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Abstract: Compounds used in the fashion industry effect the water bodies in the
vicinity of textile factories, resulting in the visible coloration of surface water.
Fe-doped graphite-based in house prepared electrodes were used in the Fenton-
-like degradation of Reactive Blue 52 (RB52). The electrodes consisting of
high-density graphite in three granulation sizes and three levels of Fe content
were characterized using scanning electron microscopy (SEM). The amount of
Fe in the electrodes and H,O, concentration in synthetic textile wastewater
were optimized. Additionally, the size of graphite grains was varied to inves-
tigate whether it effects the degradation rate. Under only 10 min of electro-Fen-
ton degradation, a system with 10 mmol dm™ of H,0, and an electrode made
of 7 % of Fe and 70 um of granulation size of graphite, degraded over 75 % of
RB52, and over 99 % after 40 min of treatment. The obtained results indicate
that the proposed approach could be beneficial in the field of novel materials
for environmental application and that in house prepared carbon could be an
excellent replacement for commercially available supports.

Keywords: Reactive Blue 52; granulation; decolorization; hydrogen peroxide;
graphite; advanced oxidation processes.
INTRODUCTION

There have been many improvements of the classic Fenton reaction, a homo-
genous system with Fe2* and HyO» in the acid environment, but the electro-Fen-
ton reactions contribute to in situ generation of reactive species in water due to
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58 SAVIC ez al.

the effect of the electric current.!-2 Electro-Fenton oxidation processes occur at
ambient pressure and ambient temperature and therefore belong to the electro-
chemical advanced oxidation processes (electro AOP).3# In an acidic environ-
ment, Fe2* oxidizes to Fe3™, as shown in Eq. (1), but in pH neutral and aerobic
conditions, Fenton-like reactions are possible that could lead to a respectable
amount of generated oxidative species, as shown in Egs. (2) and (3):3:¢

Fe2* + HyOp — Fe3* + HO® + OH- (1)
Fe3* + HyOp — Fe2t + HOO® + H* ()
Fe3* + HOO® — Fe?t + O, + HY 3)

To prevent Fe deposition and to increase the efficacy of Fenton reactions in
pH neutral environment, a stable iron support is often needed.”-8 Carbonaceous
materials are commonly considered as readily available, cost-effective, and dur-
able support materials for numerous electrochemical applications,?~12 and espe-
cially graphite can be attractive in terms of different electrode preparation possi-
bilities, due to its stability.!3-15 The effects of the ratio of iron and hydrogen per-
oxide on Fenton and Fenton-like reactions are well studied,!® but novel electrode
formulations open questions never asked before, such as granulation of the start-
ing carbonaceous material. Techniques for electrodes production can strongly
affect the efficiency, stability and reusability of electrodes.

Rapid fashion changes and mass production of clothes lead to enormous
amounts of textile waste, compounds used in the fashion industry mostly effect
the water bodies around textile factories, resulting in visible coloration of surface
water. Therefore, effective, stable, and low-cost approaches are needed to combat
this growing problem.!7.18

This study was based on electro-Fenton oxidation of Reactive Blue 52 (RB52),
a textile azo dye, where up to 10 ppm of H»O, was externally added to the elec-
trochemical system. Fixed amounts of high-density graphite and phenol—form-
aldehyde resin were used to prepare nine electrodes with three ranges of graphite
granulations and Fe contents. The electrodes were applied in the form of pellets
to find the optimal combination of graphite granulation, iron content, and H>O,
concentration to achieve the fastest removal of RB52 without pH adjustment.

EXPERIMENTAL
Chemicals

Fe(NO3)3-9H,0 (ACS reagent, >98 %, Sigma Aldrich, CAS 7782-61-8) was used as a
doping material for the in house prepared carbon-based catalysts. A high-density graphite
(trademark VPG-4) prepared in three granulation sizes was used as a precursor for the elec-
trodes, while novolac phenol-formaldehyde resin SFPR-054 (Wego Chemical Group, CAS
9003-35-4, hereinafter SFPR binder), light-yellow powder with 26 % of hexamethylenetet-
ramine (with 60 % of carbon content in SFPR binder heated at 950 °C) by weight served as a
binder. Ethanol (95 vol. %, Sigma Aldrich) was needed for the preparation of precursors.
Reactive Blue 52, a textile azo dye, a model compound (Clariant, CAS 12225-63-7, herein-
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CARBON ELECTRODES FOR ELECTRO-FENTON DEGRADATION 5 9

after RB52), Na,SO4 (>99 %, Sigma Aldrich, CAS 7757-82-6) a supporting electrolyte, and
H,0, (30 vol. %, Sigma Aldrich, CAS 7722-84-1) were involved in the electrochemical deg-
radation tests.

