
 DOI: 10.2478/eces-2020-0014 ECOL CHEM ENG S. 2020;27(2):211-224 

Alena PAVELKOVÁ1*, Vojtěch STEJSKAL1,2, Ondřejka VOLOŠČUKOVÁ1  
and Jaroslav NOSEK1 
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Abstract:  Zero-valent iron is very effective in the treatment of groundwater contaminated with chlorinated 
hydrocarbons and solvents broadly used in industrial production. In terms of its sustainability and cost,  
a legitimate effort has been devoted to the optimization of the remediation process, which can be demanding and 
expensive. In this study, the application potential and fundamental properties of several commercial micro-sized 
zero-valent iron (μZVI) were investigated. Although the manufacturers report the basic parameters of μZVI, it has 
been shown that the actual reactivity of apparently similar products varies notably. This work was focused on 
monitoring of frequently occurring contaminants. The actual contaminated water from the Pisecna locality - 
former landfill of industrial waste, with high levels of chlorinated ethenes and ethanes (PCE, TCE, cis-1,2-DCE 
and 1,2-DCA) was used for the experiment. The degree of dechlorination reached over 85 % 32 days after the 
application of μZVI in several samples and a far higher reaction rate for smaller particles was observed. Also, the 
amount of cis-1,2-DCE, which is characterized by slow decomposition, decreased by more than 95 % over the 
course of the experiment. Smaller particles showed a much longer sedimentation rate and gradual fractionation 
was also observed. Monitoring of ORP and pH also suggested that the smaller particles possessed a reduction 
capacity that was sufficiently high even at the end of the experiment. Laboratory tests with apparently similar 
μZVI samples indicated considerable differences in their reaction rate and efficiency. 

Keywords: micro-sized zero-valent iron, chlorinated hydrocarbons degradation, commercial ZVI, cost-effective 
remediation 

Introduction 

The application of zero-valent iron (ZVI) is an innovative method for the remediation 
of contaminated groundwater and the demonstrable efficacy of contaminated site clean-up 
has gradually made the use of ZVI a well-established remedial technique [1-8]. In terms of 
general environmental sustainability, the importance of lifecycle costs is substantial for 
companies remediating contaminated sites and particular attention is paid to the optimal 
application conditions [9]. In this regard, there are several inherent aspects that need to be 
considered. Firstly, the fundamental physicochemical conditions of the contaminated site 
have to be properly specified, the type and spread of contamination; secondly, 
hydrogeological and geochemical parameters of the subsurface environment (hydraulic 
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conductivity, density, effective porosity, water composition, etc.) [10]. Based on the nature 
and extent of contamination, a suitable remedial technique or their combination eventually, 
needs to be selected. This includes the application method and the type of the remedial 
agent.  

Chlorinated ethenes (CEs) are among the most frequently encountered classes of 
contaminants detected in groundwaters which are often sources of drinking water.  
The concentration of CEs at contaminated sites can vary due to many factors, including 
natural attenuation, volatilization, sorption or diffusion, which can dilute the concentration 
but not degrade or transform the contaminants. Decomposition takes place by abiotic and 
biotic transformations through oxidation and reduction reactions. Biotic degradation is 
mediated by naturally occurring microorganisms or injected commercial microbial cultures, 
which use the transfer of electrons in metabolic processes. Various bacterial strains arise 
depending on the conditions (anaerobic, anoxic, aerobic). Nevertheless, due to the 
complexity of the environmental processes, the degradation effects of bacterial strains and 
abiotic factors can overlap. Microbial decomposition depends on physical parameters such 
as temperature. Research conducted by Wing determined that a reduction of TCA  
(1,1,1-trichloroethane) can take place two times faster when the temperature is about 5 °C 
higher (in the range of 10-25 °C) [3]. Furthermore, the degree of chlorination of 
contaminant is an important factor that should be considered. Several research projects 
were devoted to investigating the mechanisms of CE reduction [11, 12]. Under the abiotic 
conditions the dechlorination pathway proceeds sequentially from PCE, TCE, cis-1,2-DCE 
and VC with the end products being ethene or ethane and the prevailing mechanism being 
reductive dechlorination. The degradation susceptibility of CEs, however, generally 
decreases with a less chlorinated molecule [13]. Incomplete dechlorination of PCE and 
TCE results in cis-1,2-DCE and VC, which often accumulate in the ground due to their low 
decomposition rate [14]. In reducing less chlorinated compounds (DCE, VC), various 
techniques are being developed. For example, induced degradation of DCE by microbes in 
the study [15] was performed by enrichment of the site with natural monoaromatic 
secondary plant metabolites. Lower concentrations of less chlorinated compounds can be 
effectively reduced microbially; nevertheless, highly concentrated contamination can be 
rather toxic for the microorganisms. An abiotic approach to enhance degradation processes 
is to create stronger reductive conditions with the application of zero-valent iron.  

