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Index Terms Abstract— One of the most common methods for the removal of iron from water is oxidation of the fer-
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rous iron to the ferric form by atmospheric oxygen. Ferric hydroxide yielding from hydrolysis of ferric iron
precipitates which is settled and filtered out from the water. The oxidation rate of the ferrous iron is affected
by several factors such as the concentrations of Fe2t, Fe3t, and oxygen, pH, temperature, organic matter,
and other ions present in the solution. Considerable concentrations of dissolved iron can be preserved in
Oxidation

Atmospheric Oxygen

aerobic aquatic systems in the presence of organic species of natural origin. Organic species such as tannic
acid, gallic acid, and others can completely retard the oxidation of Fe2 for several days, even under an
oxygen partial pressure of 0.21 atm. In this study, the effect of Fe3+ on Fe2* oxidation in water containing
pyrogallol was simulated and investigated experimentally in two stages. In the first stage, catalytic effect of
Fe3t on Fe2™ oxidation has been investigated, experimentally. In the second stage, it has been studied how
pyrogallol affects the oxidation of Fe?* and the catalytic effect of Fe3+. Without pyrogallol, the oxidation
rate of Fe2t was enhanced by increasing Fe3+ concentration. The catalytic effect of Fe3+ clearly decreased
and almost vanished in the presence of pyrogallol. This is considered to be a result of pyrogallol-forming
complexes with Fe3+.
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I. INTRODUCTION ganic Matters (NOM) [1].

quicken the oxidation reaction at typical ambient pH, which

NOM in natural waters usually

Ground waters in Turkey generally contain Fe?*t
above the allowed limits for consuming as drinking water.
For this reason, it is necessary to remove Fe2t from water.
Redox reactions affect the chemical forms of iron in natural
waters via photoreduction, thermal reduction of Fe?t or
oxidation of Fe?*,

Different kinds of organic matters can be present in
water along with Fe?*. These Fe?* oxidation products can
be consumed by the other constituents such as Natural Or-

*Corresponding author: S. Glines Durak
Email: ssevgigunes@gmail.com

has been attributed to many humic substances that have
the high density of carboxylate binding sites [2]. Lee et al.
[1] conducted a study with Sagami River water samples to
investigate the effect of NOM on Fe?* oxidation. They deter-
mined the oxidation rate was accelerated up to 3.4-fold with
the existence of humic-type NOM. Whereas bioavailability
of iron decreases in the presence of humic-type NOM. Be-
sides, some humic acid constituents can form complex with
ferrous iron and retard the oxidation [3].
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Pyrogallol is one of the most important pheno-
lic compounds found in different natural or synthetic
molecules, crops, and fruits, such as tannic acid, gallic acid,
and epicatechin gallate [4, 5]. Pyrogallol can be named one
of the fundamental organic matters in the drinking water
sources, which has high organic content as a byproduct of
the decomposition of humic acid [6]. This compound has
high oxygen absorbing capacity due to its ability to react
with oxygen. Pyrogallol is a naturally toxic compound but
widely used in many industries due to its antibacterial, an-
tiviral, and antioxidant properties [7, 8, 9]. Pyrogallol acti-
vates iron released from the ferritin core and reduces ferric
iron from ferritin, which makes the cells susceptible to ox-
idative stress [10, 11]. There are limited studies conducted
with pyrogallol in the literature. Theis and Singer [12] de-
termined that pyrogallol can reduce Fe?* to Fe?* when the
pHis below 3. Lu etal. [13] studied the complexation of py-
rogallol with ferrous sulphate. They found that the stoichio-
metric composition of the formed complex was 1:1. In this
study, the complexation reaction was found to be a second-
order. Jaen et al. [14] investigated the reaction of pyrogallol
with metallic iron. Itis found in this study that when the py-
rogallol concentration is higher than 1%, iron presents in
the form of soluble ferric and ferrous polyphenolate com-
plexes; while at lower concentrations (0.1 %), oxyhydrox-
ides are present.

Catalytic effect of ferric hydroxides on the oxidation
of ferrous iron by aeration has been studied by several re-
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searchers. It is reported that there is no significant effect
of Fe3T concentrations on Fe?* oxidation beyond 600 mg/L
[15, 16].

In this study, the effect of pyrogallol on the oxidation
of Fe?* and the effect of pyrogallol on the catalytic effect
of Fe3* were investigated. Experiments were performed in
two steps. In the first step, catalytic effect of Fe3* on Fe?*
oxidation has been investigated, experimentally. In the sec-
ond step, it has been studied how pyrogallol affects the oxi-
dation of Fe?* and catalytic effect of Fe3+.

