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ABSTRACT

The purpose of the current study is to evaluate formaldehyde degradation ratio with various methods in
a batch reactor. In this work, the ozonation, sonolysis (ultrasonic), and ozone sonolysis, sono catalytic
ozonation (SCO), and nano zero-valent iron catalyst processes were investigated for removal of
formaldehyde. In addition, the influence of important factors such as pH (5-9), ultrasonic power (60-
140 W), ozone dosage (20-200 mg h™), NZVI dosage (50-400 mg L™), and initial HCHO
concentration (1-20 mg L) were tested. The results demonstrated that the SCO process was the most
efficient one amongst the process considered. The effect of important factors were also tested on the
efficiency of the SCO process and maximum removal (99%) was found at a pH of 5, ultrasonic power
of 100 W, ozone dosage of 200 mg h?, catalyst dosage of 200 mg L™ and initial formaldehyde
concentration of 15 mg L™. The results led to the conclusion that the most effective factor was ozone
dosage. Also, SCO process may be recommended for the treatment of solutions containing low
formaldehyde concentrations.

doi: 10.5829/idosi.ije.2017.30.03¢c.06

1. INTRODUCTION

Industrial activity results in the generation of waste
streams that contain toxic and environmentally harmful
compounds. Formaldehyde (HCHO) is among the most
widely used chemicals in manufacturing and chemical
industries that have been classified as a possible human
carcinogen by the United State Environmental
Protection Agency (EPA) [1, 2]. EPA has set health
levels for a 1-day exposure at 10 ppm in drinking water
[3]. HCHO have important applications in chemical
industries for making different types of products, such
as those of home furnishing, household cleaners,
textiles, landscape, paper, paints, yard products, and
pesticides [4, 5]. HCHO can enter drinking water
supplies by leaching from polyacetal plastic fittings and
discharges of it from industries in the recipient water
sources. The exposure of the aquatic system to HCHO
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can lead to impacts such as potential negative influences
on the biological balance of the environment [3, 6, 7].
Effluents may contain 100-10,000 mg L™ of HCHO.
The HCHO concentration that an aquatic environment
can assimilate without harming its ecosystem is 1.61 mg
L. Also, the results of one study show 34.1 mg L™ was
the effective concentration (ECsp) that inhibited 50% of
microorganism respiration in a wastewater treatment
plant that does not receive toxic sewages. One study
was done to evaluate the degradation of high
concentration of HCHO (<8000 mg L™) in an electro-
Fenton process (EFP) in combination with
biodegradation [8]. Also, in 2015, another study
evaluated formaldehyde degradation by UV photolysis,
ZnO catalyst and ultrasonic wave at HCHO
concentration 20-100 mg L™ [6]. Conventional
wastewater  treatment processes (i.e., biological
treatment) are only partially effective at eliminating
these pollutants. Olivera and Lu et al. reported that
liquid effluents with a high HCHO concentration using
biological systems are difficult to treat because HCHO
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can react with DNA and damage cells and cause the
death of microorganisms [5, 9]. Therefore, additional
treatments are often required, including advanced
oxidation processes (AOPs), due to the simplicity of
application and  functionality —at  atmospheric
temperature, pressure and high degradation efficiency
for various classes of organic compounds in gas and
liquid streams [10]. Previous studies focused only on
photolysis, such as photocatalysis with Pt/Fe,O5/TiO,,
and with V,0s/TiO,, Fenton-like reaction, Fenton, and
photo-Fenton process, UV; UV/TIO,; UV/H,0, and
UV/H,0,/TiO, [4, 11-18]. Nevertheless, the most of the
AOPs are based on using 0zone as the main component,
and the literature on HCHO degradation in an aqueous
solution using AOPs is limited [10, 19]. Recently, the
application of sonolysis or ultrasound (US) for the
treatment of chemical compounds in water has been
explored [20]. The chemical effects of US are due to
sound production that is passed through a liquid [21].
Ozonation and sonolysis of aqueous solutions generate
highly reactive radicals (OH®°, "HO,), which react with
dissolved organic compounds leading to hydroxylation
and oxidation reactions [22]. Also, nanocatalysis can
help design catalysts with greater selectivity, high
stability, and excellent activity [23]. Due to the
economic reasons, the activation of molecular oxygen
(O,) to produce reactive oxygen species such as
hydroxyl radical (OH®), for the degradation of organic
pollutants by zero-valent metals, including zero-valent
iron (ZVI), is receiving increasing attention recently
[24, 25]. It should be noted that few studies have
evaluated the degradation of HCHO at low
concentrations and in similar studies, NZVI role has not
been performed HCHO degradation under sono catalytic
ozonation (SCO) process in waste solution.