ZVI is highly effective in the reduction of many classes of chlorinated hydrocarbons 
(CHC) [16, 17]. An important parameter related to reductive capacity and thus the ability of 
ZVI to degrade CHC is the size of the particles [18]. The size along with the topography are 
decisive for the surface specific area and, thus, the availability of Fe0 atoms to come into 
contact with CHC [19]. The higher the surface area, the higher reductive capacity can be 
expected; however, depending on the environment the capacity is also being consumed in 
further reductive reactions with water or dissolved ions. Considering the application 
purposes, a range of iron particle sizes can be used for remediation [20]. Millimetre-sized 
particles are used for example in permeable reactive barriers, where their long-term activity 
is demonstrated, although their efficiency is low. Furthermore, very large quantities of iron 
filings are typically required [21]. In recent research, great attention has been devoted to 
investigating the use of nano-sized ZVI for remedial purposes [4, 19, 22, 23]. The main 
advantage of nano-sized ZVI particles is their high reductive capacity and reactivity, due to 
their large specific surface area. Moreover, they can be used in less accessible areas or areas 
with low hydraulic conductivity, where due to their smaller size, an enhanced ability to 
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migrate is expected [24]. However, nZVI is significantly more costly than other iron 
varieties, and currently can be up to 100 USD/kg; besides that, there is essentially no track 
record regarding its long-term performance. On the other hand, far less attention and 
research has been focused on the investigation of real applications of micro-sized ZVI for 
remediation. Compared to nZVI, micro-sized ZVI reacts moderately and possess extended 
longevity, which may be a welcome compromise, especially for sites with higher porosity 
and hydraulic conductivity. Additionally, the microscale iron market is more robust as there 
are many well-established manufacturers of iron powders for a myriad of industrial 
functions including remediation, unlike nZVI. Automated processes and QA/QC ensure 
high capacity manufacture of the optimal product what also reflects the lower costs of µZVI 
[25].  

Manufacturers of commercial ZVI report general information about the size of 
microparticles, which can be comparable at first sight; however, the crucial properties 
affecting dechlorination efficiency are not fully appreciated. For example, major factors 
regarding the propensity of ZVI to agglomerate and their morphology, which affect the 
actual effective surface of particles can significantly influence their reactivity [26]. In 
addition, the mobility of the particles in the ground leads to a specific sedimentation rate of 
the material in the rock environment and clogging of injection technology and can also 
contribute to the final dechlorination effect [27].  

The aim of this research is to examine commercially produced μZVI, and to 
characterize the efficiency and application potential with regards to the parameters reported 
by manufacturers. Five comparable microscale zero-valent iron materials from various 
producers were investigated. The manufacturers reported a particle size up to D80 = 63 μm, 
high zero-valent iron content and a minimum presence of impurities. The cost of each iron 
assessed was less than 3 USD/kg. Information provided by this research may be valuable 
for users to effectively optimize their remedial processes from setting of technological 
parameters to budgeting.  

Materials and methods 

Types of studied μZVIs 

Five commercially available microscale zero-valent iron particle materials with 
comparable characteristics were evaluated. All available information provided by 
manufacturers are summarized in Table 1. 

