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Abstract: Owing to its high oxidising power and environmentally
friendly nature, hydrogen peroxide (H:0:) is commonly used in
environmental and hydrometallurgical applications such as
treatment of cyanidation effluents and leaching of metals from
ores/concentrates/waste materials. However, H;0; rapidly
undergoes catalytic decomposition particularly in the presence of
metal ions such as copper. The aim of this study is to investigate
the influence of certain additives on the improvement of stability
of H20;. The influence of addition of ethylene glycol (2.5-20 mL/L)
and citric acid (4.8-80 mM) on the stability of H;0; in the
absence/presence of copper was tested. The time-dependent data
were statistically analysed using Ergun’s test. No effect of ethylene
glycol was observed on the stability of H,0,in the absence of Cu
while a substantial improvement (up to 33%) was noted in its
presence. The addition of citric acid in the presence of copper
negatively influenced the stability of H;0..

Hidrojen Peroksitin Kararliliginin Etilen Glikol Kullanilarak
Iyilestirilmesi ve Ergun Testi ile Verilerin Istatistiksel Degerlendirmesi

Anahtar
Kelimeler

Hidrojen peroksit,
Etilen glikol,
Sitrik asit,
Kararhlik,

Bakair,

Ergun testi

Ozet: Yiiksek oksitleyici 6zelligi ve cevre dostu bir reaktif olmasi
nedeniyle, hidrojen peroksit (H.02) siyaniirlii atik ¢ozeltilerin
rehabilitasyonu ve metallerin cevher/konsantre/atiklardan ligi
gibi cevresel ve hidrometalurjik uygulamalarda yaygin olarak
kullanilmaktadir. Ancak H,0,, 6zellikle bakir gibi metal iyonlarinin
varliginda katalitik bozunmaya ugramaktadir. Bu c¢alismanin
amaci, belirli katki maddelerinin H;0; kararligina etkisinin
arastirilmasidir. Etilen glikol (2,5-20 mL/L) ve sitrik asit (4,8-80
mM) ilavesinin H»0, kararlilifina etkisi bakir yoklugunda/
varliginda test edilmistir. Zamana bagl verilerin istatistiksel
analizinde Ergun testi kullanilmistir. Bakir yoklugunda etilen
glikoliin H,0; kararlilifina bir etkisi gozlenmemesine karsin bakir
varliginda %33’e varan iyilestirme saglanmistir. Sitrik asit ilavesi
bakir varliginda H,0; kararhigini olumsuz etkilemistir.

*Sorumlu yazar: eyazici@ktu.edu.tr
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1. Introduction

Hydrogen peroxide (H20) is a versatile
and simple inorganic compound utilised
extensively in various fields owing to its
high oxidising power (E°=+1.78 V) and
environmentally benign nature [1].
Hydrogen peroxide decomposes to non-
toxic products (i.e. oxygen and water),
which renders it “green reagent” (Eq. 1)
[1,2]. The fields of applications of
hydrogen peroxide are presented in
Figure 1. Hydrogen peroxide is preferred
in several environmental applications e.g.
removal/oxidation of toxic inorganic
substances (e.g. sulphide (S%), nitrite)
and organic compounds in effluents
including advanced oxidation processes
(UV/HzOz, UV/H202/03, H202/03 or
Fenton’s process (H20,/Fe?*)) as well as
treatment of cyanide leaching effluents,
which contain free cyanide and/or metal-
cyanide complexes (i.e. WAD cyanide)
(Figure 1). It can be also utilised in

certain hydrometallurgical applications
as an oxidant or source of oxygen in the
extraction of gold/silver from ores
(though excess use may increase
consumption of cyanide) [1, 3],
precipitation of uranium or plutanoium
in peroxide form from pregnant leach
solutions (PLS) [2,4] and
sulphate/chloride leaching of copper
from its ores/concentrates [5, 6] and
waste materials such as waste electrical
and electronic equipments (WEEE or e-
waste) [7-10] (Figure 1). Other
applications are synthesis of fine
chemicals, cosmetics, pharmaceutical
products, bleaching of paper, pulp and
textile and chemical purification of
organic compounds (Figure 1).