Therefore, the present study was aimed to (1)
examine the HCHO degradation in the SCO and
compare SCO process efficiency to several other
oxidation processes, including single ozonation (Os),
single sonolysis (US), ozone sonolysis (US/O3) and
NZVI catalytic to remove HCHO; (2) investigate the
effect of several main operational variables of the SCO
— including the pH, US power, the doses of ozone and
NzVI, and initial concentrations of HCHO -in a
synthetic waste solution.

2. METHODS

2. 1. Materials Formaldehyde solution (37%) was
purchased from Merck Co. Also, the pH adjustment was
carried out with concentrated solutions of sulfuric acid
and sodium hydroxide (obtained from Merck Co.,
Germany). A powder of NZVI nanoparticles (35-45 nm)
was purchased from US Research Nanomaterials Inc.
and used as received.

2. 2. Experimental set-up and Procedure
Figure 1 shows a schematic diagram of the SCO reactor.
A covered cylindrical shape with an effective volume of
500 mL equipped with cooling water temperature
control, to prevent the lamp from overheating was used.
All experiments were the batch type and performed
using ultrasonic homogenizer apparatus (BANDELIN
company made in Germany), which has a fixed
frequency of 23 kHz and maximum input power of 150
W. Further, an ozone generator (O & W, Japan) with a
dosing capacity of 1 g O; h™ was used. The excess
ozone in the outlet gas was absorbed by KI solution (2%
wt). Then, the excess amount of ozone was determined
according to 2350E method (potassium iodide) of the
“Standard Methods for the Examination of Water and
Wastewater”. A magnetic stirrer (Labinco-90-402) was
located in the solution to ensure a uniform mixture. The
first step was to investigate the HCHO removal rate in
each process (Ozonation, US, NZVI catalyst, US/O5 and
SCO-US/O4/Fe®) with an initial HCHO concentration of
10 mg L? and a reaction time of 45 min. Then, the
influences of solution pH (5-9), ultrasonic power (60-
140 W), ozone dosage (20-200 mg h™), NZVI dosage
(50-400 mg L™, and initial HCHO concentration (1-20
mg L) were evaluated. The experiments were
continued using optimal parameters obtained in the
previous steps. For each SCO experiment, 400 mL of
the solution containing HCHO concentration of 10 mg
L™ was transferred into the reactor. All experiments
were carried out at temperatures between 21 and 25 °C.
After each process, NZVI was separated with a 20 cm
height magnet (S BMW, 0.7 Tesla) and then filtered
through a 0.2-pm pore size syringed acetate cellulose
filter. Finally, the residual HCHO concentrations were
measured in the filtrate. During the experiments, a
control sample was applied under the same conditions
without processes interference.

(2

(4)
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Figure 1. Schematic diagram of SCO reactor: (1) ozone
generator; (2) ultrasonic homogenizer; (3) Kl solution; (4)
reactor; (5) temperature-controlled bath; (6) sample content
NZVI; (7) magnet; and (8) magnetic stirrer.
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2. 3. Analytical Methods In order to assess the
performance of the considered processes for HCHO
removal, spectrophotometer method (DR-5000, HACH
model) was used in accordance with 8110 colorimetric
methods with a visible light detector operating at a
wavelength of 630 nm. Removal efficiency (RE %) of
HCHO in US/Os/Fec process was calculated by
Equations (1):

Co—

c
— x 100 1)

RE% =

where C, and C, (mg L™) are concentrations of HCHO
before and after the reaction, respectively.

