
* Corresponding author.

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2018.23086

129 (2018) 177–184
October

Hydraulic fracturing flow-back fluid treatment by ZVI/H2O2 process

Piotr Marcinowski, Ewa Zapałowska, Justyna Maksymiec, Jeremi Naumczyk, 
Jan Bogacki*
Faculty of Building Services, Hydro and Environmental Engineering, Warsaw University of Technology, 
Nowowiejska 20, 00-653 Warsaw, Poland, Tel. +222345423; emails: jan.bogacki@pw.edu.pl (J. Bogacki), 
piotr.marcinowski@pw.edu.pl (P. Marcinowski), ewa.zapalowska@gmail.com (E. Zapałowska), 
justyna.maksymiec85@gmail.com (J. Maksymiec), jeremi.naumczyk@is.pw.edu.pl (J. Naumczyk)

Received 15 December 2017; Accepted 3 September 2018

a b s t r a c t
Hydraulic fracturing flow-back fluid (HFFBF) was treated by a zero-valent iron (ZVI)/H2O2 process. 
The initial HFFBF chemical oxygen demand (COD) was 3,440 mg/L and the 5-d biochemical oxygen 
demand (BOD5)/COD ratio was 0.259. Under the optimal 500/6,884 mg/L of ZVI/H2O2 reagent doses, 
and a 120-min process time, COD was decreased to 680 mg/L (80.2% removal). Additionally, as a result 
of pollutants’ chemical oxidation, the wastewater’s susceptibility for biodegradation was essentially 
increased to BOD5/COD 0.971. To assess the maximum share of coagulation in the total ZVI/H2O2 
process treatment effect, a coagulation process was additionally employed. The coagulation for an 
optimal 1.5mL/L of iron-based PIX 111 coagulant dose obtained 1,200 mg/L of COD, 65.1% removal. 
The use of coagulation only allowed an increase in BOD5/COD to 0.625. As a result of the oxidation 
step during ZVI/H2O2 process, the persistent compounds were transformed to more vulnerable ones.
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1. Introduction

1.1. Shale gas

Shale gas is new, unconventional natural gas source. 
Large deposits of this resource are located in the USA, China, 
and Poland [1]. Poland is one of the pioneers in the develop-
ment of shale gas extraction technology [2]. In Poland, the 
estimated available gas resources are from 346 to 865 bln 
m3 [3]. Industrial shale gas production process began about 
30 years ago [4,5]. In order to increase shale gas extraction, 
it is necessary to increase the permeability of the shale. This 
is achieved by using a hydraulic fracturing technology. The 
main components (98.0%–99.5%) of fracturing fluid are water 
and proppant. The amount of water used in this process could 
be even 20,000 m3/well [6]. The proppant is used to prevent the 
closure of fractures [7]. In addition, some chemical additives 

(0.5%–2.0%) are added to the fracturing fluid. Many of the 
additives are characterized by a considerable toxicity [8–12]. 
The compositions of the fracturing fluids differ depending 
on the manufacturer, the country of use, and the borehole 
depth. The proper selection of the proppant and fracturing 
fluid composition may be crucial for the economic viability 
of the fracturing process [13]. Hydraulic fracturing is a con-
troversial process. The most important issues are risk of soil 
and water pollution, and huge water consumption [14,15]. 
Shale gas exploitation transforms the natural environment 
into a heavy industrial zone, with significant antropopre-
sion [16–18]. For both technological and ecological reasons, 
shale gas extraction in Poland has not been developed. On 
the other hand, because shale gas is a rich potential source of 
energy, research on alternative methods for hydraulic frac-
turing has been developed [19–21].
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1.2. Flow-back fluid treatment

The fracturing fluid is pumped from the well in the frac-
turing process. Hydraulic fracturing flow-back fluid (HFFBF) 
has a slightly different chemical composition and lower vol-
ume compared with the fracturing fluid [14]. The chemical 
composition change is due to the partial consumption of 
additives in fracturing process, leaving the proppant in shale 
and draining salty underground water from the well. The 
salinity can possibly be over 100 g/L. HFFBF can also contain 
significant amounts of petrochemical hydrocarbons.

HFFBF may be treated with membrane processes [22–28], 
adsorption [29], coagulation [26,29,30], electrocoagulation 
[31,32], electrodialysis [30,33], oxidation, and advanced oxida-
tion processes [34–37], and photocatalysis [38]. An alternative 
for physicochemical treatment could be biological treatment 
such as rhizoremediation or algal bioreactors [14], biolog-
ically active filtration [39], or microbial capacitive desalina-
tion cell [40]. HFFBF, oil and gas production water treatment 
options are also summarized in some review articles [41–44].

Most of the cited articles and review ones deal with oily 
wastewater or synthetic wastewater, not with HFFBF ones. 
The authors believe that this article fill that lack of knowl-
edge. HFFBF treatment is difficult because of high salinity 
and organic compounds content. There are some technolo-
gies dealing with salinity removal, for example, variety of 
membrane processes, but they are hard to apply because of 
high membrane costs and energy consumption destruction 
of membranes by salts from HFFBF. In Polish conditions, 
wells were situated next to the Baltic Sea Coast and accord-
ing to legal regulation HFFBF after treatment could be dis-
charged into the sea. Because of that, even high salinity is not 
considered as significant problem. Main problem, that we 
were focused on, was to remove organic pollutants. Because 
of the low efficiency of biological treatment for highly saline 
wastewater and the unacceptably high cost of membrane 
treatment, there is a need for alternative treatment options.

1.3. ZVI process

Zero-valent iron (ZVI) has appeared to be an effective het-
erogeneous catalyst for wastewater treatment. ZVI and other 
iron-based solid catalysts were used inter alia for the treatment 
of the dyes [45–52], nitrobenzene [53], 2,4-dinitroanisole [54], 
pharmaceutical [55,56], trinitrotoluene (TNT) wastewater [57], 
phenols and chlorophenols [58,59], pesticides [60], bisphenol 
A (BPA) [61], landfill leachates [62] or coking wastewater [63], 
palm oil mill effluent [64], nitrites reduction [65,66], oil sands 
reclamation [67], or surfactants removal [68].