Electrodes preparation

The Fe-doped porous graphite electrodes were produced following a procedure published
elsewhere.!%20 Compared to work of Manojlovi¢ and colleagues,'® this study was expanded
by using three median granulation sizes of high-density graphite fractions cut on lathes. The
grain size was controlled by adequate sieve openings, e.g. sieves with dimensions between 50
and 90 pum resulted in a median grain size of 70 pm, between 90 and 160 um gave 125 um,
and those between 160 and 250 pm gave a median grain size of 205 pm (see more in Table I).
A fixed amount of SFPR binder (0.9 g) and different amounts of Fe(NO3);-9H,O were
powdered and mixed. The content of Fe was proportional to the carbon content in the SFPR
binder, hence 0, 0.078 and 0.273 g of Fe(NO3);-9H,0 was weighed to produce electrodes
labelled as 0, 2 and 7 % of Fe. Three grams of graphite grains of appropriate size (i.e., 70, 125
or 205 um of medium size) was combined with the previous ingredients and again combined
to make precursors for nine electrodes. These mixtures were then wetted, pelleted, and heated
according to the procedure published by Petkovié¢ et al.,?? resulting in nine Fe-doped porous
graphite electrodes, as listed in Table I. The electrodes were labeled according to the median
size of graphite grains and Fe content, for example, electrode 70-0 container graphite with
roughly 70 um of grain size and 0 % of Fe. The morphology of the SFPR binder and the pre-
pared electrodes were examined on a scanning electron microscope, Jeol JSM-7001F (SEM).

TABLE L. Properties of the studied Fe-doped porous graphite electrodes

Content of Fe in relation to  Graphite grain size Median grain size

Electrode label SFPR binder, % um um
70-0 0 50-90 70
70-2 2 50-90 70
70-7 7 50-90 70
125-0 0 90-160 125
125-2 2 90-160 125
125-7 7 90-160 125
205-0 0 160-250 205
205-2 2 160-250 205
205-7 7 160-250 205

Electro-Fenton decolorization experiments

RB52 (30 mg dm™) was used as a model compound for the comparison of electrode
effectiveness, while 0.1 mol dm- Na,SO,4 was chosen for the supporting electrolyte. The ori-
ginal divided electrochemical cell (Fig. 1) contained 50 cm? of azo dye with Na,SO, in the
anodic part, with an applied anodic potential of 4.2 V and a current of 30 mA. Additionally,
the cathodic part, separated by Nafion 117 perfluorinated membrane (178 pm thick) from the
anodic part, was loaded only with supporting electrolyte solution. Fenton-like electrochemical
degradation experiments involved all nine electrodes (see Table I) and four H,O, concen-
trations (namely, 0, 1, 5 and 10 mmol dm), including experiments at native pH value,
without hydrogen peroxide. The effect of the optimal combination of graphite granulation, Fe
content, and H,O, concentration on RB52 decolorization was monitored on UV—Vis spectro-
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60 SAVIC ez al.

photometer (Evolution 200 Series, Thermo Fisher Scientific) at the A,,, = 615 nm. Each
electro-Fenton degradation experiment lasted 50 min and samples were withdrawn after every
10 min. Graphs were generated using OriginPro® 8. The preparation of the electrodes was per-
formed at the South Ural State University and the electro-Fenton degradation of RB52 at the
University of Belgrade during 2018-2019.

Nafion 117 membrane

c(NazS04) 0.1 M

Fig. 1. Experimental setup.

RESULTS AND DISCUSSION

In this study, three levels of Fe content in Fe-doped graphite electrodes were
combined with three ranges of grain size of graphite used to obtain electrodes for
optimal Reactive Blue 52 (RB52) degradation. Additionally, HyO, was added in
four concentration levels to optimize electro-Fenton decolorization without pH
value adjustment. The morphology of the SFPR binder at 5000x and 100x of
magnification on SEM is shown Fig. 2.

