, contaminated by dumping sites located in the provinces of southern Po-

land. The zero-valent iron used as a reactive material in PRB Technology has been 

applied for that purpose.  

Materials and methods  

The laboratory tests carried out to determine the possibility of groundwater treatment 

were conducted in a glass column (Fig. 1) packed with scrap iron taken from a ma-

chining plant and with coarse sand located at the bottom of the column. The 

wastewater has been made to circulate through the column from bottom to top with the 

use of a peristaltic pump (type ZALIMP PP1B-05A) and during that time the treat-

ment processes occurred. Fabric filters made by TAMFELT Co., were placed between 

the sand and the iron, on the bottom of the column and on the top of the iron bed (be-

tween iron and cork). The wastewater Darcian velocity used in the tests amounted to 

0.02 m/day, 0.19 m/day and 0.50 m/day. These values corresponded to the groundwa-

ter velocity under industrial dumping sites located in southern Poland (the information 

has been obtained from the technical documentations of several dumping sites). This 

way, the conditions in column corresponded to the aquifer under the dumping sites in 

southern Poland.  

Since the results of the tests for each velocity were similar the values for the Darci-

an velocity amounting to 0.50 m/day, were presented in the article.  

There were seven sampling points in the installation in order to draw wastewater 

out and to take measurements. The wastewater (synthetic) was prepared by mixing 

distilled water (20 dm
3
) with 108 mg CuSO4 5H2O, 82 mg CoCl2, 84 mg NiSO4 7H2O, 

140 mg BaCl2 2H2O, 228 mg ZnSO4 7H2O, 20 mg K2CrO4, 36 mg CdSO4 8/3H2O and 
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28 mg PbCl2. This way, the allowable concentration of chemicals in the simulated 

 

 

Fig. 1. Installation for simulation of flow and treatment processes of contaminated  

groundwater in reactive barrier; 1, 2, 3, 4, 5, 6, 7 – sampling points  

groundwater has been exceeded within the meaning of legal regulations (Journal of 

Laws of 2009 No. 27 item 169). Since the pH of the groundwater under the dumping 

sites for the hard coal mining and non-ferrous metal ores mining, and for the manufac-

ture of non-ferrous metals is respectively slightly acidic and rather neutral or alkaline 

(in southern Poland), it has not been purposely changed in the laboratory tests. The 

quantitative analysis of chemicals were carried out for:  

 Cr
6+

, UV-Vis Spectrophotometer DR5000 HachLange – 1,5-diphenylcarbo-

hydrazide method; method 8023 of Hach Co.; test results are measured at 540 nm;  

 Cutotal, UV-Vis Spectrophotometer DR5000 HachLange – bicinchoninate method; 

method 8506 of Hach Co.; test results are measured at 560 nm;  
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 Cototal, UV-Vis Spectrophotometer DR5000 HachLange – 1-(2-pyridolozo)-2-

naphthol (PAN) method; method 8078 of Hach Co.; test results are measured at 

620 nm; 

 Nitotal, UV-Vis Spectrophotometer DR5000 HachLange – 1-(2-pyridolozo)-2-

naphthol (PAN) method; method 8150 of Hach Co.; test results are measured at 

560 nm;  

 Ba
2+

, UV-Vis Spectrophotometer DR5000 HachLange – turbidimetric method; 

method 8014 of Hach Co.; test results are measured at 450 nm;  

 Zntotal, UV-Vis Spectrophotometer DR5000 HachLange – zincon method; method 

8009 of Hach Co.; test results are measured at 620 nm;  

 Cdtotal, JY 2000 Spectrometer – Inductively Coupled Plasma Atomic Emission 

Spectroscopy method (ICP-AES);  

 Pbtotal, 2000 Spectrometer – Inductively Coupled Plasma Atomic Emission Spec-

troscopy method (ICP-AES);  

 Fetotal, UV-Vis Spectrophotometer DR5000 HachLange – FerroVer method; meth-

od 8008 of Hach Co.; test results are measured at 510 nm;  

 SO4
2–

, UV-Vis Spectrophotometer DR5000 HachLange – SulfaVer 4 method; 

method 8051 of Hach Co.; test results are measured at 450 nm;  

 Cl
–
, UV-Vis Spectrophotometer DR5000 HachLange – Mercuric Thiocyanate 

method; method 8113 of Hach Co.; test results are measured at 455 nm.  