Iron and its salts, as low-cost materials, are widely used 
in wastewater treatment. Adding ZVI into the aqueous phase 
starts two catalytic mechanisms. The first one is hetero-
genic catalysis, related with the presence of dispersed ZVI 
phase. On the solids’ surface, numerous processes take place, 
including oxidation and reduction of pollutants and cata-
lysts, precipitation and co-precipitation of metal oxides and 
hydroxides, adsorption, and coagulation [69]. As a result, Fe2+ 
and Fe3+ ions are transferred in the aqueous phase according 
to reactions (1)–(4):

Fe  2H  Fe  H2
2

0 + → ++ +  (1)

Fe  Fe  3Fe3 2+ ++ →0  (2)

Fe  Fe  2e20 → ++  (3)

Fe  O  2H  Fe  H O2
2

2 2
0 + + → ++ +  (4)

As shown in Reaction (4), H2O2 could be produced by 
this process. Adding H2O2 could possibly increase treatment 
efficiency (Reaction (5)).

Fe  H O  2H  Fe  2H O2 2
2

2
0 + + → ++ +  (5)

The second treatment mechanism is homogenous cataly-
sis, related with the presence of dissolved Fe2+ and Fe3+ ions 
in the aqueous solution, which starts Fenton/pseudo-Fenton 
process [70] according to reactions (6) and (7):

Fe2+ + H2O2 → Fe3+ + OH– + •OH (6)

Fe3+ + H2O2 → Fe2+ + •O2H + H+ (7)

1.4. Aim

The aim of this study is to assess the efficiency of the 
ZVI/H2O2 process used in HFFBF treatment. Based on a 
review of available literature [44], Fenton process and any 
of its modification were not used for organic compounds 
removal from HFFBF. This is also the first paper concerning 
organic pollutants removal from HFFBF with ZVI.

2. Materials and methods

The HFFBF was collected in July 2016 from a wellbore 
located in Poland. After collection, flow-back fluid sample 
was acidified to pH 3.0 and refrigerated at 4°C until analysis.

The following parameters were determined according to 
the EN or ISO standards: chemical oxygen demand (COD), 
COD after 30 min sedimentation (CODsed) and COD dis-
solved (CODdis, for sample filtered through 0.45 µm filters) 
(DIN 38409-41:1980-12), (5-d biochemical oxygen demand 
(BOD5) and BOD5 dissolved (BOD5dis, for sample filtered 
through 0.45 µm filters) (PN-EN 1899-1), total suspended sol-
ids (TSS) (EN 872), organic and inorganic suspended solids 
(OSS and IOSS), pH (EN ISO 10523), turbidity (EN ISO 7027), 
and conductivity (EN 27888). The amount of dissolved iron 
was determined with 1,10-phenanthroline method after H2O2 
removal, under alkaline condition. All reagents used were of 
analytical grade (pure per analysis).

Wastewater after 30 min of sedimentation for easy sus-
pended solids removal was treated with the ZVI/H2O2 pro-
cess. The experiments were carried out in a 1.5-L cylindrical 
reactor filled with 1 L of sample. Ferox Target (325 mesh), 
the ZVI used in the experiments, was supplied by Hepure 
(Hillsborough, NJ, USA). Three doses of ZVI (500, 1,000, and 
1,500 mg/L) and 30% H2O2 (POCH, Gliwice, Poland) solution 
was used. The H2O2/COD mass ratio was equal to 1, 2, 4, and 8.
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The settings of the experimental system, regarding oper-
ation and design, strictly followed their standard guidelines 
and related publications [71,72]. Doses were selected based 
on our previous research related with ZVI/H2O2 process 
[73–75]. In order to estimate whether the doses of reagents 
used are correct, few random preliminary tests were used, in 
a wider range of doses, to narrow down the area of the exper-
iment. Preliminary test results are not shown in the article.

All samples were stirred by a magnetic stirrer (Heidolph 
MR3000, Schwabach, Germany). The pH was adjusted to 3.0. 
After intervals of 5, 15, 30, 60, and 120 min, the process was 
stopped by increasing the pH to 9.0 with 3 M of NaOH. The sam-
ple was left overnight for the sedimentation of iron to precipi-
tate and H2O2 decomposition. After that, COD was determined.

Studies on coagulation were performed in a 1.5-L reactor 
with a magnetic stirrer (Heidolph MR3000). The reactor was 
filled with 1 L of the sample. The wastewater was coagulated 
with Fe-based PIX coagulants: 110, 111, 112, 113, and 122 
(Kemipol, Police, Poland). Optimal pH was set at 9.0, accord-
ing to preliminary studies. The coagulant doses were in the 
range of 0.5–2.5 mL/L. The samples were subjected to 5 min 
of fast stirring, followed by10 min of slow stirring. The sam-
ple was left overnight for sedimentation of iron precipitate. 
After that, the COD value was determined.

3. Results

3.1. Raw flow-back fluid

The raw HFFBF parameters are presented in Table 1. 
Crucial for HFFBF treatment there was very high salinity, 
expressed as conductivity 96.1 mS/cm and a chlorides con-
centration 60,100 mg/L. Because of that, it was impossible to 
use the ISO 6060 standard COD determination method. The 
DIN 38409-41:1980-12 method, dedicated to solutions with 
high salinity, was used to assess the COD value of 3,440 mg/L. 
BOD5, determined with manometric method, was also found 
under the influence of high salinity. Due to that condition, 
microorganism activity could not be considered optimal and 
BOD5 would be underestimated.

As the microorganisms are responsible for organic com-
pounds biodegradation, most of them, used in WWTP and 

biodegradability tests could not survive in such a saline 
wastewater. We assume that organic compounds present in 
HFFBF after treatment could be decomposed biologically in 
higher rate, if the salinity of matrix would be lower.