 
Table 1 

Summary information of the samples 

Sample Company Country Product 
name 

Grain size 
[μm] 

Iron content 
[% ] 

μZVI_1 
Pometon 
powders 

Italy Ferchim 80 % < 63 98 

μZVI_2 Hepure USA Ferox PRB 96 % < 60 95 
μZVI_3 Rio Tinto Canada Atomet 90 % < 45 98 
μZVI_4 Höganäs Sweden MH300 80 % < 45 98.5 

μZVI_5 LAC 
Czech 
Rep. 

LAC 2000 85 % < 50 97 
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Laboratory reactor test 

The dechlorination efficiency was monitored in laboratory reactor tests. The tests were 
performed in a set of 20 cm3 hermetically-sealed vials equipped with Teflon septum (to 
avoid leakage of the contaminant), where the contaminated water and ZVI microparticles 
were dispensed. Control tests in vials without μZVI were conducted at the same time.  
The groundwater used in this research was taken from a contaminated site called Pisecna 
(see the description below). Before the tests, the chemical composition of the water was 
determined. In addition to the determination of ions (ammonium ions < 0.25 mg/dm3, 
COD-Cr 25 mg/dm3, nitrates 3.11 mg/dm3, nitrites 0.25 mg/dm3, sulphates 36.4 mg/dm3, 
sulphites < 1 mg/dm3, iron 0.062 mg/dm3 and manganese 0.017 mg/dm3), the water was 
analysed for the presence of CEs (10,800 µg/dm3 of PCE, 17,555 µg/dm3 of TCE,  
1,399 µg/dm3 of DCE and 7,550 µg/dm3 of 1,2-DCA). Groundwater (15 cm3) was poured 
into vials and 0.075 g of μZVI (concentration of 5 g/dm3) was added. The vials were then 
placed into a vertical shaker (PluNoTech s.r.o. Czech Republic) and the mixture was mixed 
continuously with two-minute breaks between each movement. Sampling (monitoring of 
physicochemical properties) was performed after 3, 7, 15 and 32 days and all of the 
measurements were performed in triplicate.  

Decription of the contaminated site Pisecna 

The Pisecna site was a lined landfill since 1970s, where an industrial waste containing 
CEs was deposited. In 1996-97 the landfill was excavated, and the area was recultivated. 
Currently, the area is monitored for the occurrence of secondary contamination and there 
were made application wells for further remediation, because the levels of chlorinated 
hydrocarbons are still too high. As a result of landfilling, the rock environment was 
contaminated with a mixture of CEs in which 95 % of chlorinated ethenes (ClE) 
predominate, the remainder being chlorinated ethanes (ClA). Sum of ClE consisted of 52 % 
PCE, 46 % TCE and about 2 % of 1,2-cis-DCE. More than 98 % of ClA is was present in 
the form of 1,2-DCA. The rock environment can be characterized as highly geologically 
complex, with fracture-stream flow and medium collector transmissivity in the interval of 
10–4-10–3 m2/s. The collector base is 25-35 m below the terrain, the groundwater level at the 
site is in the range of 10-20 m below the terrain. The source of CEs contamination is 
located in 6-10 m below the terrain. 

Laboratory analyses, measurements and calculations 

Physical-chemical characteristics - oxidation reduction potential (ORP) and pH were 
measured using a WTW 3430 Multimeter (WTW, Germany); ORP was measured by an 
Ag/Cl electrode and recalculated against a standard hydrogen electrode. Determination of 
CEs was performed according to EPA method 8260 B by GC/MS (Thermo Trace 1310) 
(Thermo SQTM 8000 EVO) and the concentration of reductive dehalogenation products 
(methane, ethane, ethene) was measured by GC/FID (Varian Saturn 3800). The rate of 
decrease of CEs was evaluated according to the pseudo-first order kinetic model.  

The degree of dechlorination D was calculated according to equation (1) using molar 
concentrations: 

� =  
�TCE� + 2 ∙ �DCE� + 3 ∙ �VC� + 4 ∙ �ethene� + 4 ∙ �ethane�

4 ∙ (�PCE� + �TCE� + �DCE� + �VC� + �ethene� + �ethane�)
∙ 100�%�  (1) 
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The degree of dechlorination is a value in the range from 0-100 %, when the value  
100 % refers to the complete dechlorination of CEs to the non-chlorinated products ethene 
and ethane [28].  

