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ABSTRACT

In this investigation, catalytic effect of zinc compounds (in ionic, oxide, and oxide
nanopowder forms) on oxidation of ferrous iron by aeration in a bubble column reactor
was studied experimentally. Effects of various zinc forms were compared with each other.
As experimental results showed, zinc oxide nanopowder is the most effective form on
oxidation reaction; which oxidation yield at 20 ppm of zinc and time 70 min increases
about 17% compared to no using of zinc. Also zinc oxide and ionic zinc, respectively,
enhance the oxidation rate. In addition, oxidation rate of ferrous iron increases with

increasing concentration of each forms of zinc.
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1. Introduction

Iron is one of the major components of Earth’s
crust and has a very important role in the chemistry
of natural waters and ground waters. Groundwater is
slightly acidic and has only low levels of dissolved
oxygen for oxidation [1]. The guideline for maximum
iron content in drinking water defined by the World
Health Organization for iron is 0.3mg/L. Another
source for dissolved iron in drinking water in distribu-
tion networks may be the pipelines through which
water flay [2]. Physicochemical treatment methods
have been used to remove soluble ferrous iron and
insoluble ferric iron from the water. Iron removal by
aeration and separation is a common method. Alterna-
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tive processes, such as ion-exchange [3], oxidation
with oxidizing agents including chlorine and potas-
sium permanganate [4], filtering with activated carbon
and other filtering materials [5], supercritical fluid
extraction [6], bioremediation [7], and treatment with
limestone [8], have been proposed in order to removal
of high amounts of iron. Oxidation has been deter-
mined to be effective in eliminating both forms of
iron. There are several methods of oxidation: chlorina-
tion, ozonation, and aeration. Of the three, aeration is
the most economical that requires no chemicals, espe-
cially when the ferrous iron concentration is high. In
addition, groundwater commonly contains elevated
concentrations of dissolved CO,. Aeration has long
been used in active water treatment because it can
add O,, increase the mixing, and degas CO..
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An airlift reactor has been used that provides sev-
eral advantages, such as good mixing due to the
enhanced liquid circulation, high mass transfer rates,
and low operating and maintenance costs due to the
absence of internals [9]. The transport of the gas to the
liquid frequently limits the rate of these reactions.
Antonucci et al. [10], Dudukovic and Mills [11],
Dudukovic et al. [12], Scholten et al. [13], and
Vleeming et al. [14] demonstrated that the wettability
or the external contacting efficiency of the catalyst
support is an important particle property for trickle-
bed and slurry reactors.

The stoichiometry of ferrous iron oxidation into
ferric iron can be summarized as follows:

4Fe™ + O, + 4H;0" — 4Fe* + 6H,0 1)
4Fe*™ + 120H™ — 4Fe(OH), 2

Azher et al. [15] experimentally observed that the
presence of ferric hydroxide induces obviously a
strong autocatalytic effect on ferrous iron oxidation.

Zinc oxide is a well-known catalytic material in a
large number of industrial processes. The catalytic
activity of zinc oxide is very much dependent on the
method of its preparation [16,17].

The enhancement of gas-liquid mass transfer of
the oxygen is due to the adsorption of oxygen on the
particles in the mass transfer zone close to the gas-
liquid interface and the subsequent desorption and
redistribution of the oxygen in the liquid bulk. The
enhancement of gas absorption rate in the colloid is
caused by the grazing effect (the so-called grazing
effect). The grazing effect is the transfer phenomenon
of a gas from the gas-liquid interface to the bulk of
the liquid. Vinke [18] reported that the hydrogen
absorption rate into an aqueous solution was
enhanced by the presence of fine particles. According
to the reports by Alper et al. [19] and Quicker et al.
[20], the enhancement of gas absorption rate in the
colloid is caused by the grazing effect. Kang et al. [21]
found that the mass transfer enhancement is much
more significant than the heat transfer in the binary
nanofluids with Fe and CNT. Catalytic effect of copper
nanoparticles on ferrous iron oxidation also was inves-
tigated [22].

It is observed that small particles may cover the
bubble surface, thus preventing coalescence of bubbles
and resulting in smaller bubbles and an increased spe-
cific surface. The effect of an increase in specific sur-
face is enhanced further by the fact that smaller
bubbles have lower rising velocities, which leads to
increasing gas hold-up. Specific surface increases
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directly with the decrease of particles size and thus
benefits the liquid—solid mass transfer. Some existing
works assumed that irregular Brownian motion of
nanoparticles is one of the main factors being contrib-
uted to the enhancement of energy transport [23,24].
Krishnamurthy et al. [25] experimentally calculate the
effective mass diffusivity of the dye in both deionized
water and nanofluid.