2H,03(aq) = 2H30(ag) + Oz(g) @8]
(AG® = -206 k] at 25°C)

Application Fields of Hydrogen Peroxide

|
[ Hydrometallurgical Processes ]
1

- Precipitation of uranium or plutonium from PLS

- Cyanide leaching of gold/silver from ores
- Extraction of copper from ores/concentrates

- Extraction of base/precious metals from waste materials

|
Other

- Synthesis of fine chemicals, pharmaceutical products

- Bleaching (e.g. paper; pulp, textile)
- Chemical purification of organic reagents

[ Environmental Applications ]

Oxidation of cyanide species
(free/WAD cyanide) in effluents
of cyanide leaching

Oxidation of inorganic
substances (e.g. sulphide (5%),
nitrite)

Oxidation of organic
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Advanced oxidation processes
(AOPs produce OH® radicals)

Oxidation of formaldehyde, thiols
ete. with direct use of H,0,
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UV/H,0,/0,

H,0,/0,

Figure 1. Various applications of hydrogen peroxide [1, 2, 5, 11-13].
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Although  hydrogen  peroxide is
commonly known as an oxidant, it can
also exhibit reductive features usually at
acidic solutions [1]. Bas and Yazici [14]
demonstrated that addition of H,0; into
X-ray film processing effluents results in
precipitation of silver from thiosulphate
media as metallic silver (with reducing
effect of H;02) and silver sulphide with
the latter more dominant phase.

Besides its technical and environmental
advantages, the most severe detraction
to hydrogen peroxide is its prohibitively
high consumption in the presence of
metal ions e.g. Cu?+, Fe3*, Fe2*, Mn, and
Cr2+, Copper, which is one of the main
impurity ion present in effluents, is
reduced to cuprous state through
reaction with hydrogen peroxide (Eq. 2)
[12]. Notwithstanding this, the presence
of sulphur (S*) and thiocyanate (SCN-)
ions as well as solids have adverse effect
on stability of H;0,. High pH and
temperature also facilitate the
decomposition of hydrogen peroxide
[1,7,12,15,16]. To overcome high
consumption of H,0> through its catalytic
decomposition in the presence of metal
ions, addition of inorganic/organic
reagents have been tested to reduce the
reactivity of metal ions towards H»0; by
complexation/chelation of metals [17-
20]. However, almost all the earlier
studies appear to focus mainly on
extending the shell life of concentrated
acidic (stock) solutions of hydrogen
peroxide (25-90% w/w H;02). To the
author’s knowledge, only a few studies
[14, 26] have been reported on practical
use of additives on improvement of
stability of hydrogen peroxide. Bas et al.
[14] investigated the effect of ethylene
glycol on recovery of silver from X-ray
film effluents with H;0;. Mahajan and
Misra [26] studied the influence of
ethylene glycol on extraction of copper
from  chalcopyrite  mineral using
H2S04+H20;leaching

2Cu?* + Hy0, + 20H™ - @
2Cu* + 0, + 2H,0

This study investigated the influence of
addition of ethylene glycol (2.5-20 mL/L)
and citric acid (4.8-80 mM) for
stabilisation of H;0; under different
experimental conditions of pH (2-4) and
temperature (20-80°C) in the absence
and presence of copper (5 g/L Cu) over 3
h. Ergun’s test was adopted in the study
to test statistical significance of the time-
dependent data.

2. Material and Method

2.1. Experimental and

procedure

set-up

All the tests were performed in 250-mL
jacketed glass reactors (inner dia: 6.5
cm) equipped with two baffles. Reactors
were connected to a temperature
controlled water circulator (Polyscience).
Reactor contents were agitated by a
multi magnetic stirrer (Thermo Scientific
Variomag) using PTFE-coated magnetic
bars (dia.: 3 cm) at 350 rpm. The top of
reactors were kept covered with lids
over the test period. Hydrogen peroxide
solution (35% w/w H;02, Merck) and a
stock solution of copper sulphate (200
g/L CuS04.5H;0) were used to prepare
the solutions in a final volume of 200 mL.
Hydrogen peroxide was introduced into
the solution after maintaining the
required temperature in order to inhibit
its early decomposition prior to start-up
of the tests. Initial concentration of H»0;
was set at 0.5 M in all experiments. Two
different organic additives; namely,
ethylene glycol and citric acid (Figure 2)
were used to test their influence on the
stabilisation of H;0,. Ethylene glycol
(299% C;He02) was added in required
amounts to maintain dosages of 2.5-20
mL/L. Citric acid monohydrate (299.0%
CeHg07.H20) was used for preparation of
a stock solution from which test