The salinity of all treated samples should be very high 
and constant (Table 1). During treatment, no process or 
mechanism allowing effective salt removal was employed. 
Amounts of acid/base added for pH adjustment were same 
for all samples, as we operate constantly with the same pH 
values—one for the process, one for process termination. 
What is more if “natural” salinity of the sample would be 
compared with salinity added as a result of pH adjustment, 
the influence should be very small. The eventual underesti-
mation should be similar in all BOD5-determined samples, 
making it possible to compare the sample results.

The BOD5/COD and BOD5dis/CODdis ratios are similar, 
0.259 vs. 0.255, in relationship to the fact that most of sus-
pended solids, 219.6 out of 285.6mg/L, are inorganic. HFFBF 
parameters are similar to others reported in the literature 
[23,26,28,29,34,43,44].

3.2. ZVI/H2O2 process

The results of the HFFBF treatment with the ZVI/H2O2 
process are shown in Figs. 1–3. The application of ZVI or 
H2O2 alone did not result in a significant change in the COD 
value. The COD removal was always below 5%. During the 

Table 1
Raw HFFBF parameters

Parameter Value

COD (mg/L) 3,440
CODdis (mg/L) 2,880
BOD5 (mg/L) 890
BOD5dis (mg/L) 735
BOD/COD 0.259
BODdis/CODdis 0.255
TSS (mg/L) 285.6
OSS (mg/L) 66
IOSS (mg/L) 219.6
pH 6.23
Conductivity (mS/cm) 96.1
Cl– (mg/L) 60,100

Fig. 1. COD removal during ZVI/H2O2 process for 500 mg of ZVI 
dose and at different H2O2 dosages.

Fig. 2. COD removal during ZVI/H2O2 process for 1,000 mg of 
ZVI dose and at different H2O2 dosages.
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ZVI/H2O2 process, regardless of the ZVI and H2O2 dose used, 
the initial rapid COD value decreased for a short 5–15-min 
process time. The largest decrease was observed in the small-
est ZVI dose. For longer process times, further decreases after 
120 min was observed, but it was small in comparison with 
initial value. The best treatment results were achieved using 
500/6,880 mg/L of ZVI/H2O2 doses. COD/H2O2 1:2 mass ratio 
provides the best effectiveness of ZVI dissolution (Reaction 
(5)) and radical production (Reaction (6)). For larger H2O2 
doses, reagent excess did not provide an increase in pro-
cess efficiency and may even have decreased the efficiency 
because of the possible scavenging of radicals. Additionally, 
final coagulation was hindered in high H2O2 doses because 
of H2O2 decomposition. The newly created oxygen bubbles 
broke the flocs and precluded sedimentation. As a result, 
the COD removal time deteriorated. The importance of this 
process is the disruption mechanism decreasing over time, 
because of continuous H2O2 consumption during process.

The ZVI/H2O2 process should be complete after the short-
est 5-min time or even replaced with coagulation (see Section 
3.3.), if the only aim of the process is to remove COD. COD 
after 5 and 120 min for optimal dose 500/6,880 mg/L is 840 and 
680 mg/L, respectively. But, if the aim of the process is to pre-
pare HFFBF for biological treatment, the BOD5 should be as 
high as possible. Because of that, a longer process is needed.

The BOD5 levels after the 120-min ZVI/H2O2 process is 
shown in Table 2. The most important benefit of the ZVI/H2O2 
process, except COD removal, is the chemical transformation 
of pollutants leading to increasing biodegradability. This 
is expressed as a BOD5/COD ratio. Regardless of reagent 
doses, all treated samples can be considered as susceptible 

for biodegradation. The best results achieved for optimal 
COD removal was the 500/6,880 mg/L of ZVI/H2O2 doses. 
The BOD5/COD was increased to 0.971. For all ZVI doses, 
the worst results were obtained in the highest ZVI doses and 
lowest ZVI/H2O2 ratio.

The amount of dissolved iron after the oxidation step was 
linearly increased with time, up to 400 mg/L, for the high-
est ZVI dose of 1,500 mg/L. Although the optimal ZVI/H2O2 
reagent doses were found in one of the smallest doses used, 
500/6,880 mg/L, additional ZVI dose decreasing is not rec-
ommended. Lower amounts of ZVI probably would not 
provide the required amount of Fe2+ ions (reactions (1)–(5)) 
for a Fenton reaction (Reaction (6)). The results obtained for 
HFFBF are consistent with other studies on the ZVI/H2O2 
process for automotive fleet repair facility [74] and cosmetic 
wastewater [75].

3.3. Coagulation

Coagulation was conducted to estimate the maxi-
mum share of the secondary coagulation that occurs in the 
ZVI/H2O2 process, at the alkalization step. The characteristics 
of coagulants used are shown in Table 3. The results of HFFBF 
treatment by coagulations with different Fe-based coagulants 
are shown in Table 4. The effectiveness of chlorides contain-
ing coagulants was better than that of chlorides containing 
sulfates. This is in agreement with the Hardy-Schulze rule. 
Optimal doses for chlorides containing coagulants were 
higher than chlorides containing sulfates, but regardless of 
dose, chlorides containing coagulants always provide better 
results. On the other hand, low pH in the coagulants resulted 

Fig. 3. COD removal during ZVI/H2O2 process for 1,500 mg of 
ZVI dose and at different H2O2 dosages.

Table 2
BOD5 after ZVI/H2O2 process

ZVI/H2O2 doses (mg/L) BOD5 BOD5/COD

500/3,440 850 0.697
500/6,880 660 0.971
500/13,760 670 0.882
1,000/3,440 650 0.417
1,000/6,880 700 0.530
1,000/13,760 705 0.569
1,500/3,440 550 0.444
1,500/6,880 635 0.690
1,500/13,760 660 0.717

Table 3
Coagulants characteristics

Coagulant PIX no. 111 112 113 110 122

Active substance FeCl3 Fe2(SO4)3 Fe2(SO4)3 FeClSO4 Fe2(SO4)3

Total Fe (%) 13.4 ± 0.6 12.0 ± 0.4 11.8 ± 0.4 12.5 ± 0.5 12.6 ± 0.3
Fe2+ max. (%) 0.3 0.06 0.4 ± 0.3 0.5 0.06
Free acid max (%) 3.0 4 5 3–4 3–4
Cl– (%) 27.0 ± 1.0 – – 16.0 –
Density kg/m3 (20°C) 1,380–1,500 1,500–1,560 1,500–1,570 1,390–1,540 1,550–1,570
pH <1 <1 <1 <1 <1



181P. Marcinowski et al. / Desalination and Water Treatment 129 (2018) 177–184

in a significant amount of alkali used for final pH adjustment 
which was negligible in context of initial wastewater salinity.