3. RESULTS AND DISCUSSION

3. 1. Degradation of HCHO in Different
Comparable Systems Five series of systems were
investigated, i.e. ozone, US, Fe°, US/O;, US/Os/Fe°
under a natural pH, same experimental conditions and
with an initial HCHO concentration of 10 mg L™ in
order to evaluate and compare their ability to remove
HCHO from a waste solution (Figure 2). As indicated,
the maximum HCHO removal for single ozonation,
ultrasonic wave, and NZVI catalyst processes were
around 30%, 28%, and 46%, respectively. Since the
HCHO is a saturated compound, reactivity of this
compound with ozone is very low [10]. Furthermore,
the single ozonation did not significantly contribute to
the removal of HCHO. Also, the degradation of HCHO
mechanisms by ultrasonic wave performance may be
associated to sound waves that break chemical bonds in
solution using shear force caused by energy release
[26]. These results are likely due to a low concentration
of OH radicals formed in both ozonation and US
processes. However, the results reveal that NZVI
catalyst process is a rather suitable method for the
removal of HCHO. The electron transfer from Fe° to
dissolved oxygen initiates the NZVI reaction and the
mass transfer of oxygen molecule onto the NZVI
surface is critical. The ZVI nanoparticles can attract O,
which speeds up the mass transfer process. The higher
reduction of oxygen on ZVI nanoparticles leads to the
enhanced production of OH° [27, 28]. Similar results
reported by Amin et al.’s study on the effect of
ultrasonic waves and nZnO catalyst process on HCHO
solution with a concentration of 50 mg L™, showed that
the HCHO degradation efficiency was approximately 34
and 44%, respectively [6]. Additionally, they stated the
application of sonolysis could slightly degrade low
concentrations of HCHO. Therefore, the OH®° produced
by ultrasound process is the main factor responsible for
the degradation of the HCHO. Generally, the following
mechanisms are proposed for the hydroxyl radical

formations for the ozonation, sonolysis, and NZVI
catalyst processes [Equations (2)-(9)] [10, 27, 29-32]:
Ozonation

O3 + HCHO — product 2
Sonolysis

H,0 +))) — °H))) + OH®))) @)
°H))) + O, — °O0H (4)
2 OH°))) — H,0, ()
2°00H < H,0, + 0, (6)
HCHO + OH®))) — Products + H,0 @

NZVI catalyst process
Feo + 02 +2H+ — F€2+ + Hzoz (8)

Fe** + H,0, — Fe** + OH + OH° )

where ))) denotes the ultrasonic wave and the subscript
))) denotes the products generated by the ultrasonic
process. Cavitation bubble is able to support radical
species not only from sonolysis of water but also from
the gas involved. For instance, O, gas promotes parallel
reactions and OH radical species via Equations (10) and
(11) [30].

0 + H,0 — 2 OH° (11)

The US/O; process gave a maximum removal efficiency
of 38%, also indicating a low HCHO removal. The
enhancing effects of zero-valent iron nanoparticle on the
HCHO degradation can be observed from experimental
data obtained from the US/O5 and US/O/Fe® processes
as shown in Figure 2. According to the change during
45 min ultrasonic irradiation, the degradation of HCHO
by the US/O; process was slower than those by
US/O4/Fe®. When NZVI was introduced into the US/O;
process, the removal ratios of HCHO were increased.
As seen, the HCHO removal rate was observed after 45
min reaction time, which was as high as 60%. These
results indicate that NZVI plays a key role in the SCO
system. With the addition of NZVI to the system,
additional hydroxyl radicals can be obtained from the
reaction between NZVI and ultrasonic waves, as shown
in Equations (12) and (13).

Fe’ + 2H,0 +))) — Fe** + Hy + 2 OH° (12)
2Fe® + O, + 2H,0 + ))) — 2Fe** + 2H, + 4 OH° (13)

Wen et al. [33] studied the oxidation capacity of
different zero valent metals for degradation of diethyl
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phthalate (DEP), ZVI, zero valent aluminum (ZVAI),
zero valent copper (ZVC) and zerovalent zinc (ZVZ).
Their results indicated that ZVI, ZVC, and ZVAI
showed excellent degradation efficiency towards DEP.
Also, Son et al. reported that when Fe®, Fe?*, and S,0¢”"
were individually combined with sonication, the
degradation efficiency of 1, 4-dioxane (1, 4-D)
increased [34]. From the above explanation, it follows
that the SCO process could be more efficient in HCHO
removal than other processes in this study. Pseudo-first-
order rate constants (k) and removal percentage
obtained from all processes during 45 min reaction
period are shown in Table 1. The value of k in SCO
degradation is higher than those obtained from other
processes. These findings confirm the significant
influence of the radical pathway due to the additional
generation of OH° radicals in the SCO process. In other
words, the SCO process provides five sources of OH®: i)
chemical degradation of ozone, i) ultrasonic
decomposition of water, iii) decomposition of ozone in
the acoustic cavitation bubble, and iv) NZVI reaction to
products of ozone decomposition and V) reaction
between NZVI and ultrasonic waves.

3. 2. Effect of Operational Parameters

3. 2. 1. Effect of Initial Solution pH In Figure 3
the pH effect on the HCHO degradation is depicted.