940



E.Y. Yazic1 / Improvement of Stability of Hydrogen Peroxide using Ethylene Glycol

solutions were prepared at the required
concencentrations of 4.8-80 mM
corresponding to [Cit]/[Cu] ratios
(molar) of 0.06-1 mM. pH of solutions
was adjusted using concentrated
sulphuric acid (96% H2S04) or 4 M NaOH.

All the solutions were prepared using
deionised-distilled water. During the
period of 180 min., samples were taken
at predetermined intervals to analyse

initial/residual H0, with iodometric
titration [21].
IJI /()
H—C—C
\
OH
O
7
H—0—C—C
N
OH
O
%
H—C—C
~
| OH
H

Figure 1. Molecular structure of ethylene glycol (left) [22] and citric acid (right) [23]

2.2. Statistical analysis of data using
Ergun’s test

Conventional statistical methods do not
allow evaluation of time-dependent data
e.g. decomposition vs time. Recent
studies indicated that Ergun’s test,
which is essentially One-way Analysis of
Variance (ANOVA) for gradients/slopes,
is a practical tool for statistical analysis
of time-dependent data. Ergun’s test
was used in this study for eradication of
time dependency of data and
interpretation of the influence of
ethylene glycol and citric acid on the
stability of H;0, under different
experimental conditions (pH (2-4),
temperature (20-80°C) and copper (0-5
g/L Cu?*). First-order reaction model
were used to collect the rate data, which
were then subjected to the statistical
evaluation using Ergun’s test. Statistical
significance of differences ie. the
equality of the gradients (reaction rates)
was examined as a Null Hypothesis.
Details of Ergun’s test can be found
elsewhere [24, 25].

3. Results

Statistical significance of the addition of
ethylene glycol (2.5-20 mL/L) and citric
acid (4.8-80 mM) on the stability of
H,0, was determined under different
experimental conditions and summary
of the results is presented in Table 1. In
the statistical evaluation of the results
(Table 1), alpha (a) represents the level
of significance and the test results are
presented as “slightly significant” at

10%, “significant” at 5%, “highly
significant” at 1% and “extremely
significant” at 0.1% levels.

Corresponding plots of fraction of H;0;
remained (Ratio of final H,0; to initial
H»0,) vs time are illustrated in Figures
3-10. The rate and extent of
decomposition of hydrogen peroxide
was rather limited (i.e. 11-17% over 3
h) in the absence of copper at pH 2-4
and 50°C (Figures 3-4). Effect of
ethylene glycol was tested under these
conditions (Figures 3-4) and no
significant influence on stability of H,0;
was observed. This was also
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corroborated by statistical analysis of
data (Table 1). It is relevant to note that
comparison of Figures 3-4 with Figures
5-6 revealed that presence of copper
adversely effected H»0, stability e.g.
remained fractions of H;0: over 3 h.
were noted as 86% and 42% in the
absence (Figure 3) and presence of
copper (Figure 6), respectively. In
copper containing solutions (5 g/L Cu),
the addition of ethylene glycol (2.5-20
mL/L) significantly improved (by 27-
33%) the stability of hydrogen peroxide

under less aggresive conditions i.e. at
20-50°C (Figures 5 and 6). At 20°C and
pH 4, the fraction of H,0; remained in
solution decreased to 27% over 3 h.
(Figure 4). However, the introduction of
ethylene glycol into the medium at a
dosage of 20 mL/L substantially
improved the stability of H,0, (i.e. 53%
of H0; remained in solution compared
with 27% in the absence of ethylene
glycol) over the same period of 3 h.
(Figure 5).