COD removal during coagulation was significantly less 
effective than during ZVI/H2O2 process, regardless of the 
coagulant used. Because of that, it can be concluded that, in 
comparison with the ZVI/H2O2 process, coagulation is not 
recommended. The share of coagulation in the total effect 
of ZVI/H2O2 process is not significant, especially in context 
of the low amount of dissolved iron (up to 400 mg/L for 
ZVI/H2O2 process). Additionally, due to the fact that in coag-
ulation pollutants are just transferred from the water phase 
into a sludge phase, the BOD5/COD ratio, 0.625, after coagu-
lation was lower than that after the ZVI/H2O2 process.

3.4. UV-Vis spectra

Absorbance of light for raw filtered wastewater and after 
the 120 min of ZVI/H2O2 process is shown in Fig. 4. The high-
est, 10 times higher than the others, absorbance was observed 
for wavelengths shorter than 250 nm, in both raw and treated 
wastewater. High absorption of this region confirms the con-
centration of high organics. Absorbance removal increases 
with an increasing H2O2 dose and decreases with an increas-
ing ZVI dose, especially for a wavelength lower than 250 nm. 
The reagent dose providing the best absorbance removal 
was 500/27,520 mg/L of ZVI/H2O2. The highest differences in 
absorbance removal between reagent doses were observed 
for wavelengths in the range of 215–240 nm. For other wave-
lengths, the differences were not significant.

The absorbance was in the range of 0.078–3.693 and 
0.018–3.582 for raw and treated wastewater, respectively. For 
optimal COD removal in 500/6,880 mg/L of ZVI/H2O2 doses, 
the percentage absorbance removal was increased with the 
wavelength from 2.35% for 200 nm to 76.92% for 350 nm. On 

the other hand, the maximum value of absorbance decreased 
in the range of 0.832–0.941, which was observed for the range 
of 230–235 nm (25.5%–35.4% relative removal). Similar trends 
and values were observed for all other reagent doses.

The lower absorption decreased in the 500/6,880 mg/L of 
ZVI/H2O2 doses, in comparison with 500/27,520 mg/L dose, 
could be related to the fact that transformation products cre-
ated during radical oxidation could still possibly absorb UV 
radiation [76].

Coagulation efficiency in absorbance removal was far 
worse than that for the ZVI/H2O2 process.

3.5. Kinetics

Usually ZVI processes kinetics is described as first-order 
one. This simple approach is not effective in the case of HFFBF. 
The rate of the ZVI/H2O2 process is difficult to describe. 
Several independent processes influence the overall treatment 
effect: ZVI dissolution, chemical oxidation, co-precipitation, 
or coagulation. Because of that, the following equations were 
used to describe the investigated processes:

• pseudo-first-order reaction with respect to the COD 
value:

d COD d COD1  = −  / t k  (8)

• pseudo-second-order reaction with respect to the COD 
value:

d COD d COD2

2
  = −  / t k  (9)

• empirical equation that accounts for changes in the pro-
cess rate due to other factors that influence changes with 
process time (the Balcerzak’s equation, Eq. (10)) [70]:

d COD d   COD  = −  / t a tm  (10)

where t corresponds with time, and a and m are constants 
that depend on the initial reagent concentrations.

Calculations made using the pseudo-first-order and 
pseudo-second-order reaction equations resulted in 
low-correlation coefficients. Much better, but still in many 
cases not good enough, correlation coefficients were obtained 
for Balcerzak’s model (Eq. (10)). The result of the kinetic 
calculations is shown in Table 5.

3.6. Possibility of practical application and costs consideration

ZVI/H2O2 process is not a typical process used for waste-
water treatment; there are just a few process applications, 
in much smaller scale, that it is required for HFFBF treat-
ment. Because of that it is hard to predict costs. Second chal-
lenge that has to be faced is changing scale from laboratory 
to industrial one. In general, to perform the process space 
(reactor), reagent and time are required. As fracturing is peri-
odical process, time should not be a problem. As a reactor, 
tanks used for preparation of fracturing fluid could be used. 

Table 4
Coagulation effectiveness

Coagulant PIX 111 113 110 112 122

Optimal dose (mL/L) 1.5 1.0 2.0 1.0 1.0
COD (mg/L) 1,200 1,720 1,459 1,637 2,064
COD removal (%) 65.1 50.0 57.6 52.4 40.0

Fig. 4. Absorbance of light for raw filtered wastewater and 
treated with coagulation ZVI/H2O2 in 2-h process time.
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The amount of HFFBF is much lower than hydraulic fractur-
ing one. Some costs will be generated by the reagents, but the 
ones used for pH adjustment are cheap and used for hydrau-
lic fluid preparation. In case of ZVI, metallurgical wastes or 
steel shot could be used to decrease costs. What is more, as a 
replacement for ZVI, iron-based minerals could be used (e.g., 
magnetite or hematite). There are some literature reports 
about proppant modifications with iron or magnetic mate-
rials [2,77,78]. Residual proppant present in HFFBF could be 
used as a source of iron [79]. If metallic iron would be used, 
residual solid catalyst could be reused. The material can be 
separated from treated HFFBF in two ways: electromagneti-
cally or through sedimentation.