Sedimentation test 

Sedimentation of iron particles was examined using a specially assembled device, 
constructed also for online monitoring. The device consisted of four components: 
laboratory scales, a measuring cylinder, a support and a PC output. For the experiments,  
a graduated cylinder with a volume of 2 dm3 was filled with tap water (distilled water was 
not appropriate due to very low ionic strength), after that 10 cm3 of suspension of ZVI 
(3 g/10 cm3) (ZVI was used without any further modification) was pipetted into the centre 
of the water in the cylinder to disperse the iron particles in the water as much as possible 
and at the same time to prevent the iron particles from clinging to the walls and hinges. The 
time and the increase in weight were then monitored. 

 

 
Fig. 1. Device assembled for sedimentation tests 

Microbiology assessment 

The effect of microbial activity was evaluated in two separate reactors with a volume 
of 2.5 dm3; one of which was provided with µZVI (5 g/dm3). Groundwater from the same 
location was taken at a different time; hence, the initial concentration of CEs differed. After 
the test has finished, 0.5 dm3 of water from each reactor was filtered through a 0.22 µm 
pore membrane. DNA was isolated from the filters with the collected microorganisms by 
the Fast DNA SPINKit for Soil (MP Biomedicals, GmbH Germany) according to the 
manufacturer’s protocol. The extracted DNA was used as a template for real-time PCR 
amplification. Specific genes were used for detection of ongoing reductive dehalogenation 
(Dre, DHC-RT and Dsb).  

Electron microscopy 

SEM Carl Zeiss ULTRA Plus (Carl Zeiss AG, Germany) with an EDS Oxford X-Mas 
20 (Oxford Instruments, UK) was used for characterization of the morphology, size and 
agglomeration of particles. The SEM Carl Zeiss ULTRA Plus was operated by Smart SEM 
software and EDS Oxford X-Mas 20 by Aztec software. Additionally, the specific surface 
area of the scaffolds was measured via N adsorption and calculated from BET equation. 
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Results and discussion 

Chemistry - CE degradation, ORP and pH 

The effect of the µZVI was monitored by measuring the ORP and pH. The freshly 
taken sample of the contaminated water had the value of ORP 278 mV and pH was 6.9. 
Figure 2 shows the development of the ORP and pH throughout the experiment.  
The reductive effect of the added μZVI is characterized by a sharp decrease in the ORP. 
The value of –600 mV was observed for all of the examined samples of μZVI within three 
days, except in the case of the control reactors. Such a low value of ORP may indicate that 
the concentration of μZVI used in the batch tests was fairly high, as was also reported in 
study [29] when a low ORP was reached in a highly concentrated system. Due to this, the 
ORP stayed low compared to the control and also for a longer period of time compared to 
the previously published data, where nZVI at a low concentration was used and the ORP 
began to increase after five days [30]. A decrease in the ORP is accompanied with an 
increase in the pH up to a value of 10.2, which is due to the reduction of water  
(e.g. formation of hydroxide and hydrogen). From the pH data, it can be seen that in the 
reactors with ZVI_3 and ZVI_5 the pH is higher, which may indicate a higher reductive 
capacity of these samples, because an elevated water reduction occurred. On the contrary, 
the pH in the control reactor remained constant until the end of the experiment, except the 
deviation from the initial value which occurred due to natural character of a sample  
(non-sterile water) and sample manipulation under the atmospheric conditions. 

 
a) b) 