The present work focused on waters exhibiting
iron typically between 5 and 20mg/L. In this case,
multiphase gas-liquid reactors similar to bubble col-
umns are used which is usually the best way to carry
out the aeration. Here, in addition to the influence of
operation parameters such as aeration rate, initial fer-
rous iron concentration, and pH, catalytic effect of
zinc and grazing effects of zinc oxide and zinc oxide
nanopowder are investigated and compared.

2. Materials and methods

In this work, an airlift reactor consisting of a Plexi-
glas tube 9 cm in internal diameter and 150 cm height
was used. The experimental setup is shown in Fig. 1.
The experiments were carried out at room tempera-
ture, which was 25°C. Total pressure of the system
was atmospheric pressure. Experiments were carried
out under semi-batch flow conditions. Synthetic water
was prepared using deaerated tap water (the proper-
ties of the water are reported in Table 1). Nitrogen
bubbling was used for water deoxygenation. The dis-
solved oxygen levels were recorded using a DO meter
(Aqualytic Dissolved Oxygen Meter model AL200xi,
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Fig. 1. Experimental setup.
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Table 1

Synthetic water composition

Ionic

comps. Ca Fe Na Cr Sb cd Mn Pb Cu SO NO; CI” F~

Conc. 26.50 0 6132 1.5 0.3 1.5 0.5 0 6 77.33 11 89.79 0.38
ppm ppm ppb  ppb  ppb  ppb ppb  ppm ppm _ ppm ppm

Germany). The initial ferrous iron concentration 12,

[Fe**], was adjusted on 20mg/L by the addition of Ui

iron (II) sulfate (FeSO47H,0, Merck). Iron (II) sulfate ! . 4Umin

was chosen because sulfate anions are a common con- AN « 6 Umin

stituent of most groundwater and acid mine waters. & \ - 8min

Additionally, sulfate anions have already been £ os

reported to decrease the rate constant. Compressed air 2 oal

was injected into the reactor and controlled using a '

glass tube rotameter. Aeration rate varied from 2 up 0.2

to 8 L/min.

During the aeration, CO; is driven off, pH increases,
and the concentration of dissolved O, increases until
saturation with respect to the atmosphere, then Fe (II)
oxidation rate increases. For the preparation of zinc
ionic solution, zinc (II) sulfate (ZnSO,-7H,0O, Merck)
was used; also zinc oxide (Merck, particle size <160 um)
and zinc oxide nanopowder (Sigma-Aldrich, particle
size <50 nm, specific surface 10.8 m?/ g) were used the
preparation of desired solutions. The desired ferrous
sulfate was added to the tap water only when dissolved
oxygen levels were below 1.0 mg/L. For measuring the
iron (II) concentration, samples were obtained from the
outlet flow. Then, samples were mixed with a 25%
H,50, aqueous solution in order to limit further ferrous
iron oxidation and stored for subsequent analysis. Mea-
surements were carried out using a spectrophotometric
determination (Varian Cary 50 UV-vis Spectrophotom-
eter) with 1,10-phenanthroline [15].

3. Results and discussion
3.1. Effects of air flow rate and pH

As the aeration rate increases, the circulation of the
fluid inside the reactor increases, so the mass transfer
increases. The effect of aeration flow rate on the iron
oxidation is shown in Fig. 2. This figure shows that
the concentration of iron (II) decreases with increasing
the aeration rate. The concentration curves at various
flow rates are close to each other. Therefore, it can be
concluded that the aeration rate does not have a
strong effect on the conversion yield. In all of the sub-
sequent experiments, the aeration rate is considered to
be 6 L/min.

0 20 40 60 80 100
Time (min)

Fig. 2. Effect of aeration rate on iron (II) oxidation at pH
5.8 and initial ferrous iron concentration [Fe**]o~ 20 mg/L.

By increasing the pH, the reaction rate will
increase, so the concentration of iron (II) will decrease.
The effect of pH on iron oxidation is shown in Fig. 3.
As shown in this figure, the iron (II) oxidation
strongly depends on the pH. Consequently, the time
required to achieve 80% yield when pH is 5.3, 5.8, and
6.7 is about 90, 70, and 18 min, respectively. Because
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Fig. 3. Effect of pH on iron (II) oxidation at aeration rate
of 6 L/min for [Fe**]y~ 20 mg/L.
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groundwaters are mildly acidic and basic waters are
corrosive, pH 5.8 was considered for subsequent
experiments.