4. Conclusion

The ZVI/H2O2 process was successfully applied for 
HFFBF treatment. Initial HFFBF COD was 3,440 mg/L and 
the BOD5/COD ratio, described as susceptibility for biodeg-
radation, was 0.259. Under optimal conditions, described as 
500/6,884 mg/L of ZVI/H2O2 reagent doses and 120-min pro-
cess time, COD was decreased to 680 mg/L (80.2% removal). 
The maximum share of coagulation in the total ZVI/H2O2 pro-
cess treatment effect was also assessed. Coagulation for opti-
mal 1.5 mL/L of PIX 111 coagulant dose allows the decrease 
of COD from initial 3,440 to 1,200 mg/L (65.1% removal). 
The most important achievement of this work, as a result 
of pollutants’ chemical oxidation in ZVI/H2O2 process, was 
that the ratio of BOD5/COD in wastewater was essentially 
increased to 0.971. The use of coagulation allows for increase 
of BOD5/COD ratio to only 0.625. As a result of the oxidation 
step during the ZVI/H2O2 process, persistent compounds are 
transformed to more vulnerable ones.

Acknowledgment

The authors thank Hepure for providing ZVI Ferox 
Target samples as research material.

References
[1] E. de Guire, Shale gas recovery—engineering a big business, 

Am. Ceram. Soc. Bull., 93 (2014) 27.
[2] J. Zawadzki, J. Bogacki, Smart magnetic markers use in 

hydraulic fracturing, Chemosphere, 162 (2016) 23–30.
[3] PIG, Ocena zasobów wydobywalnych gazu ziemnego i ropy 

naftowej w formacjach łupkowych dolnego paleozoiku w Polsce 
(basen bałtycko – podlasko – lubelski), 2012 (in Polish). Available 
at: https://www.pgi.gov.pl/docman-tree-all/aktualnosci-2012/
zasoby-gazu/771-raport-pl/file.html (Accessed 03.10.2018).

[4] J.B. Curtis, Fractured shale-gas systems, AAPG Bull., 86 (2002) 
1921–1938.

[5] F. Javadpour, D. Fisher, M. Unsworth, Nanoscale gas flow in 
shale gas sediments, J. Can. Pet. Technol., 46 (2007) 55–61.

[6] M. Konieczyńska, M. Woźnicka, O. Antolak, R. Janica, G. 
Lichtarski, M. Nidental, J. Otwinowski, A. Starzycka, B. Stec, 
W. Grzegorz, Badania aspektów środowiskowych procesu 
szczelinowania hydraulicznego wykonanego w otworze Łebień 
LE-2H, Państwowy Instytut Geologiczny, Warszawa, 2011 (in 
Polish).

[7] F. Liang, M. Sayed, G.A. Al-Muntasheri, F.F. Chang, L. Li, A 
comprehensive review on proppant technologies, Petroleum, 
2 (2015) 1–14.

[8] United States House of Representatives Committee on Energy 
and Commerce Minority Staff, Chemicals Used in Hydraulic Ta

bl
e 

5
K

in
et

ic
s 

of
 Z

V
I/H

2O
2 p

ro
ce

ss

ZV
I (

m
g/

L)
50

0
50

0
50

0
50

0
1,

00
0

1,
00

0
1,

00
0

1,
00

0
1,

50
0

1,
50

0
1,

50
0

1,
50

0
H

2O
2 (

m
g/

L)
3,

44
0

6,
88

0
13

,7
60

27
,5

20
3,

44
0

6,
88

0
13

,7
60

27
,5

20
3,

44
0

6,
88

0
13

,7
60

27
,5

20
a

0.
04

22
73

0.
05

92
44

–0
.0

06
05

0.
06

00
51

0.
20

70
83

0.
03

71
96

–0
.0

04
09

0.
06

33
29

0.
03

96
54

0.
10

17
98

0.
09

63
36

0.
09

97
49

m
–0

.9
53

–0
.9

55
–1

.0
04

–0
.9

52
–0

.9
01

–0
.9

52
–1

.0
04

–0
.9

04
–0

.9
52

–0
.7

14
–0

.8
66

–0
.8

64
n

0.
04

7
0.

04
5

–0
.0

04
0.

04
8

0.
09

9
0.

04
8

–0
.0

04
0.

09
6

0.
04

8
0.

28
6

0.
13

4
0.

13
6

k
0.

89
94

25
1.

31
65

31
1.

51
28

57
1.

25
10

71
2.

09
17

48
0.

77
49

16
1.

02
22

44
0.

65
96

8
0.

82
61

33
0.

35
59

38
0.

71
89

24
0.

73
34

47
R2

0.
85

9
0.

92
0.

1
0.

93
2

0.
69

4
0.

74
1

0.
1

0.
76

9
0.

74
1

0.
92

1
0.

80
6

0.
71

3



183P. Marcinowski et al. / Desalination and Water Treatment 129 (2018) 177–184

Fracturing, 2011. Available at: http://www.conservation.
ca.gov/dog/general_information/Documents/Hydraulic%20
Fracturing%20Report%204%2018%2011.pdf (Accessed 
03.10.2018).

[9] M.K. Camarillo, J.K. Domen, W.T. Stringfellow, Physical-
chemical evaluation of hydraulic fracturing chemicals in the 
context of produced water treatment, J. Environ. Manage., 183 
(2016) 164–174.

[10] I. Ferrer, E.M. Thurman, Chemical constituents and analytical 
approaches for hydraulic fracturing waters, Trends Environ. 
Anal. Chem., 5 (2015) 18–25.

[11] N. Shrestha, G. Chilkoor, J. Wilder, V. Gadhamshetty, J.J. Stone, 
Potential water resource impacts of hydraulic fracturing from 
unconventional oil production in the Bakken shale, Water Res., 
108 (2017) 1–24.

[12] W.T. Stringfellow, J.K. Domen, M.K. Camarillo, W.L. Sandelin, 
S. Borglin, Physical, chemical, and biological characteristics of 
compounds used in hydraulic fracturing, J. Hazard. Mater., 275 
(2014) 37–54.

[13] J. Yuan, D. Luo, L. Feng, A review of the technical and economic 
evaluation techniques for shale gas development, Appl. Energy, 
148 (2015) 49–65.

[14] B. Saba, Potential treatment options for hydraulic fracturing 
return fluids: a review, ChemBioEng Rev., 1 (2014) 273–279.

[15] A. Kreuze, Ch. Schelly, E. Norman, To frack or not to frack: 
perceptions of the risks and opportunities of high-volume 
hydraulic fracturing in the United States, Energy Res. Social 
Sci., 20 (2016) 45–54.