 
Fig. 2. Development of: a) pH and b) ORP during the reactor test 

Reactivity of μZVI  

The course of dechlorination in the reactors with applied μZVI compared to the control 
reactor without μZVI is depicted in Figure 3. A decrease in the contaminants is apparent in 
all of the reactors. The drop of the PCE and TCE was more pronounced compare to the 
dechlorination of cis-1,2-DCE what took place at a slower rate. The decrease of the level of 
chlorinated compounds from the initial value to the value of first sampling occurred likely 
due to combination of several factors what was exposure to atmospheric conditions, 
manipulation with the samples, microbial activity and the beginning activity of μZVI. 
Nevertheless, after the sealing of the samples in hermetically closed vials, any leakage or 
exposition to atmospheric conditions was avoided. After the first sampling in third day of 
the experiment the prevailing effect of μZVI can be observed, based also on the low ORP.  
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Recent research demonstrated that 1,2-DCA does not react with ZVI [11]. 
Nevertheless 1,2-DCA is efficiently degradable by microorganisms [31]. As can be seen in 
Figure 3, the concentration of 1,2-DCA decreased moderately at the start of the experiment 
or remained rather constant in the reactors with the applied μZVI. On the contrary, 
complete decomposition was observed in the control reactor, which may be attributed to the 
microbial activity. 

 
a) b) 

 
c) d) 

 
Fig. 3. Molar concentration of CEs, the progress during the reactor test (with initial concentration):  

a) PCE (65 µmol/dm3), b) TCE (133 µmol/dm3), c) cis-1,2-DCE (14 µmol/dm3), d) 1,2-DCA  
(76 µmol/dm3) 

Based on this observation, an assessment of the halorespiring bacterium strains 
(Dehalococcoides, Dehalobacter, Desulfitobacterium) in the control reactor was performed 
and the presence of Desulfitobacterium was confirmed. According to previously published 
research [32], Desulfitobacterium strains are capable of dechlorinating PCE and TCE into 
cis-DCE, and 1,2-DCA into ethane under certain conditions, to some extent based on the 
initial concentrations. Research published elsewhere [33] even reported a synergistic 
tendency of the Desulfitobacterium sp. strain Y-51 and ZVI used for the dechlorination at 
the same time; however, this effect was not proved likely due to high a μZVI content and 
strong reductive conditions which can be incompatible with the bacterial strain occurrence 
[34]. Conversely, the toxic effect on the groundwater microbial community was confirmed 
in a comparative experiment (Fig. 4) when no halorespiring bacterium strains were detected 
in the reactor with applied μZVI. A toxic effect of ZVI on the groundwater microbial 
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community was also proven in a study by Kara M. Zabetakis [35], which also considered 
the impact of the particle size. 

To clarify the abiotic and biotic effects on the decomposition of CEs, a comparison of 
the changes in concentrations of CEs in the reactor with the applied model μZVI (abiotic 
factor) and the control reactor without μZVI (with naturally-occurring microbial strains) 
was performed (Fig. 4). To compare only the effect of μZVI and microorganisms an 
independent experiment was performed; the concentration of contaminants differed due to 
different time of sample withdrawn, however present contaminants were the same. In the 
reactor with the applied μZVI, complete degradation of TCE and PCE was observed within 
43 days. The decrease in cis-1,2-DCE is less apparent from the graph; however, no  
cis-1,2-DCE was detected after day 34. On the contrary, the concertation of DCA slightly 
increased during the experiment due to a reduction in the more chlorinated compounds.  
In comparison, the 1,2-DCA in control reactor degraded completely, but the concentrations 
of PCE and TCE were still high (approximately 8,000 µg/dm3 of TCE, and 2,500 µg/dm3 of 
PCE). The concentration of cis-1,2-DCE was negligible. Therefore, it can be assumed that 
the initial decrease in the reactors (Fig. 3) is a result of the microbial activity until the 
strong reductive conditions occur due to the μZVI. 

 
a) b) 