II. EXPERIMENTAL AND ANALYTICAL METHODS

The oxidation of Fe?t was investigated in batch re-
actors of 2-liter volume under the conditions of alkalin-
ity: 2x10~2eq/L, pH:6.7, T:25 °C, P05:0.21 atm, [Fe 2+]°:3
mg/L. The experimental setup is illustrated in Figure 1.
Chilern Hotplane Magnetik Stirrer HS-31 model of mixer
was used to intensely mix the reaction vessel. NaHCO3 was
added into the distilled water in order to produce a solution
with an alkalinity of 2x10~2 eq/L. The flow of CO, gas was
adjusted to be able to control the pH of the solution. HACH
HQ40d type of pH meter was used to measure the pH of the
solution with sensitivity of + 0.01 pH unit. Monitoring of the
dissolved oxygen levels was done using a WTW oxygen me-
ter. Immersing the reaction vessel into the water bath was
done to maintain constant temperature.
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Fig. 1. Experimental setup
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The samples were taken at pre-decided times and trans-
ferred into the 25 mL flasks containing 1 mL of (1+4) H,SO4
(25% H2SO4 + 75% demineralized water). In the presence
ofhigh concentrations of Fe3*, 1.10 phenanthroline method
as given by Tamura et al. [17] was followed. In other cases,
the PC Instrument T60 model UV/VIS spectrometer was
used to determine Fe3*. Relevant calibration curve was pre-
pared at 510 nm wavelength. In this study, Fe>* concentra-
tion was kept constant as 3 mg/L and the concentrations of
pyrogallol were added into solution as it can be seen from
Table 1.

TABLE 1
THE CONCENTRATION OF PYROGALLOL AND FE(OH)s

Pyrogallol, mg/L.  Fe(OH)3, mg/L

0 0
1 5
5 25
7.5 50
10

Fe?* stock solution was produced by dissolving ferric
ammonium sulfate in 1 liter demineralized water with 2 ml
of concentrated H,SO4. Dissolved reagent grade pyrogallol
was used to prepare 1000 mg/L pyrogallol stock solution
supplied by Merck in deionized water. All experiments were
performed at least three times. The results of the experi-
ments under same conditions were generally found to be
very close to each other. This shows that the experiments
are iterated while experimental conditions have been kept
constant.

III. RESULTS AND DISCUSSION

A. The Effect of Pyrogallol on Fe>" Oxidation

It is known that iron exists associated with organic
matters in natural waters. In this part of the study, the ef-
fects of pyrogallol on the oxidation of Fe?* were analyzed.
The results of the experiments are given in Figure 2 as a
graph. In these experiments, Fe?* has been kept constant
as 3 mg/L and pyrogallol has been changed between 0 and
10 mg/L. Temperature, pH, and alkalinity have been kept at
25°C, 6.7, and 2x10~2eq/L, respectively. As it can be seen
from the Figure 2, the results have been very close to each
other and oxidation was slowing down as the concentration
of pyrogallol increased. Before the addition of pyrogallol to
the medium, the reaction completion time was 78 minute.
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When pyrogallol was 1 mg/L, the completion time of the
reaction was increased to 81 minute. The reaction comple-
tion time reached maximum level (91 min.) when pyrogallol
concentration was 10 mg/L.

Oxidation of iron can be inhibited or retarded by hu-
mic substances. In fact, it was reported that pyrogallol can
reduce Fe3* to Fe?* when the pH is below 3. Iron can be
kept in soluble form in the presence of pyrogallol due to
chelate formation that made Fe?T species unavailable for
oxidation [12]. In this study, pyrogallol has retarded the
oxidation and retardation time increased in parallel with
increasing pyrogallol concentration. Findings of the study
are consistent with the literature. Jaen et al. [15] also re-
ported that when pyrogallol concentration is higher than
1%, iron is present in the form of soluble ferric and ferrous
complexes.

1] 10 20 0 40 30 6i) 70
Time, min.

pyr=0mgL  Opyr=1mgL pyr=5 mgL pyr=T.5mgl XHpyr=10mzl

Fig. 2. The effect of pyrogallol on Fe?" oxidation (Fe?*" = 3 mg/L,
T =25°C,pH = 6.7, P03 = 0.21 atm)