[16] C. Baranzelli, I. Vandecasteele, R.R. Barranco, I.M. Rivero, 
N. Pelletier, O. Batelaan, C. Lavalle, Scenarios for shale gas 
development and their related land use impacts in the Baltic 
Basin, Northern Poland, Energy Policy, 84 (2015) 80–95.

[17] US EPA, Plan to Study the Potential Impacts of Hydraulic 
Fracturing on Drinking Water Resources, US Environmental 
Protection Agency, Office of Research and Development, 
Washington D.C., USA, 2011.

[18] Q. Meng, Spatial analysis of environment and population at 
risk of natural gas fracking in the state of Pennsylvania, USA, 
Sci. Total Environ., 515–516 (2015) 198–206.

[19] L. Gandossi, An Overview of Hydraulic Fracturing and Other 
Formation Stimulation Technologies for Shale Gas Production, 
Report EUR 26347 EN, Institute for Energy and Transport, 
European Commission, Luxembourg: European Union, 
2013. doi: 10.2790/99937. Available at: http://publications.jrc.
ec.europa.eu/repository/bitstream/111111111/30129/1/an%20
overview%20of%20hydraulic%20fracturing%20and%20
other%20stimulation%20technologies%20%282%29.pdf 
(Accessed dated 03.10.2018).

[20] A. Rogala, J. Krzysiek, M. Bernaciak, J. Hupka, Non aqueous 
fracturing technologies for shale gas recovery, Physicochem. 
Prob. Miner. Process., 49 (2013) 313–322.

[21] N. Mehta, F. O’ Sullivan, Water Management in Unconventional 
Oil and Gas Development—The Issues and Their Optimization, 
S. Ahuja, Ed., Food, Energy, and Water the Chemistry 
Connection, Elsevier, 2015, pp. 217–241. doi: 10.1016/B978-0-
12-800211-7.00008-9. Available at: https://www.sciencedirect.
com/science/article/pii/B9780128002117000089 (Accessed 
03.10.2018).

[22] A. Kowalik-Klimczak, M. Szwast, P. Gierycz, Membrane 
processes in treatment of flowback fluid from hydraulic 
fracturing of shale gas formations, Przem. Chem., 95 (2016) 
948–952 (in Polish).

[23] A. Altaee, N. Hilal, Dual-stage forward osmosis/pressure 
retarded osmosis process for hypersaline solutions and fracking 
wastewater treatment, Desalination, 350 (2014) 79–85.

[24] G. Chen, Z. Wang, L.D. Nghiem, X.-M. Li, M. Xie, B. Zhao, M. 
Zhang, J. Song, T. He, Treatment of shale gas drilling flowback 
fluids (SGDFs) by forward osmosis: membrane fouling and 
mitigation, Desalination, 366 (2015) 113–120.

[25] K.L. Hickenbottom, N.T. Hancock, N.R. Hutchings, E.W. 
Appleton, E.G. Beaudry, P. Xu, T.Y. Cath, Forward osmosis 
treatment of drilling mud and fracturing wastewater from oil 
and gas operations, Desalination, 312 (2013) 60–66.

[26] F.-X. Kong, J.-F. Chen, H.-M. Wang, X.-N. Liu, X.-M. Wang, X. 
Wen, Ch.-M. Chen, Y.-F. Xie, Application of coagulation-UF 
hybrid process for shale gas fracturing flowback water 
recycling: performance and fouling analysis, J. Membr. Sci., 524 
(2017) 460–469.

[27] S. Lee, Y.Ch. Kim, Calcium carbonate scaling by reverse draw 
solute diffusion in a forward osmosis membrane for shale gas 
wastewater treatment, J. Membr. Sci., 522 (2017) 257–266.

[28] D.J. Miller, X. Huang, H. Li, S. Kasemset, A. Lee, D. Agnihotri, T. 
Hayes, D.R. Paul, B.D. Freeman, Fouling-resistant membranes 
for the treatment of flowback water from hydraulic shale 
fracturing: a pilot study, J. Membr. Sci., 437 (2013) 265–275.

[29] J.S. Rosenblum, K.A. Sitterley, E.M. Thurman, I. Ferrer, 
K.G. Linden, Hydraulic fracturing wastewater treatment by 
coagulation-adsorption for removal of organic compounds and 
turbidity, J. Environ. Chem. Eng., 4 (2016) 1978–1984.

[30] H. Hao, X. Huang, C. Gao, X. Gao, Application of an integrated 
system of coagulation and electrodialysis for treatment of 
wastewater produced by fracturing, Desal. Wat. Treat., 55 (2015) 
2034–2043.

[31] F.L. Lobo, H. Wang, T. Huggins, J. Rosenblum, K.G. Linden, Z.J. 
Ren, Low-energy hydraulic fracturing wastewater treatment 
via AC powered electrocoagulation with biochar, J. Hazard. 
Mater., 309 (2016) 180–184.

[32] M.A. Sari, S. Chellam, Mechanisms of boron removal 
from hydraulic fracturing wastewater by aluminum 
electrocoagulation, J. Colloid Interface Sci., 458 (2015) 103–111.

[33] M. Peraki, E. Ghazanfari, G.F. Pinder, T.L. Harrington, 
Electrodialysis: an application for the environmental protection 
in shale-gas extraction, Sep. Purif. Technol., 161 (2016) 96–103.

[34] Y. Lester, Y. Ferrer, E.M. Thurman, K.A. Sitterley, J.A. Korak, 
G. Aiken, K.G. Linden, Characterization of hydraulic fracturing 
flowback water in Colorado: implications for water treatment, 
Sci. Total Environ., 512–513 (2015) 637–644.

[35] Y. Liu, D. Wu, M. Chen, L. Ma, H. Wang, S. Wang, Wet 
air oxidation of fracturing flowback fluids over promoted 
bimetallic Cu-Cr catalyst, Catal. Commun., 90 (2017) 60–64.