---B8--- ozone alone

- US alone
%8 1 ‘;—[&lﬂ\- - - %-- NZVI catalyst process
2= 0.8 D ®‘~~ﬂ‘\
%5 ’ &\‘é‘ O“‘6~~;~::—»IT
T T 0.6 IR -0
£% R Ny X
2 504 -0
o}
kel
0.2
0
0 20 40 60
Time (min)

Figure 2. HCHO degradation efficiencies in different
comparable systems.

TABLE 1. Pseudo-first-order rate constants and removal
percentage for HCHO degradation by different oxidation
processes

HCHO
Processes
k (min?) Removal efficiency (%0)

Ozone alone 0.0086 30
US alone 0.0074 28
NzVI 0.0135 46
US/O; 0.0102 38
SCO 0.0187 60

As can be seen, an increase in the degradation rate of
HCHO under acidic media was observed. The HCHO
degradation decreases from 66.5% to 49% for pH 5 and
9, respectively. The possible reasons for the decrease in
HCHO degradation with increasing pH are: (i) rapid
consumption of OH°, and (ii) decreasing oxidation
potential of OH° [21]. Moreover, the results may be
associated with the effect of pH on surface properties of
NZVI and contaminant properties. On the other hand,
the acidic condition leads to a reduction of the NZVI
particle size, leading to an increase in reaction rate.
Zhou et al. observed similar results. They found that
lower initial pH would favor reactive black 5 (RB5) and
oxalate degradation efficiencies in an
ultrasound/UV/ferric system [35]. Wang et al. examined
the ultrasonic degradation of p-nitrophenol (p-NP) in
aqueous solution with CCl, enhancement. They reported
that p-NP degradation increases with decreasing the
initial pH of the solution [36]. Another reason may be
that the occurrence of a competitive reaction led to
limiting the rate of HCHO degradation in the alkaline
pH. Moussavi et al reported that the HCHO removal in
the alkaline pH relates to the type of iron species that
dominated at these conditions [8]. In other words, the
rate constant of the H,O, reaction with the Fe(OH)" is
greater than that with Fe?*, the higher amount of OH°
was produced at an alkaline pH level compared to the
acidic solutions in which Fe?" is the dominant species of
iron. Bagheri et al. reported that the performance of the
electro-Fenton process in alkaline pH could improve
HCHO degradation rate of industrial wastewater [4].
Therefore, in this study, pH of 5 was used as optimum
for the next experiments.

3 .2. 2. Effect of the Applied Ultrasonic Power
The most important factors for application of sonolysis
is the power employed [30]. Figure 4 shows the effect
of the applied ultrasonic power on the degradation of
HCHO.
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Figure 3. Effect of pH on HCHO degradation ([HCHQ] = 10
mg L*, O, dosage = 100 mg h™, [NZVI] = 200 mg L*, US
power = 60 W, and reaction time = 45 min)
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Figure 4. Effect of US power on HCHO degradation
([HCHO] = 10 mg L, O5 dosage = 100 mg h™, [NZVI1] = 200
mg L, pH = 5, and reaction time = 45 min).

A higher degradation rate was reached around 70% for
100 W of applied power. In fact, when ultrasonic power
reaches 100 W, the formation rate of hydrogen peroxide
increased. Therefore, ultrasonic waves generate OH°
radicals by cleavage of HCHO in the solution. Also,
concerning these results, it can be assumed that the
influence of NZVI nanocatalyst is predominantly of
mechanical nature. This can be explained by the fact
that the spherical shape of the bubbles is distorted to an
asymmetric one. Therefore, the larger surface of these
asymmetric bubbles leads to a higher reaction rate of
HCHO at the liquid-gas interface of the bubbles. This
effect depends on the particle size. Thus, due to the
presence of ZVI nanoparticles as a catalyst, the rate of
HCHO elimination was better, and chemical effects
with an increasing rate of OH® can be excluded. These
results were in good agreement with Hartmann et al.
study [31]. However, the HCHO degradation decreased
from 70 to 30% for an ultrasonic wave power of 100 to
140 W, respectively. The reasons for this result are
probably depletion of dissolved air in the solution and
reducing the OH®° generation during the period of the
process. Moreover, it should be noted that both protons
and O, molecules are competing for electron acceptors
of NZVI [Equations (8), (9) and (14)] [27]. Therefore,
O, molecules are oxidants for NZVI at ultrasonic power
over 100 W.