Concentrations of the Ni, Co, Cu, Zn, Cd, Pb metals in the wastewater, which was 

prepared by adding metal compounds to distilled water, were measured in a spectro-

photometer and a spectrometer as a total value: Nitotal, Cototal, Cutotal, Zntotal, Cdtotal, 

Pbtotal. Since there were no metals speciation (at the beginning) in the wastewater other 

than the Ni
2+

, Co
2+

, Cu
2+

, Zn
2+

, Cd
2+

, Pb
2+

 cations, the removal of the metals in the 

second oxidation state has been assessed in the article.  

The pH, ORP, dissolved oxygen (DO), conductivity and temperature are important 

parameters that are easily monitored during column tests and are good indicators of 

conditions created by ZVI. They were measured for: a) pH, PORTAMESS 913 pH 

with SenTix 4 electrode1; b) ORP, PORTAMESS 913 pH with POLYPLAST ORP 

electrode; c) conductivity and temperature, PORTAMESS 913 Cound, d) concentra-

tion of DO, PORTAMESS 913Oxy with oxygen SE 302 probe.  

The scrap iron is easily available in large quantities at a reasonable price. It should 

have a high content of iron metal (>90%), low carbon content (<3%), and nonhazard-

ous levels of leachable trace metal impurities (ITRC, 2011). It must be free of any 

surface coating (oils or grease) that inhibit its reactivity.  

Both sand and iron (in the form chips and swarf, Fig. 2) were cleaned before using 

them to fill the column. The sand was cleaned with the use of distilled water, whereas 

iron was first cleaned with a thinner (painter’s naphtha), dried in the moisture teller, 

and then, just before the application, cleaned with distilled water. Both materials were 

then carefully packed into the column.  
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The measurements have begun just after the achievement of a steady state in the 

column, i.e. after the wastewater in the column had been changed ten times. 

 

Fig. 2. Zero-valent iron Fe(0) used in laboratory tests 

Table 1 presents the grain-size distribution of scrap iron used in the column test. 

The maximum size of the iron grain amounted to 4 mm. The material used in the size 

determination and in the measurements of the hydraulic parameters (Table 2) has also 

been cleaned with thinner (painter’s naphtha) and dried in a moisture teller.  

For a correct measurement of iron density (according to Polish Standard PN-88/B-

04481), benzene (analytically pure) was applied in the test and a pycnometer with 

a sample was heated in a water bath (distilled water did not penetrate the measured 

material and lumps of iron were created in the pycnometer). The hydraulic conductivi-

ty of the reactive material was measured with the use of Kaminski’s pipe method, 

while the bulk density and the effective porosity were determined in accordance with 

the Polish PN-88/B-04481 standard and King’s method respectively (Pazdro et al., 

1990; Wieczysty, 1982).  

Table 1. Particle size distribution of zero-valent iron used in column test  

Particle size, mm 4.0–2.0 2.0–1.6 1.6–1.0 1.0–0.71 0.71–0.5 <0.5 

Mass fraction, % 1.77 1.28 7.26 38.79 36.57 14.33 

Table 2. Parameters of zero-valent iron 

Reactive material parameters, unit  Value  

Hydraulic conductivity, m/s 4.47 10
–4

 

Density, g/cm
3
 7.85 

Bulk density, g/cm
3
 1.96 

Effective porosity, – 0.46 
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Results and discussion  

The scrap iron used in the tests shows an ability to create reductive conditions in 

a glass column and as a result, to remove cationic and anionic metals present in 

wastewaters in the following oxidation states: Cr
6+

, Cu
2+

, Ni
2+

, Co
2+

, Pb
2+

, Cd
2+

, Zn
2+

 

(Table 3). In the present of iron, between the 1st and 2nd sampling point, the pH in-

creased quickly as a result of the reactions 5 and 6 (reaction 6 proceeds slowly): 

 OH4Fe2OH2OFe2 2

22

0  (5) 

 OH2HFeOH2Fe 2

2

2

0  (6) 

This potential increased from 6.44 in the first sampling point to reach 7.98 in the 

second point. Following that, it slowly decreased at the remaining points.  