Fig.2. SEM images of SFPR binder at: A — 5000 and B — 100X of magnification using the
secondary electron imaging (SEI) technique.
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CARBON ELECTRODES FOR ELECTRO-FENTON DEGRADATION 6 1

It could be concluded from Fig. 3 that each material was covered with
large pores, formed in a heavily branched structure, and filled with spherical
vacancies. By comparing the same magnification of the SEM images, it could
be concluded that pore sizes were proportional to the grain size, indicating that
the proposed procedure could serve as a controllable method for the preparation
of the electrodes listed in Table I. Electrodes without iron are represented in
Fig. 3A, D and G. The other electrodes shown in Fig. 3 represent the mor-
phology of electrodes with 2 and 7 % of iron, where each material was covered
with a thin layer of Fe304 of high crystallinity and octahedral in shape, forming
a high surface area, which is preferable for environmental use.

_— k-
i d s

Fig. 3. SEM images of: A — 70-0, B — 70-2, C - 70-7, D — 125-0, E — 125-2, F — 125-7,
G —205-0, H—205-2, I —205-7 electrodes under 1000x of magnification using SEI technique.
The first number stands for the granulation value and the second number for the amount

of Fe (see Table I).

The changes in the decolorization rate of RB52 are shows in Fig. 4A—-C as a
function of Fe content and graphite grains size, with no added hydrogen per-
oxide. The highest degradation rate after 50 min of treatment was achieved (over
75 %) when the electrode with 2 % of Fe and 125 um of graphite granulation
(label 125-2, see Table 1) was applied, as shown in Fig. 4B. The raw data for
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Figs. 4-8 are organized in Tables S-I-S-IX of the Supplementary material to this
paper. On the other hand, RB52 was the least degraded (below 45 %) with elec-
trodes of 70 um grain size of graphite and without iron (Fig. 4A). In all cases
(Fig. 4A—C), the middle level (125 pm) of graphite granulation accomplished
higher decolorization rates, compared to the other two granulation sizes. More-
over, in the case of electrodes with 205 um grains size (Fig. 4C), there were no
significant differences in RB52 degradation efficiency between the electrodes with
the lowest and the highest Fe content (almost 60 % and over 51 % of degraded
RB52, respectively). The results showed in Fig. 4 were achieved without the
addition of HyO; and could be attributed to the in situ electrochemical production
of hydroxyl radical and other reactive species, as presented in Eqgs. (1)—(3).5:¢

o | TR0 o | = 1250 ool | 2050
. 702 o 1252 s 2052

—A—70-7 —a—125-7 —A—205-7

0 -

H

L3

]
Decolorization rate. %

T T T T T T T T T T T T T
20 a0 40 50 ) U] 20 30 an 50 0 10 20 a0 40 30

Fig. 4. Change in RB52 decolorization rate for electrodes made of different graphite granul-
ation size; A — electrodes with no Fe, B — electrodes with 2 % of Fe and C — electrodes
with 7 % of Fe (starting conditions: 30 mg dm RB52 solution in the absence of H,05).

Completely different results were observed when 1 mmol dm=3 of H,O, was
added to all the prepared electrodes because in the presence of added hydrogen
peroxide electro-Fenton reactions occurred to a greater extent (Fig. SA-C).
According to the results, 2 % of iron leads to the fastest RB52 degradation rates,
achieving roughly 60 % degradation after only 10 min of treatment for all graph-
ite granulation sizes, which could imply the mutual dependence of the iron con-
tent in the electrode and the quantity of HpO; for optimal Fenton reactions.
Similar to the previous results, electrodes 70-2 and 125-2 with (Fig. 5) or without
H»O, (Fig. 4) culminated in higher degradation rates compared to larger grain
sizes (Fig.s 4C and 5C, respectively). Moreover, with 1 mmol dm=3 of H,O; in
the system, electrodes with no iron and lower grain sizes (70-0 and 125-0) also
resulted in slightly higher endpoints (92 and 87 % after 50 min of treatment, res-
pectively), compared to 205-0 with 83 % of RB52 degraded at the same point.
The only exception to the observed rule in granulation size effect were electrodes
with 7 % of Fe. Namely, 1 mmol dm=3 of HyO led to less than 80 % of degrad-
ation rate for the 70-7 electrode, but around 94 % for the other two electrodes
(125-7 and 205-7) after 50 min of treatment.
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Fig. 5. Change in RB52 decolorization rate when using electrodes with different Fe contents;
graphite granulation size: A —70, B —125 and C —205 pm (starting conditions:
30 mg dm RB52 solution and 1 mmol dm H,0,).