Fe® + 2H™— Fe?* + H, (14)

Also, Fe° could be oxidized to Fe** by OH radical and
therefore the presence of Fe® inhibited the sonication of
HCHO at ultrasonic powers above 100 W as shown in
Equation (15) [34]:

Fe’ + OH° — Fe** + OH + ¢ (15)

With this description, the ultrasonic power of 100 W is
useful and more effective for HCHO degradation.

3. 2. 3. Effect of Ozone Dosage The HCHO
decomposition with different ozone dosages of 20, 50,
100, 150, and 200 mg h™ using SCO process is shown in
Figure 5. As expected, the rate of compound
degradation, increased with increasing ozone dosage. In
this case, HCHO removal increases from 26.5 to 97.2%
as the ozone concentration increases from 20 to 200 mg
h™. Therefore, the maximum HCHO removal efficiency
is 97.2% for 200 mg h™ ozone dosage. It is reported
that, as the ozone served as the initiator for the
production of radical species, an increased amount of
ozone in the presence of a given concentration of NZVI
makes more ozone available to contribute to the reaction
and enhancement of the radical species formation, thus
improving the HCHO degradation rate [37, 38]. On the
other hand, an increase in ozone dosage is expected to
correspond with an increase in the OH° generation [39].
Also, since ozone would not consume the produced
OH?°, therefore, the more ozone introduced in the
solutions, the more OH° would be produced [38].
Another reason may be the increase of turbulence in
suspension with the increase of ozone-containing gas
flow rate to the reactor, and in turn, improved the mass
transfer of ozone to the HCHO solution [40, 41]. Figure
5 shows that the most important variable for the
enhancement of HCHO degradation was 0zone dosage.

3. 2. 4. Effect of NZVI Catalyst Dosage The
performance of SCO for HCHO removal was studied in
the presence of various dosages of the NZVI (50 - 400
mg L™ and the results are shown in Figure 6. As
illustrated in Figure 6, the increase in the NZVI amount
from causes an increase in HCHO oxidation efficiency
to 97.2%. It could be related to oxidation mechanisms
of NZVI that have been described in previous stages.
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Figure 5. Effect of ozone dosage on HCHO degradation
([HCHO] = 10 mg L™, [NZVI] = 200 mg L, pH = 5, US
power = 100 W, and reaction time = 45 min).
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Also, increasing the amount of nanoparticles leads to
increasing HCHO removal rate due to the creation of
more surface area and active sites in ZVI nanoparticles.
Therefore, more oxidation agents such as the OH
radicals were formed. Although there is a lack of
information regarding the nanocatalysis effect of ZVI
on US/Os;, other researchers have found increased
oxidation efficiency in metal-based AOPs with
increased catalyst dosage [10, 39, 42]. However, upon
increasing the ZVI1 dosage to above 200 mg L™, HCHO
removal efficiency decreased to 68%. This can be
explained that dissolved air in the solution exhausted
faster, and thus OH° generation in reduced time
decreased during the process.

3. 2. 5. Effect of Initial HCHO Concentration
The effect of initial HCHO concentration (1-20 mg L™)
on the SCO process was investigated (Figure 7). This
Figure shows that increasing the initial HCHO
concentration from 1 to 15 mg L™ led to the increase of
degradation. When the initial HCHO concentration
increased, the number of HCHO molecules exposed to
reactive radicals for degradation also increased, which
subsequently led to higher degradation efficiency. But,
for 20 mg L' HCHO concentration, the removal
efficiency decreased to 58%. Since, the initial oxidant
concentration has been fixed, high concentration of
HCHO resulted in increased formation of intermediate
products, which, in turn lowered the reaction rate of
radicals towards HCHO. Also, another reason may be
that since HCHO is a polar compound and hydrophilic
and at low concentrations, it has less access to NZVI
catalyst for reforming. It may be explained that upon
increasing HCHO concentrations, it is more soluble in
solution, and therefore NZVI could reform it better [43].

But, HCHO removal efficiency decreased to 58%
with increasing initial concentration that could be
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Figure 6. Effect of NZVI dosage on HCHO degradation
([HCHO] =10 mg L™, pH = 5, US power = 100 W, O dosage
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Figure 7. Effect of HCHO concentration on HCHO
degradation (pH =5, US power = 100 W, ozone dosage = 200
mg h™%, [NZVI] = 200 mg L™, and reaction time = 45 min).

explained by active sites of the catalyst surface area
completely filled, and for more initial HCHO
concentrations, the more NZVI catalyst may be needed
[6]. Therefore, the optimal initial concentration of
HCHO in these experiments is 15 mg L™. Guimarées et
al. evaluated UV/H,0, and photo-Fenton processes to
degrade HCHO at the highest concentrations (1200-
12000 mg L™). They observed that the efficiency of the
UV/H,0, and photo-Fenton declined as the
concentration of HCHO increased [44].