 
Fig. 4. Mass concentration of CEs; the comparison of the course during the experiment: a) control 

reactor, b) reactor with applied μZVI; effect of microbial activity  

The tendency of contaminants to dehalogenate can be seen from the data. PCE 
degraded more readily compared to TCE; however, the rate was rather slow. This is in 
agreement with the theory that the efficiency of the dechlorination is based on the degree of 
substance chlorination [36]. On the contrary to PCE and TCE, which easily undergo 
reductive dechlorination, conversion of cis-1,2-DCE was limited. Therefore, it often 
accumulates in aquifers, as reported elsewhere [37]. The most significant difference in the 
reactivity of μZVI was observed in the reduction of cis-1,2-DCE. Promising results were 
provided by μZVI_3, which reduced more than 95 % of cis-1,2-DCE at the end of 
experiment and showed the highest reaction rates of all the μZVI samples and reduction of 
all of the examined contaminants (see Table 2). The long-lasting reactivity of μZVI_3 can 
be also derived from the ORP, which remained around –600 mV even at the end of 
experiment in contrast to the other μZVI samples. The level of the decomposition of CEs 
by μZVI_3 is also in good agreement with the evolution of gaseous products of reduction 
(Fig. 5), when the higher efficiency of CE conversion resulted in elevated concentrations of 
ethene and ethane. 
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Table 2 
Pseudo-first order degradation rate constants for the dechlorination of CEs 

 PCE TCE cis-1,2-DCE 
 k [day–1] R2 [-] k [day–1] R2 [-] k [day–1] R2 [-] 

μZVI_1 0.20 0.986 0.17 0.998 0.03 0.970 
μZVI_2 0.15 0.893 0.11 0.976 0.03 0.909 
μZVI_3 0.21 0.982 0.25 0.999 0.11 0.997 
μZVI_4 0.12 0.954 0.15 0.999 0.01 0.934 
μZVI_5 0.19 0.937 0.19 0.996 0.11 0.933 
control 0.13 0.922 0.10 0.957 - 0.922 

 
Assuming the reductive dechlorination is the main pathway in degradation of 

contaminants, an evolution of the ethene and ethane was observed (Fig. 5). Provided that 
the remediated system is not isolated the decrease of a chlorinated compound does not have 
to be a direct evidence of the proceeding reductive dechlorination, whereas the evolution of 
non-chlorinated products proves the dechlorination. Results suggest that μZVI_3 provides 
the decomposition of CEs directly to ethene and ethane, with generation minimum  
cis-1,2-DCE or its gradual reduction. Similar trend of the evolution of products, but lower 
levels showed sample μZVI_5 even though the reported size of μZVI_5 was higher and 
thus the lower available surface area would be expected. 

 

 
Fig. 5. The sum of the molar concentration of ethene and ethane - products of the CEs degradation,  

the evolution during the experiment 

Table 3 
The specific surface area of iron particles 

Sample Specific surface 
area [m2 

∙ g–1] 
Correlation 

coefficient R2 [-] 
μZVI_1 0.05 0.9999 
μZVI_2 0.10 0.9999 
μZVI_3 0.30 0.9999 
μZVI_4 0.05 0.9999 
μZVI_5 0.12 0.9999 

 
The SEM analysis (Fig. 8) however showed more ragged surface structure of the 

μZVI_5 sample. This observation was afterwards proved by the measurement of the 
specific surface area what revealed the second highest value after μZVI_3 (Table 3). Other 
tested μZVs, showed a lower evolution of ethene and ethane, what could be related to the 
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smaller specific surface area, and higher amount of intermediate product cis-1,2-DCE.  
In the control reactor, it can also be seen the generation of products of dehalogenation what 
indicates the bacterial activity. 

To objectively evaluate the course and efficiency of decontamination, the results were 
expressed as a degree of dechlorination, a parameter which comprises the molar 
concentrations of PCE, TCE, DCE, VC, ethene and ethane (Fig. 6). At the end of the 
experiment, μZVI_3, μZVI_1 and μZVI_4 showed an overall degree of dechlorination of 
approximately 85 %; however, μZVI_3 was more efficient in terms of the rate of 
dechlorination. Fifteen days after the application of μZVI_3, the reduction of contaminants 
reached 75 %, while the other samples exhibited much lower efficiency, with the maximum 
being approximately 45 %. The enhanced reactivity of μZVI_3 compared to the other 
samples may be related to the higher number of smaller particles, which possess a higher 
specific surface area [38]. 