Similar values of sulphates (SO4
2–

 decreased very slowly in the iron bed, Table 3) 

and a small increase of pH in the column showed that the metals did not precipitate (or 

they precipitated to a small degree) in the form of sulphides or hydroxides. Therefore, 

the reductive precipitation and/or the adsorption on iron surface or on the iron corro-

sion products were probably the groundwater (contaminated with metals) treatment 

mechanisms.  

In accordance with Table 3, reaction 5 proceeded quickly, evidenced by the fact 

that both DO and the ORP dropped quickly as the wastewater entered the iron materi-

al. The value of ORP and DO for the 1st and the 7th sampling points amounted to 

ORP1 = 186 mV; DO1 = 7.25 mg/l and ORP7 = –70 mV; DO7 = 4.59 mg/dm
3
 respec-

tively. These parameters decreased gradually.  

The significant decrease of metals occurred already at the lower part of the iron bed 

– between the 1st and the 2nd sampling points. Low concentrations of the metals were 

still observed at the second point, while there was no evidence of any of the observed 

metals – except barium – at the 3rd sampling point. Its concentration kept a similar 

value at all points of the installation presented in Fig. 1. The half reaction of barium 

Ba/Ba
2+

 is characterized by a lower standard electrode potential than Fe/Fe
2+

, which 

explains the treatment difficulty of water contaminated with barium in the 2nd oxida-

tion state. Zinc, at the same time, is also characterized with a lower standard electrode 

potential than Fe
0
 and was completely removed in the lower part of the iron bed. It 

might have been precipitated out in the form of hydroxide – Zn(OH)2 (pH increased 

slightly, Table 3) or, more probably, adsorbed on the iron surface, what was suggested 

by Li and Zhang (2007): 

 O2H4Fe4HO4Fe 2

3

2

2 . (7) 

According to reactions 1 taking place in the system, and also reaction 7, the 

wastewater should be richer in Fe
2+

 and Fe
3+

 respectively, at the next sampling points.  
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Table 3. The results of the research carried out in the installation presented in Fig. 1 

Parameter, unit  
Values for the following sampling points 

1 2 3 4 5 6 7 

pH 6.44 7.98 7.83 7.90 7.80 7.66 7.74 

ORP, mV 186 121 95 64 –3 –38 –70 

Conductivity, mS/cm 0.1507 0.1621 0.1999 0.381 0.720 0.904 1.040 

DO, mg/dm3 7.25 6.13 5.26 5.09 4.54 4.77 4.59 

Temp., oC 17.8 18.2 18.3 17.7 17.8 17.8 17.6 

Cr6+, mg/dm3 0.202 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 

Cu2+, mg/dm3 1.27 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 

Ni2+, mg/dm3 0.841 0.013 <0.006 <0.006 <0.006 <0.006 <0.006 

Co2+, mg/dm3 1.772 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 

Ba2+, mg/dm3 5.0 5.5 4.5 5.0 6.0 5.5 5.0 

Pb2+, mg/dm3 0.985 0.122 <0.005 <0.005 <0.005 <0.005 <0.005 

Cd2+, mg/dm3 0.695 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 

Zn2+, mg/dm3 2.79 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Fetotal, mg/dm3 <0.02 5.05 6.89 7.60 10.80 14.51 15.84 

SO4
2–, mg/dm3 14 13 12 13 12 11 12 

Cl–, mg/dm3 8.8 8.2 9.5 8.2 9.1 9.9 8.2 

 

The total concentration of iron increased from <0.02 mg/dm
3
 (detection limit in the 

spectrophotometer) in the untreated water, to 15.84 mg/dm
3
 at the 7th sampling point. 