B. The Effect of Fe(OH); on Fe** Oxidation

The concentration of Fe(OH)3; has been studied at
low values (0-50 mg/L), and the effect of Fe(OH)3 has been
carefully controlled by analysis in the batch reactor. Ini-
tial concentration of Fe2T, pH, alkalinity, and temperature
have been kept constant at 3 mg/L, 6.7, 2x10~2eq/L, and
25°C, respectively. Afterwards, the experiments have been
repeated by changing the concentration of Fe(OH)s. The
results of the experiments are shown in Figure 3. The het-
erogeneous rate constant (kcat) was determined as shown
in Figure 4 by calculating the reaction equation linearly. The
increase in the concentration of Fe(OH); increased the oxi-
dation rate significantly up to 50 mg/L. Before the addition
of Fe(OH)3 into the medium, the reaction completion time
was 78 minute and the k value was 0.0386. When Fe(OH)3
was 50 mg/L, the heterogeneous rate constant (kcat) was
found as 0.1274 and the completion time of the reaction
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was 27 minute. The reaction speed reached the maximum
value at Fe(OH)3 concentration of 50 mg/L.
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Fig. 3. The effect of Fe(OH)3 on Fe?" oxidation (Fe*" = 3 mg/L, T
=25°C, pH = 6.7, PO5 = 0.21 atm)
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Fig. 4. Change in “kcq:” with Fe(OH)3

C. The Effect of Pyrogallol- Fe(OH); on Fe** Oxidation

In this part of the study, the effects of oxidation
on the different pyrogallol concentrations (0-10 mg/L)
were investigated by keeping the concentration of Fe?* and
Fe(OH)3 constant. In this section, 50 mg/L of Fe(OH)3 con-
centration was selected to conduct the experiment which
helped to obtain the maximum oxidation rate. As it can
be seen from Figure 5, the rate of oxidation decreased with
increasing pyrogallol concentration as found in the first sec-
tion.

The heterogeneous rate constant (k) was deter-
mined as shown in Figure 6 by calculating experiment
equation linearly. Before the addition of pyrogallol into the
medium, the reaction completion time was 27 minute and
k value was 0.1274. When pyrogallol was 1 mg/L, the com-
pletion time of the reaction was found as 33.5 minute and
k value was 0.1150. The reaction completion time reached
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the minimum value (38 min.) when pyrogallol concentra-
tion was 10 mg/L and k value was 0.0842. It was observed
that pyrogallol reduced the reaction rate in both cases with
and without Fe(OH)s. In this study, it was observed that
pyrogallol almost totally prevented the oxidation of Fe?*.
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Fig. 5. The effect of Fe(OH)3 on Fe?T oxidation (Fe*" = 3 mg/L,
Fe(OH)3 = 50 mg/L, T = 25°C, pH = 6.7,P0 5 = 0.21 atm)
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Fig. 6. Change in “k” with pyrogallol

IV. CONCLUSION

In this study, the effect of Fe(OH)3 on the oxidation of
Fe?* by different concentrations of pyrogallol was investi-
gated experimentally. Fe(OH)3 formation increased the rate
of Fe?* oxidation in the absence of pyrogallol due to cat-
alytic effect. This catalytic effect increased when 50 mg/L
concentration of Fe(OH)3 was used. When pyrogallol was
added, the catalytic effect of Fe(OH)3 clearly decreased with
increasing pyrogallol concentration. This is considered to
be an indication that pyrogallol has a high oxygen scaveng-
ing ability in alkaline environments. Also, pyrogallol has an
ability to keep iron in soluble form. It is thought that this
is due to the probability of chelate formation by pyrogallol
and making Fe?" unavailable for oxidation.
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In this study, pyrogallol has retarded the oxidation
and retardation time increased in parallel with increasing
concentration of pyrogallol. The inhibition effect of pyro-
gallol on the oxidation of Fe?™ is dependent on the pyrogal-
lol concentration. Without pyrogallo], it is found that the
reaction completion time was 78 minute. Even pyrogallol
concentration was 1 mg/L, the completion time of the reac-
tion was increased up to 81 minute. The reaction comple-
tion time reached the maximum value (91 min.) when py-
rogallol concentration was 10 mg/L. When pyrogallol was
present in the medium, the catalytic effect of Fe(OH)3 was
reduced. Catalytic effect of Fe(OH)s was found as signif-
icant without pyrogallol in the medium. In this situation,
the reaction completion time was found as 27 minute and k
value as 0.1274. But, when pyrogallol was 1 mg/L, the com-
pletion time of the reaction increased to 33.5 minute and k
value was reduced to 0.1150. The reaction completion time
reached a minimum (38 min.) at pyrogallol concentration of
10 mg/L and k value was 0.0842. The catalytic effect of Fe3+
clearly decreased and was almost insignificant in the pres-
ence of pyrogallol. It is observed that pyrogallol reduces the
reaction rate in both cases with and without Fe(OH)s.
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