 

 
Fig. 6. The course of the degree of dechlorination during the experiment 

Sedimentation rates 

Sedimentation tests provide basic information regarding the essential particle 
properties referring to remediation ability. The sedimentation rate directly corresponds to 
the size of particles, while the shape of the sedimentation curve further suggests the 
fractionating of the particles or the formation of agglomerates. The rates of sedimentation 
are depicted in Figure 7. The sedimentation curves of the particular materials are 
normalized by the total weight of the applied iron so that they can be compared to each 
other on the same scale. 

Providing all the particles possess very similar densities it can be assumed the greater 
the particle size, the higher the sedimentation rate. This is directly related to their decreased 
ability to migrate, when the suspension is applied into the ground [39]. The commercial 
μZVI samples used in this research showed rather heterogeneous and non-spherical 
character; therefore, the sedimentation rate does not necessarily reflect the size of particles 
reported from the manufacturers, but refers to the shape, specific density, surface 
morphology and further related factors [40]. The fastest sedimentation rate was shown by 
μZVI_1 all of the particles had settled down after nine seconds. Although the reported size 
of this sample was not the greatest, the higher sedimentation rate may be related to the 
elevated content of iron according to the manufacturer’s data. Furthermore, the 
manufacturer reported a grain size of 80 % < 45 μm; hence, some fractionation could be 
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expected, but the sedimentation curve denotes the presence of only one fraction. More 
interesting results were provided by μZVI_1 and μZVI_3. μZVI_1 completely settled down 
after 87 seconds, while sedimentation of μZVI_3 took place after 472 seconds, which may 
indicate improved subsurface transport ability in remediation process.  

 

 
Fig. 7. The weight ratio of the particles in time; sedimentation rates of particular μZVI materials 

Figure 8 shows the SEM images of samples of μZVIs. All of the samples exhibited  
a non-spherical, irregular shape with no evidence of aggregation. A substantial diversity in 
the size and morphology can be seen; however, it was proven that the particles of μZVI_3 
possessed the smallest size of approximately 30 μm, which is in good agreement with the 
demonstrated increased reactivity of this sample. 

 
 
a) 

 

b) 

Fig. 8. SEM of the tested μZVI samples. Scale: a) 100 µm; b) 10 µm 

Conclusion 

This research was conducted primarily to support technological groups dealing with 
the remediation of contaminated groundwater. The reactivity with chlorinated hydrocarbons 
and basic properties crucial for the real application were investigated. Provided that the 
micro sized ZVI is being used more often and in large scale applications the attention was 
focused on the practical aspects of this material. Five commercially available microscale 
zero-valent iron particles with comparable properties reported by the manufacturer were 
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examined. All of the samples were selected considering their cost, which did not exceed  
3 USD/kg.  

The systems were characterised based on a laboratory reactor test with real 
groundwater contaminated by CEs from the Pisecna site. The experiments showed a degree 
of dechlorination above 85 %. During the test, the effect of microbial activity on 
dechlorination was initially observed; however, this effect was lately diminished due to 
high reductive conditions induced by µZVI. The main differences in dechlorination were in 
velocity and efficiency. In this regard, the importance of the particle size was confirmed. 
Smaller particles showed a higher capacity to degrade CEs and the decontamination was 
accelerated compared to larger particles of µZVI. Moreover, the enhanced ability to reduce 
cis-1,2-DCE was demonstrated.  

The sample with μZVI_3 had approximately half the particle size of than other studied 
μZVIs - approximately 30 μm. This property resulted in enhanced reactivity along with low 
sedimentation, which is beneficial the application to the ground by injection. 

The real potential of μZVI could be as an additional agent for remediation where nZVI 
is used, to prolong the longevity and increase the effectiveness of CE reduction. 
Undoubtedly, there is also the huge benefit in lowering the cost of remediation, while 
maintaining the high efficiency of the site decontamination. A further application benefit is 
the use of μZVI as a low-cost material to support decontamination only in the presence of 
microorganisms. Microorganisms can successfully decompose CEs; however, the required 
duration is rather long and, more importantly, the detoxification process via 
microorganisms is limited.  
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