4. CONCLUSION

In this study, degradation of low concentration of
HCHO was investigated using several processes.
Different processes were performed under same
conditions in order to evaluate and compare their ability
to remove HCHO. The removal efficiency was as
follows:
SCO > NZzVI catalytic process > US/O; > ozonation >
sonolysis

In SCO process, pseudo-first-order degradation rate
constant was found, and this process provided the
highest degradation rate constants. The degradation rate
constant of the SCO process was calculated as 0.0187
min™. Also, the experiments were carried out by
determining appropriate conditions for HCHO removal
with SCO process. Optimum pH, ultrasonic power,
ozone dosage, NZVI dosage and HCHO concentration
for efficient removal of HCHO were 5, 100 W, 200 mg
h, 200 mg L™ and 15 mg L™, respectively. It was found
that the oxidation by hydroxyl radicals was the
dominant removal mechanism. From this data, it can be
concluded that the catalytic AOP of SCO is
recommended for the treatment of effluents containing
low concentrations of HCHO.



M. Zarean et al. / IJE TRANSACTIONS C: Aspects Vol. 30, No. 3, (March 2017) 366-373 372

5. ACKNOWLEDGEMENT

This study was the result of an MSc. research project
(No. 192101) approved by the Isfahan University of

Medical
acknowledge the financial

Iran. The authors wish to
support of the Vice

Sciences,

Chancellery of Research of Isfahan University of
Medical Sciences.

7. REFERENCES

10.

11.

12.

13.

Moussavi, G. and Heidarizad, M., "The performance of sbr, scr,
and mscr for simultaneous biodegradation of high concentrations
of formaldehyde and ammonia"”, Separation and Purification
Technology, Vol. 77, No. 2, (2011), 187-195.

Li, K., Hokanson, D.R., Crittenden, J.C., Trussell, R.R. and
Minakata, D., "Evaluating uv/H,O, processes for methyl tert-
butyl ether and tertiary butyl alcohol removal: Effect of
pretreatment options and light sources", Water Research, Vol.
42, No. 20, (2008), 5045-5053.

Hill, A.A., Lipert, R.J., Fritz, J.S. and Porter, M.D., "A rapid,
simple method for determining formaldehyde in drinking water
using colorimetric-solid phase extraction", Talanta, Vol. 77,
No. 4, (2009), 1405-1408.

Bagheri, A., Moussavi, G. and Khavanin, A., "Investigating the
electro-fenton (EF) process performance in treating highly
formaldehyde-polluted industrial wastewater", Iranian Journal
of Health and Environment, Vol. 5, No. 2, (2012), 143-156.

Oliveira, S., Moraes, E., Adorno, M., Varesche, M., Foresti, E.
and Zaiat, M., "Formaldehyde degradation in an anaerobic
packed-bed bioreactor”, Water Research, Vol. 38, No. 7,
(2004), 1685-1694.

Amin, M.M., Teimouri, F., Sadani, M. and Karami, M.A.,
"Application of enhanced nzno photocatalytic process with
ultrasonic wave in formaldehyde degradation from aqueous
solution”, Desalination and Water Treatment, Vol. 57, No. 20,
(2016), 9455-9464.

Organization, W.H., "Guidelines for drinking-water quality,
World Health Organization, Vol. 1, (2004).

Moussavi, G., Bagheri, A. and Khavanin, A., "The investigation
of degradation and mineralization of high concentrations of
formaldehyde in an electro-fenton process combined with the
biodegradation”, Journal of Hazardous Materials, Vol. 237,
(2012), 147-152.

Lu, Z. and Hegemann, W., "Anaerobic toxicity and
biodegradation of formaldehyde in batch cultures”, Water
Research, Vol. 32, No. 1, (1998), 209-215.

Moussavi, G., Yazdanbakhsh, A. and Heidarizad, M., "The
removal of formaldehyde from concentrated synthetic
wastewater using Os/MgO/ H,O, process integrated with the
biological treatment”, Journal of Hazardous Materials, Vol.
171, No. 1, (2009), 907-913.