3.2. Effect of zinc ions

Zinc (II) is an efficient catalyst in many oxidation
reactions. Its catalytic effect has been shown in Fig. 4.
By experimental results, the time required to achieve
80% yield when zinc (II) concentration is 0 (tap water),
2, 5, 10, and 20 ppm is about 70, 60, 59, 54, and 47
min, respectively. As it is seen from these experi-
ments, concentration of iron (II) decreases slowly with
increasing the concentration of zinc (II) ions. Also as it
has been shown in Fig. 4 and following figures, lines
are in the same extent at the beginning and diverges
after some time. This divergence occurs because of
autocatalytic effect of produced Fe(OH); [15]. As Fer-
ric hydroxide produces, it catalyze oxidation reaction
and as a result, the rate of reaction increases.

3.3. Effect of zinc oxide

Fig. 5 shows that the ferrous iron oxidation rate
increases with increasing the particle concentration.
According to these results, the time required to
achieve 80% yield when zinc oxide concentration is 2,
5, 10, and 20 ppm is about 49.67, 48.53, 45.07, and
44.06 min, respectively.

3.4. Effect of zinc oxide nanoparticles

The effect of zinc oxide nanoparticles on ferrous
iron oxidation has been shown in Fig. 6. As results
show, the time required to achieve 80% yield when
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Fig. 4. Catalytic effect of zinc (II) ions on oxidation reac-
tion at pH 5.8 and aeration rate of 6 L/min for [Fe**1y~ 20
mg/L.
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Fig. 5. Catalytic effect of zinc oxide on oxidation reaction at
pH 5.8 and aeration rate of 6 L/min for [Fe**],~ 20 mg/L.
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Fig. 6. Catalytic effect of zinc oxide nanopowder on oxida-
tion reaction at pH 5.8 and aeration rate of 6 L/min for
[Fe**]y~20 mg/L.

zinc oxide nanopowder concentration is 2, 5, 10, and
20ppm is about 49.18, 42.45, 39.36, and 37.23 min,
respectively. Stochastic Brownian motion of sus-
pended nanoparticles and the induced microscopic
convection of fluid around the nanoparticles are two
important factors that enhance the mass transport pro-
cess inside the nanofluid. Adding more fine particles
(typically below 0.6%) could result in smaller bubbles.
Smaller bubbles have lower rising velocities and
increase gas hold-up, so the oxidation of ferrous iron
increases. As expected, increasing the nanopowder
concentration will increase the oxidation rate.

Due to relatively high marketing price of nano-
powders, this process may not be effective in compari-
son to aeration process, but if nanopowders are
produced with lower cost, this process could be eco-
nomical because zinc oxide nanoparticles have consid-
erable effect in decreasing the aeration time.
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Fig. 7. Comparison of effects of zinc compounds at pH 5.8
and aeration rate of 6 L/min for [Fe*"]y~ 20 mg/L.

3.5. Comparison of effects of various forms of zinc

A comparison of various zinc forms effects on iron
oxidation is shown in Fig. 7. According to the experi-
mental results, oxidation yield at 20 ppm concentration
of zinc and time 70 min is about 79.7% for tap water,
89% for zinc (I), 89% for zinc oxide, and 96.88% for zinc
oxide nanopowder. Also it is seen that the finer parti-
cles have more enhancements. Zinc oxide nanoparticles
have considerable effect on oxidation by playing cata-
lytic role, thus enhancing the oxygen absorption with
affecting mass transfer rate. Indeed, nanoparticles work
better than zinc oxide because of its finer particle size.
Zinc oxide and ionic zinc approximately have the same
performance. This result could be because of grazing
effect of zinc oxide, while soluble ionic zinc increases
oxidation by acting as a chemical catalyst.

4. Conclusions

Zinc oxide is a well-known catalytic material in a
large number of processes. The conversion yield of
zinc oxide nanopowder is much better than zinc
oxide. Suspended nanoparticles enhance the mass
transport process inside the nanofluid. The micro
motion and stirring of suspended nanoparticles
enhanced the mass transport process. Such enhance-
ment in the mass diffusivity depends upon the size/
shape of particles, properties of the base fluid/particle,
and the concentration of the particles. Experimental
data showed that as the particle size decreases or the
volume fraction of nanoparticles increases, the conver-
sion yield increase. So, zinc oxide nanopowder has
greater effect than zinc oxide. The results showed that
in the nanofluid, containing only a small amount of
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nanoparticles, grazing effect is dominant. In ionic zinc
solution, the chemical catalyzing is the only oxidation
enhancement.
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