Table 1. Statistical analysis of the experimental data using Ergun’s test

Effect of Ethylene Glycol P-value Alpha (a) Significance
In the absence of copper
pH 2 and 50°C
0vs 20 mL/L Glycol 0.1546 0.1 (10%) Not significant
pH 4 and 50°C
0vs20 mL/L Glycol 0.1428 0.1 (10%) Not significant
In the presence of 5 g/L Cu
pH 4 and 20°C
0vs 20 mL/L Glycol 0.0000 0.001 (0.1%) Ext. significant
pH 2 and 50°C
0-20 mL/L Glycol 0.0000 0.001 (0.1%) Ext. significant
0vs2.5 mL/L Glycol 0.0000 0.001 (0.1%) Ext. significant
0vs 20 mL/L Glycol 0.0000 0.001 (0.1%) Ext. significant
2.5vs 20 mL/L Glycol 0.1468 0.1 (10%) Not significant
pH 2 and 80°C
0-20 mL/L Glycol 0.7868 0.1 (10%) Not significant
Effect of Citric acid P-value Alpha (a) Significance
In the absence of copper (pH 2 and 50°C)
0-80 mM Citric Acid 0.1088 0.1 (10%) Not significant
In the presence of 5 g/L Cu (pH 2 and 50°C)
0-80 mM Citric Acid 0.0000 0.001 (0.1%) Ext. significant
0 vs 4.8 mM Citric Acid 0.0002 0.001 (0.1%) Ext. significant

The contribution of ethylene glycol to
the stability of H,0,was also confirmed
by Ergun’s test (Table 1). Similar results
were obtained at 50°C and pH 2 in that,
despite low residual fraction of H;0; by

%42 without ethylene glycol over 3 h,
the addition of glycol even at 2.5 mL/L
resulted in a higher residual fraction of
73% (Figure 6, Table 1).
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Figure 3. Stability of H202 with/without ethylene glycol in the absence of Cu at 50°C and pH 2
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Figure 4. Stability of H202 with/without ethylene glycol in the absence of Cu at 50°C and pH 4
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Figure 5. Stability of H202 with/without glycol in the presence of 5 g/L Cu at 20°C and pH 4
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Figure 6. Stability of H202 with/without glycol in the presence of 5 g/L Cu at 50°C and pH 2

Increasing the dosage of ethylene glycol
from 2.5 to 20 mL/L did not provide a
further improvement (Figure 6). This
was also consistent with the results of
statistical assessment of data using
Ergun’s test (Table 1).

Figures 7-8 show the decomposition
trend of H,0, with/without ethylene
glycol in the presence of copper (5 g/L

Cu) under more aggressive conditions
(i.e. at 80°C). Compared with the results
obtained at 20-50°C (Figures 5-6), a
sharp and rapid reduction in the
concentration of H,0, was observed at
80°C over an initial period of only 5 min.
(Figures 7-8). This indicated the
significance of temperature-dependent
decomposition of H;0x.

E ¢ No Glycol
g 08 -
2
ON W25 mL/L Glycol
= 0.6 -
4
: 020 mL/L Glycol
e 04 4
o
=
&
0.2
8 A4 —
0 . T \ \ : ‘
0 0.5 1 1.5 2 2.5 3

Time in hours
Figure 7. Stability of H202 with/without glycol in the presence of 5 g/L Cu at 80°C and pH 2
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Figure 8. Stability of H202 with/without glycol in the presence of 5 g/L Cu at 80°C and pH 4

Only 20% of H;0; was remained in
solution at an initial period of 5 min. at
80°C and pH 2 (Figure 7). Increasing the
pH further to 4 led to more severe
impact on the stability of H,0, with only
4% of H,0; that remained in solution at
5 min. (Figure 8). At 80°C and pH 2,
addition of ethylene glycol even at the
highest dosage of 20 mL/L produced an
ameliorating effect on the
decomposition of H;0: only over the
initial periods of <30 min. e.g. the
remained fraction of H»0, increased
from 20% to 43% at 5 min. (Figure 7).
However, statistical test did not identify
a significant effect considering the initial
reaction period of 15 min. (Table 1).