Yang, J.,, Li, D., Zhang, Z., Li, Q. and Wang, H., "A study of the
photocatalytic oxidation of formaldehyde on Pt/Fe,04/TiO,",
Journal of Photochemistry and Photobiology A: Chemistry,
Vol. 137, No. 2, (2000), 197-202.

Akbarzadeh, R., Umbarkar, S.B., Sonawane, R.S., Takle, S. and
Dongare, M.K., "Vanadia-titania thin films for photocatalytic
degradation of formaldehyde in sunlight”, Applied Catalysis A:
General, Vol. 374, No. 1, (2010), 103-109.

Murphy, A.P., Boegli, W.J., Price, M.K. and Moody, C.D., "A
fenton-like reaction to neutralize formaldehyde waste solutions",

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Environmental Science & Technology, Vol. 23, No. 2, (1989),
166-169.

Kajitvichyanukul, P., Lu, M.-C. and Jamroensan, A.,
"Formaldehyde degradation in the presence of methanol by
photo-fenton  process”,  Journal  of  Environmental
Management, Vol. 86, No. 3, (2008), 545-553.

Arana, J., Nieto, J.M., Melian, J.H., Rodriguez, J.D., Diaz, O.G.,
Pefia, J.P., Bergasa, O., Alvarez, C. and Mendez, J.,
"Photocatalytic degradation of formaldehyde containing
wastewater from veterinarian laboratories”, Chemosphere, Vol.
55, No. 6, (2004), 893-904.

Shin, E.M., Senthurchelvan, R., Munoz, J., Basak, S,
Rajeshwar, K., Benglas-Smith, G. and Howell, B.C., "Photolytic
and photocatalytic destruction of formaldehyde in aqueous
media”, Journal of the Electrochemical Society, Vol. 143, No.
5, (1996), 1562-1570.

Shiraishi, F., Toyoda, K., Fukinbara, S., Obuchi, E. and Nakano,
K., "Photolytic and photocatalytic treatment of an aqueous
solution containing microbial cells and organic compounds in an
annular-flow reactor”, Chemical Engineering Science, Vol. 54,
No. 10, (1999), 1547-1552.

Bonyadinejad, G., Sarafraz, M., Khosravi, M., Ebrahimi, A.,
Taghavi-Shahri, S.M., Nateghi, R. and Rastaghi, S,
"Electrochemical degradation of the acid orange 10 dye on a
Ti/PbO, anode assessed by response surface methodology",
Korean Journal of Chemical Engineering, Vol. 33, No. 1,
(2016), 189-196.

Trenholm, R.A., Rosario-Ortiz, F.L. and Snyder, S.A., "Analysis
of formaldehyde formation in wastewater using on-fiber
derivatization-solid-phase microextraction—gas
chromatography—mass spectrometry", Journal of
Chromatography A, Vol. 1210, No. 1, (2008), 25-29.

Neppolian, B., Jung, H., Choi, H., Lee, J.H. and Kang, J.-W.,
"Sonolytic degradation of methyl tert-butyl ether: The role of
coupled fenton process and persulphate ion", Water Research,
Vol. 36, No. 19, (2002), 4699-4708.

Xu, L., Chu, W. and Graham, N., "Sonophotolytic degradation
of dimethyl phthalate without catalyst: Analysis of the
synergistic effect and modeling", Water Research, Vol. 47, No.
6, (2013), 1996-2004.

Naddeo, V., Belgiorno, V., Ricco, D. and Kassinos, D.,
"Degradation of diclofenac during sonolysis, ozonation and their
simultaneous application”, Ultrasonics Sonochemistry, Vol. 16,
No. 6, (2009), 790-794.

Zarean, M., Bina, B., Ebrahimi, A., Pourzamani, H. and Esteki,
F., "Degradation of di-2-ethylhexyl phthalate in aqueous
solution by advanced oxidation process”, International Journal
of Environmental Health Engineering, Vol. 4, No. 1, (2015),
34.

Sauleda, R. and Brillas, E., "Mineralization of aniline and 4-
chlorophenol in acidic solution by ozonation catalyzed with fe
2+ and uva light", Applied Catalysis B: Environmental, Vol.
29, No. 2, (2001), 135-145.

Zhao, H., Dong, Y., Wang, G., Jiang, P., Zhang, J., Wu, L. and
Li, K., "Novel magnetically separable nanomaterials for
heterogeneous catalytic ozonation of phenol pollutant: NiFe,O,
and their performances”, Chemical Engineering Journal, Vol.
219, No., (2013), 295-302.