[36] M. Sun, G.V. Lowry, K.B. Gregory, Selective oxidation of 
bromide in wastewater brines from hydraulic fracturing, Water 
Res., 47 (2013) 3723–3731.

[37] Y. Sun, S.S. Chen, D.C.W. Tsang, N.D.J. Graham, Y.S. Ok, Y. 
Feng, X.-D. Li, Zero-valent iron for the abatement of arsenate 
and selenate from flowback water of hydraulic fracturing, 
Chemosphere, 167 (2017) 163–170.

[38] A. Zielinska-Jurek, Z. Bielan, I. Wysocka, J. Strychalska, M. 
Janczarek, T. Klimczuk, Magnetic semiconductor photocatalysts 
for the degradation of recalcitrant chemicals from flow back 
water, J. Environ. Manage., 195 (2017) 157–165.

[39] S.M. Riley, J.M.S. Oliveira, J. Regnery, T.Y. Cath, Hybrid 
membrane bio-systems for sustainable treatment of oil and 
gas produced water and fracturing flowback water, Sep. Purif. 
Technol., 171 (2016) 297–311.

[40] Z.A. Stoll, C. Forrestal, Z.J. Ren, P. Xu, Shale gas produced water 
treatment using innovative microbial capacitive desalination 
cell, J. Hazard. Mater., 283 (2015) 847–855.

[41] F.-R. Ahmadun, A. Pendashteh, L.Ch. Abdullah, D.R.A. Biak, 
S.S. Madaeni, Z.Z. Abidin, Review of technologies for oil and 
gas produced water treatment, J. Hazard. Mater., 170 (2009) 
530–551.

[42] J.M. Estrada, R. Bhamidimarri, A review of the issues and 
treatment options for wastewater from shale gas extraction by 
hydraulic fracturing, Fuel, 182 (2016) 292–303.

[43] S. Munirasu, M.A. Haija, F. Banat, Use of membrane technology 
for oil field and refinery produced water treatment—a review, 
Process Saf. Environ. Prot., 100 (2016) 183–202.

[44] T.L.S. Silva, S. Morales-Torres, S. Castro-Silva, J.L. Figueiredo, 
A.M.T. Silva, An overview on exploration and environmental 
impact of unconventional gas sources and treatment options for 
produced water, J. Environ. Manage., 200 (2017) 511–529.

[45] M.C. Chang, H.Y. Shu, H.H. Yu, Y.C. Sung, Reductive 
decolourization and total organic carbon reduction of the diazo 
dye CI Acid Black 24 by zero-valent iron powder, J. Chem. 
Technol. Biotechnol., 81 (2006) 1259–1266.



P. Marcinowski et al. / Desalination and Water Treatment 129 (2018) 177–184184

[46] L.G. Devi, S.G. Kumar, K.M. Reddy, C. Munikrishnappa, Photo 
degradation of Methyl Orange an azo dye by Advanced Fenton 
Process using zero valent metallic iron: influence of various 
reaction parameters and its degradation mechanism, J. Hazard. 
Mater., 164 (2009) 459–467.

[47] I. Grcic, S. Papic, K. Zizek, N. Koprivanac, Zero-valent iron 
(ZVI) Fenton oxidation of reactive dye wastewater under UV-C 
and solar irradiation, Chem. Eng. J., 195–196 (2012) 77–90.

[48] B.-H. Moon, Y.-B. Park, K.-H. Park, Fenton oxidation of 
Orange II by pre-reduction using nanoscale zero-valent iron, 
Desalination, 268 (2011) 249–252.

[49] C.-H. Weng, Y.-T. Lin, C.-K. Chang, N. Liu, Decolourization of 
direct blue 15 by Fenton/ultrasonic process using a zero-valent 
iron aggregate catalyst, Ultrason. Sonochem., 20 (2013) 970–977.

[50] X. Zhang, M. He, J.-H. Liu, R. Liao, L. Zhao, J. Xie, R. Wang, 
S.-T. Yang, H. Wang, Y. Liu, Fe3O4@C nanoparticles as high-
performance Fenton-like catalyst for dye decoloration, Chin. 
Sci. Bull., 59 (2014) 3406–3412.

[51] S.-T. Yang, W. Zhang, J. Xie, R. Liao, X. Zhang, B. Yu, R. Wu, 
X. Liu, H. Li, Z. Guo, Fe3O4@SiO2 nanoparticles as a high-
performance Fenton-like catalyst in a neutral environment, RSC 
Adv., 5 (2015) 5458–5463.

[52] S.T. Yang, L.J. Yang, X.Y. Liu, J.R. Xie, X.L. Zhang, B.W. Yu, R.H. 
Wu, H.L. Li, L.Y. Chen, J.H. Liu, TiO2-doped Fe3O4 nanoparticles 
as high-performance Fenton-like catalyst for dye decoloration, 
Sci. China Technol. Sci., 58 (2015) 858–863.

[53] J. Dong, Y. Zhao, R. Zhao, R. Zhou, Effects of pH and particle 
size on kinetics of nitrobenzene reduction by zero-valent iron, J. 
Environ. Sci., 22 (2010) 1741–1747.

[54] J. Shen, C. Ou, Z. Zhou, J. Chen, K. Fang, X. Sun, J. Li, L. Zhou, 
L. Wang, Pretreatment of 2,4-dinitroanisole (DNAN) producing 
wastewater using a combined zero-valent iron (ZVI) reduction 
and Fenton oxidation process, J. Hazard. Mater., 260 (2013) 
993–1000.

[55] I.R. Bautitz, A.C. Velosa, R.F.P. Nogueira, Zero valent iron 
mediated degradation of the pharmaceutical diazepam, 
Chemosphere, 88 (2012) 688–692.

[56] Y. Segura, F. Martínez, J.A. Melero, Effective pharmaceutical 
wastewater degradation by Fenton oxidation with zero-valent 
iron, Appl. Catal., B, 136–137 (2013) 64–69.

[57] M. Barreto-Rodrigues, F.T. Silva, T.C.B. Paiva, Optimization of 
Brazilian TNT industry wastewater treatment using combined 
zero-valent iron and fenton processes, J. Hazard. Mater., 168 
(2009) 1065–1069.