C6H807 (S) + H20 d H30+ + C6H707_(aq)
CeH707 (qq) + H20 = H;0% + CGHﬁO?Zaq)
CeHo 05 (aq) + H20 = H30* + CoH503 (4

Increasing the pH from 2 to 4 under the
same conditions of 80°C and 5 g/L Cu
(Figure 8) resulted in complete
decomposition of H;0, even at the
highest dosage (i.e. 20 mL/L).

The influence of citric acid on the
stability of H,0, was also tested in the
absence and presence of copper at 50°C
and pH 2 (Figures 9-10). Citric acid is a
weak organic acid which dissociates in
water according to the Egs. 3-5 [27]. It
was observed that citric acid did not
influence the stability of H,0, in the
absence of copper (Figure 9, Table 1) as
also noted for ethylene glycol (Figures
3-4).

(pK1=3.128) (3)
(pK2=4.761) (4)
(pK3=6.396) ()
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Figure 9. Stability of H202 with/without citric acid in the absence of Cu at 50°C and pH 2
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Figure 10. Stability of H202 with/without citric acid in the presence of 5 g/L Cu at 50°C, pH 2

To exploit the complexing ability of
citric acid for Cu(ll) (logk=14.2) [28-
32], citric acid is added in an attempt to
improve the stability H,0, (Figure 10).
However, the addition of citric acid was
observed to adversely influence the
stability of H;0, with extensive
decomposition of H0,. Only 8% of H,0-
at 80 mM citric acid was left after 3 h,,
compared with 42% in the absence of
citric acid. A sharp decrease (by 48%) in
the concentration of H,0; at 4.8 mM
citric acid was noted over the initial
period of only 5 min. at which H,0; was
essentially stable (98%) in the absence
of citric acid (Figure 10). Elevating the

concentration of citric acid from 4.8 to
80 mM further aggravated the
decomposition of H;0; (Figure 10). The
adverse effect of citric acid on the
stability of H,0, was also confirmed by
the statistical analysis of the data (Table
1). The adverse effect of citric acid in the
presence of copper could be attributed
to the oxidation of citric acid by H20;
(i.e. consumption of H;0;) through
catalytic effect of copper. It is pertinent
to note that an intense gas release with
unpleasent odor was observed during
these tests in the presence of copper
(particularly at 80 mM citric acid),
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which could be an indicative of

degradation of citric acid.
4. Discussion and Conclusion

The results have shown that the
addition of ethylene glycol as well as
citric acid has no effect on the
decomposition of H,0; in the absence of
copper. However, in the presence of
copper, ethylene glycol improves the
stability of H»0. (Figures 5-6). This
enhancing effect of ethylene glycol
(Figures 5-6) can be attributed to the
formation glycol-copper complexes,
reducing the reactivity of copper
towards H20:. In accordance with the
current findings (Figures 5-6), previous
reports [14, 26] confirmed that ethylene
glycol could significantly improve the
stability of H20; in some applications.
Mahajan and Misra [26] studied
peroxide assisted sulphuric acid
leaching (H2S04+H202) of copper from
chalcopyrite mineral. The researchers
tested the effect of ethylene glycol (1-8
mL/L) on consumption of H,0; over a
period of 4 h. They found that, in the
absence of glycol, almost complete
decomposition of H;0, was observed
while addition of glycol substantially
improved H;0; stability i.e. 75% of H20>
was still remained in leach solution in
the presence of 8 mL/L glycol. Bas et al.
[14] studied the influence of ethylene
glycol on treatment of X-ray film
effluents (thiosulphate media) with
H,0: for recovery of silver. They showed
that addition of glycol enhanced silver
recovery by up to 18.7%. They
attributed this effect to the stabilisation
of H,0, by the addition of ethylene
glycol.

The results (Figures 7-8, Table 1)
implied that under aggresive conditions,
ethylene glycol gave unsatisfactory
results for the stabilisation of H»0:
presumably due to its extreme
instability at high temperature and pH.

Previous studies [7,16] also reported
that high temperature and pH
negatively influence the stability of
hydrogen peroxide.

The findings in the current study
demonstrated that ethylene glycol can
be suitably used to improve the stability
of H,O, in the presence of copper
particularly at low temperature and pH.
On the contrary, citric acid was found to
facilitate decomposition of Hz0; in the
presence of copper (5 g/L).
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