High degradation rates were also achieved with five times higher HyO»
concentration (Fig. 6A—C). Furthermore, there was no significant difference in
the decolorization rate (roughly 95 % at 50 min) between electrodes with 2 and 7
% of iron, for all three granulation levels, while the RB52 degradation was some-
what slower without iron present in the electrodes.
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Fig. 6. Change in RB52 decolorization rate when using electrodes with different Fe content;
graphite granulation size: A —70, B —125 and C —205 pm (starting conditions:
30 mg dm RB52 solution and 5 mmol dm™ H,0,).

The highest concentration of HoO; investigated in this study was 10 mmol
dm3, as depicted in Fig. 7. Under these conditions, almost 80 % of dye was
degraded in only 10 min by electrodes 70-7 and 125-7 (Fig. 7A and B), the latter
being the only system in which 7 % of iron led to the fastest decolorization.
Although endpoints in all systems were remarkable and comparable with lower C
(H20»), this extent of hydrogen peroxide slightly suppressed the decolorization
by electrodes with 2 % of Fe (Fig. 7A-C).

The best results shown in the previous figures, selected for each amount of
H»O, combined with various electrodes, are summarized in Fig. 8. Obviously,
the highest hydrogen peroxide concentration led to the quickest, but also the most
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64 SAVIC ez al.

effective RB52 degradation, as already shown in Fig. 7C. All of the systems with
added H»O, enable more efficient electro-Fenton reactions, which lead to similar
outcomes, in terms of RB52 decolorization in 50 min of treatment. What also
stands out, electrodes with the lowest graphite grains size (70 pm) came out to
give higher degradation rates, compared to the other two tested sizes. In most
cases, iron improved degradation percentage, and the optimal iron content was 2
% (1 and 5 mmol dm—3 of H,0,), except for the 10 mmol dm= of HyO,, where a
higher amount of Fe was needed.
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Fig, 7. Change in RB52 decolorization rate when using electrodes with different Fe contents;
graphite granulation size: A —70, B — 125 and C —205 um (starting conditions:
30 mg dm RB52 solution and 10 mmol dm3 H,0,).
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 /min tration, and graphite granulation size.

This result also indicates that Fe and H»O; ratio follows a certain positive
correlation trend, and the outcome of electro-Fenton oxidation could be predicted
and adjusted to the desired results, mostly based on the Fe/H,O,. On the other
hand, decolorization of RB52 was still possible, even without HyO; — the 125-2
electrode and no HyOj, which resulted in almost 30 % degradation efficiency
after 10 minu of treatment, had the endpoint for the same electrode comparable to
the result achieved with 70-7 and 10 mmol dm—3 H,O, in the first 10 min when
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CARBON ELECTRODES FOR ELECTRO-FENTON DEGRADATION 65

roughly 80 % of azo dye was removed. This result could imply that the degrad-
ation system without added hydrogen-peroxide could be compensated with
longer treatment time, and vice versa — the degradation time could be shortened
with higher content of oxidation agent.

In the electro-Fenton oxidation of an azo dye Reactive Blue 52 presented
here the maximal concentration of HyO, was 50 times less than reported else-
where.2l Although higher concentration of H,O, often leads to better degrad-
ation rates, the excess of hydrogen peroxide added can have a scavenging effect
on hydroxyl radicals.! Even though the degradation efficiencies are often tested
by the degradation rate of colored substances, their applicability is not limited to
the textile industry, but could be expanded to many other organic chemicals with
similar functional groups.

CONCLUSIONS

The proposed study contributes to a better understanding of electro-Fenton
degradation of Reactive Blue 52, in terms of the role of the graphite granulation
size, iron, and H,O, content. Under only 10 min of electro-Fenton degradation, a
system with 10 mmol dm3 of HyO; and an electrode made of 7 % of Fe and 70
pm granulation size of graphite, degraded over 75 % of the treated azo dye.
Additionally, less than 1 % of dye remained after 40 min of treatment. It should be
emphasized that even lower HoO; concentrations lead to a satisfactory degradation
rate, when 70-2 electrodes were used. Even though the removal efficiency of the
presented system was tested by the degradation rate of colored substance, this
study could serve as a basis for similar electrochemical degradations and its applic-
ability could be expanded to many other organic chemicals with analogous funct-
ional groups, with further optimization of the experimental parameters.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11130, or from the corres-
ponding author on request.