[58] D. Kim, J. Kim, W. Choi, Effect of magnetic field on the zero 
valent iron induced oxidation reaction, J. Hazard. Mater., 192 
(2011) 928–931.

[59] A. Shimizu, M. Tokumura, K. Nakajima, Y. Kawase, Phenol 
removal using zero-valent iron powder in the presence of 
dissolved oxygen: roles of decomposition by the Fenton reaction 
and adsorption/precipitation, J. Hazard. Mater., 201–202 (2012) 
60–67.

[60] A.S. Fjordbøge, A. Baun, T. Vastrup, P. Kjeldsen, Zero valent 
iron reduces toxicity and concentrations of organophosphate 
pesticides in contaminated groundwater, Chemosphere, 90 
(2013) 627–633.

[61] Y. Xi, Z. Sun, T. Hreid, G.A. Ayoko, R.L. Frost, Bisphenol A 
degradation enhanced by air bubbles via advanced oxidation 
using in situ generated ferrous ions from nano zero-valent iron/
palygorskite composite materials, Chem. Eng. J., 247 (2014) 
66–74.

[62] R.C. Martins, D.V. Lopes, M.J. Quina, R.M. Quinta-Ferreira, 
Treatment improvement of urban landfill leachates by Fenton-
like process using ZVI, Chem. Eng. J., 192 (2012) 219–225.

[63] P. Lai, H. Zhao, C. Wang, J. Ni, Advanced treatment of coking 
wastewater by coagulation and zero-valent iron processes, J. 
Hazard. Mater., 147 (2007) 232–239.

[64] M.R. Taha, A.H. Ibrahim, Characterization of nano zero-valent 
iron (nZVI) and its application in sono-Fenton process to 
remove COD in palm oil mill effluent, J. Environ. Chem. Eng., 2 
(2014) 1–8.

[65] F.S. Fateminia, C. Falamaki, Zero valent nano-sized iron/
clinoptilolite modified with zero valent copper for reductive 
nitrate removal, Process Saf. Environ., 91 (2013) 304–310.

[66] T. Suzuki, M. Moribe, Y. Oyama, M. Niinae, Mechanism of 
nitrate reduction by zero-valent iron: equilibrium and kinetics 
studies, Chem. Eng. J., 183 (2012) 271–277.

[67] P. Pourrezaei, A. Alpatova, K. Khosravi, P. Drzewicz, Y. Chen, 
P. Chelme-Ayala, M.G. El-Din, Removal of organic compounds 
and trace metals from oil sands process-affected water using 
zero valent iron enhanced by petroleum coke, J. Environ. 
Manage., 139 (2014) 50–58.

[68] R.C. Martins, M. Nunesa, L.M. Gando-Ferreira, R.M. Quinta-
Ferreira, Nanofiltration and Fenton’s process over iron shavings 
for surfactants removal, Environ. Technol., 35 (2014) 2380–2388.

[69] B.I. Kharisov, O.V. Kharissova, H.V.R. Dias, U.O. Méndez, 
I. Gómez de la Fuente, Y. Peña, A.V. Dimas, Iron-based 
Nanomaterials in the Catalysis, L.E. Norena, Ed., Advanced 
Catalytic Materials – Photocatalysis and Other Current 
Trends, InTech, 2016, doi:10.5772/61862. Available at: https://
www.intechopen.com/books/advanced-catalytic-materials-
photocatalysis-and-other-current-trends/iron-based-
nanomaterials-in-the-catalysis (Accessed 03.10.2018).

[70] M. Munoz, Z.M. de Pedro, J.A. Casas, J.J. Rodriguez, 
Preparation of magnetite-based catalysts and their application 
in heterogeneous Fenton oxidation– areview, Appl. Catal., B, 
176–177 (2015) 249–265.

[71] A. Babuponnusami, K. Muthukumar, A review on Fenton and 
improvements to the Fenton process for wastewater treatment, 
J. Environ. Chem. Eng., 2 (2014) 557–572.

[72] N. Wang, T. Zheng, G. Zhang, P. Wang, A review on Fenton-like 
processes for organic wastewater treatment, J. Environ. Chem. 
Eng., 4 (2016) 762–787.

[73] J. Bogacki, P. Marcinowski, J. Zawadzki, M. Majewski, S. 
Sivakumar, Oczyszczanie ścieków z instalacji odsiarczania 
spalin z wykorzystaniem procesu Fe0/H2O2, Przem. Chem., 96 
(2017) 2486–2490 (in Polish).

[74] J. Bogacki, H. Al-Hazmi, Automotive fleet repair facility 
wastewater treatment using air/ZVI and air/ZVI/H2O2 
processes, Arch. Environ. Prot., 43 (2017) 24–31.

[75] J. Bogacki, P. Marcinowski, E. Zapałowska, J. Maksymiec, 
J. Naumczyk, Cosmetic wastewater treatment by ZVI/H2O2 
process, Environ. Technol., 38 (2017) 2589–2600.

[76] W.T.M. Audenaert, D. Vandierendonck, S.W.H. Van Hulle, I. 
Nopens, Comparison of ozone and HO● induced conversion of 
effluent organic matter (EfOM) using ozonation and UV/H2O2 
treatment, Water Res., 47 (2013) 2387–2398.

[77] L. Morrow, D.K. Potter, A.R. Barron, Detection of magnetic 
nanoparticles against proppant and shale reservoir rocks, J. 
Exp. Nanosci., 10 (2014) 1028–1041.

[78] L. Morrow, B. Snow, A. Ali, S.J. Maguire-Boyle, Z. Almutairi, 
D.K. Potter, A.R. Barron, Temperature dependence on the mass 
susceptibility and mass magnetization of superparamagnetic 
Mn–Zn–ferrite nanoparticles as contrast agents for magnetic 
imaging of oil and gas reservoirs, J. Exp. Nanosci., 13 (2018) 
107–118.

[79] J. Bogacki, J. Zawadzki, Multipurpose usage of magnetic 
proppants during shale gas exploitation, Ecol. Chem. Eng. S, in 
press.