A higher value of conductivity at successive points has also confirmed the increase of 

the iron concentration. The conductivity increased from 0.1507 mS/cm in the raw 

wastewater to 1.040 mS/cm at last measuring point (Table 3). The above means that 

reactions 1, 5, 6 and probably others, proceeded quickly while the wastewater has 

been flowing through the column.  

To some degree, the temperature increase in the wastewater flowing through ZVI 

has also confirmed the occurrence of the 1, 3, 5, 7, and probably 8, 9, 10, 11 reactions: 

 0

44

0 NiFeSONiSOFe  (8) 

 0

22

0 CoFeClCoClFe  (9) 

 0

22

0 PbFeClPbClFe  (10) 

 0

44

0 CdFeSOCdSOFe . (11) 

The temperature of the wastewater in the column increased from 17.8
o
C at the 1st 

sampling point to 18.3
o
C at the 3rd point, and then dropped to the value of 17.8

o
C ± 

0.1
o
C at the remaining points (4, 5, 6, 7). The increase of the temperature in the lower 
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part of the column probably occurred due to the negative enthalpy of reactions 1, 3, 5, 

7 as well as 8, 9, 10 and 11, which could have caused (among others) the removal of 

cationic and anionic metals (Ni, Co, Cr, Cd, Pb, Cu) from the water and the increase 

of the iron concentration (Fe
2+

, Fe
3+

) in it. The decrease of temperature at remaining 

sampling points (4, 5, 6, 7) occurred due to the air temperature in the laboratory which 

was 17.6
o
C ± 0.2

o
C.  

Conclusions  

The industrial dumping sites in the southern provinces of Poland pollute groundwater 

with metals. Most of them may be removed with the use of zero-valent iron in the 

PRB Technology. In accordance with the results presented in the article, the cationic 

and anionic forms of Cr
6+

, Cu
2+

, Ni
2+

, Co
2+

, Pb
2+

, Cd
2+

, Zn
2+

 have been removed. Bari-

um (Ba
2+

) was the only assessed metal which remained in the wastewater after the 

treatment processes in the column. Rapid metals removal occurs most likely due to the 

reductive precipitation/coprecipitation and/or due to the adsorption onto the iron metal 

surface or/and onto the iron corrosion products.  

As a result of the treatment processes in the column, a significant decrease of ORP 

(from 186 mV to –70 mV) and DO (from 7.25 mg/dm
3
 to 4.59 mg/dm

3
) and an in-

crease of pH from ca. 6.5 up to ca. 7.8 occurred in the wastewater. At the same time, 

due to the Fe/Fe
2+

 and Fe/Fe
3+

 half reactions, the iron concentration (and the conduc-

tivity) increased. These reactions to a some degree, have confirmed the reduction and 

precipitation/coprecipitation of metals (reactions 1, 3, 8, 9, 10, 11), while also con-

firming the reduction of O2 and H2O (reactions 5, 6). Moreover, a significant increase 

of conductivity between the 1st and 7th sampling point showed that when iron was 

oxidized, the reductions of substances other than metals occurred (e.g. O2).  

Since the temperature of wastewater increased (from 17.8
o
C to 18.3

o
C) in the lower 

part of the iron bed, the exothermic processes in the wastewater can be assumed to 

occurred. The reactions of cationic and anionic forms of metals (Ni, Co, Cr, Cd, Pb, 

Cu) removal and the reactions of oxygen reduction have a negative enthalpy.  

In order to check the mechanisms of the groundwater treatment with zero valent-

iron and to assess the type of the treatment processes (reductive precipita-

tion/coprecipitation or adsorption), the changes in the oxidation states of metals in the 

wastewater flowing through the column should be analysed.  
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