Acknowledgements. We want to express thankfulness to passed Prof. Dr. Petar Pfendt for
his scientific and educational contribution to Environmental Chemistry in Serbia, and for
inspiring many chemists to pursue a career in this discipline, including the authors of this
study. This study was funded by Ministry of Education, Science and Technological Develop-
ment of Republic of Serbia, Contract number: 451-03-9/2021-14/200168.

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



66 SAVIC ez al.

HU3BOJ
HU3PAJJA 1 CBOJCTBA KATAJIU3ATOPA HA FA3U YIJBEHUKA JOTIOBAHUX I'BOXXBEM
3A EJIEKTPO-®EHTOHCKY PA3TPAIHY A30-BOJA

CJIABAHA [I. CABUR', TOPAH M. POIJIUR', BJAYECJIAB B. ABIUH?, IMUTPUJ KEPEBELIOB?,
IAJIUBOP M. CTAHKOBUR>* u IPATAH JI. MAHOJJIOBUR*
1YHusep3uL_ueu7 y Beoipagy — Xemujcku paxynitei, Kaitiegpa 3a upumerery xemujy, Ciuygenimicku wpi
12-16, Beoipag, “South Ural State University, 76, Lenin prospect, Chelyabinsk, Russia, 454080,
SYHusepsumem y Beoipagy — Xemujcku ¢paxyniteii, Kattiegpa 3a ananutauuky xemujy, ClllygeHwucxku
wpi 12-16, beoipag u 4YHueep3uu7.em y beoipagy, Uncimiuitiywi 3a HyxaeapHe Hayxe ,Bunua”,
Hayuonannu unctmiuityiw Petiyonuxe Cpduje, Iabopatopuja 3a paguousoiioiie,
Muxe Iettiposuha Anaca 12—14, Beoipag

Jenumema Koja ceé KOpPUCTe Y MOJJHOj MHIYCTPHUjHU YTUUYy Ha BOJHA Te/la y OKOJIMHH TeKC-
TUIHUX (padpuKa, IITO Pe3yNTHPa BUA/BUBUM 000jermeM MOBPLIMHCKUX Boja. [Jomahe enex-
Tpone Ha da3u rpadura sonupane reoxhem dume cy ywwyueHe y nerpagauujy Reactive Blue
52 (RB52) mexanusma nonyt ®eHtoHoBe peakuuje. Enekrpone cy ce cacrojane of rpadura
BEJIMKe TYCTHHE Y TPU BeJIMYMHE TpaHysaluje W TpH KoinuuuHe Fe W oxapakrepucaHe cy
nomohy ckenupajyhe enextporcke mukpockonuje (SEM). OnTumusoBate cy konuuuHa Fe y
enekTpofamMa M KoHueHtpauuja H:0z y CHHTETHYKOj TEKCTMIHOj OTMapHoj Bomu. omaTHoO,
BEJIMYMHA I'padUTHUX 3pHA je BapupaHa Kako OM Ce MCIUTaNOo [a X yTUYe Ha Op3uHy pas-
rpangwe. 3a camo 10 min enexrpo-PeHTOHOBe Jerpagaudje cucrem ca 10 mmol dm” H,0; u
enexrponom of 7 % Fe u 70 pm BesMurHe rpaHysanuje rpadura pasrpaguio ce mpeko 75 %
RB52 u npeko 99 % HakoH 40 min TpermaHna. JodujeHn pe3ynTaTH ykasyjy Ha TO Aa Ipen-
JIO)KEHU TIPUCTYT MOKe DUTH KOPUCTAH y 00JIaCTH HOBUX MaTepHjasa 3a MPUMEHY Y KHUBOTHO]j
CPenVHU U fia foMahe NMpUNpeM/beHH YITbeHUK MOXKe DUTH OJ/INYHA 3aMeHa 38 KOMepLUjaaHo
JOCTYTIHE HOCAyYe.

(ITpumbeno 1. centeMbpa, peBuaupaHo 27. HoBeMbpa, mpuxsaheno 29. HoBemdpa 2021)
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