Gogate, P.R. and Pandit, A.B., "A review of imperative
technologies for wastewater treatment i: Oxidation technologies
at ambient conditions”, Advances in Environmental Research,
Vol. 8, No. 3, (2004), 501-551.

Kim, D.-h., Kim, J. and Choi, W., "Effect of magnetic field on
the zero valent iron induced oxidation reaction”, Journal of
Hazardous Materials, Vol. 192, No. 2, (2011), 928-931.



373 M. Zarean et al. / IJE TRANSACTIONS C: Aspects Vol. 30, No. 3, (March 2017) 366-373

28. Sillanpdd, M.E., Kurniawan, T.A. and Lo, W.-h., "Degradation 36. Wang, X., Wei, Y., Wang, J., Guo, W. and Wang, C., "The
of chelating agents in aqueous solution using advanced oxidation kinetics and mechanism of ultrasonic degradation of p-
process (aop)", Chemosphere, Vol. 83, No. 11, (2011), 1443- nitrophenol in aqueous solution with ccl 4 enhancement",
1460. Ultrasonics Sonochemistry, Vol. 19, No. 1, (2012), 32-37.

29. Bonyadinejad, G., Khosravi, M., Ebrahimi, A., Nateghi, R., 37. De Witte, B., Dewulf, J., Demeestere, K. and Van Langenhove,
Taghavi-Shahri, S.M. and Mohammadi, H., H., "Ozonation and advanced oxidation by the peroxone process
"Sonoelectrochemical mineralization of perfluorooctanoic acid of ciprofloxacin in water”, Journal of Hazardous Materials,
using Ti/PbO, anode assessed by response surface Vol. 161, No. 2, (2009), 701-708.
methodology", Journal of Environmental Health Science and 38. Cortez. S. Teixeira. P.. Oliveira. R. and Mota. M.. "Ozonation
Engineering, Vol. 13, No. 1, (2015), 77. as polishing treatment of mature landfill leachate”, Journal of

30. Mendez-Arriaga, F., Torres-Palma, R., Pétrier, C., Esplugas, S., Hazardous Materials, Vol. 182, No. 1, (2010), 730-734.
Gimenez, J. and Pulgarin, C., "Ultrasonic treatment of water 39. He, K. Dong, Y.M., Li, Z., Yin, L., Zhang, AM. and Zheng,

contaminated with ibuprofen”, Water Research, Vol. 42, No.

Y.C., "Catalytic ozonation of phenol in water with natural
16, (2008), 4243-4248.

brucite and magnesia”, Journal of Hazardous Materials, Vol.

31. Xu, L., Chu, W. and Graham, N., "A systematic study of the 159, No. 2, (2008), 587-592.
degradation of dimethyl phthalate using a high-frequency 40. Wu, J. and Wang, T., "Ozonation of aqueous azo dye in a semi-
ultrasonic process", Ultrasonics Sonochemistry, Vol. 20, No. 3, batch reactor”, Water Research, Vol. 35, No. 4, (2001), 1093-
(2013), 892-899. 1099, ’ ’ ' ' ’

32. Hartmann, J., Bartel_s, P., Mau, U, V}'litter, M.,_ Tumpling, W., 41. Zhao, L., Ma, J., Sun, Z.-z. and Zhai, X.-d., "Preliminary kinetic
Hofmann, J. and Nietzschmann, E., "Degradation of the drug study on the degradation of nitrobenzene by modified ceramic
diclofenac in water by sonolysis in presence of catalysts”, honeycomb-catalytic ozonation in aqueous solution™, Journal of
Chemosphere, Vol. 70, No. 3, (2008), 453-461. Hazardous Materials, Vol. 161, No. 2, (2009), 988-994.

33. Wen, G., Wang, S.-J., Ma, J,, Huang, T.-L., Liu, Z-Q. Zhao, L. 42. Khan, JA., He, X., Khan, H.M., Shah, N.S. and Dionysiou,
and Xu, J-L., "Oxidative degradation of organic pollutants in D.D., "Oxidative degradation of atrazine in aqueous solution by
aqueous solution using zero valent copper under aerobic UV/H,O 2/Fe?, UVIFe* and UV/Fe* processes: A
atmosphere condition", Journal of Hazardous Materials, Vol. comparative study”, Chemical Engineering Journal, Vol. 218,
275, (2014), 193-199. (2013), 376-383.

34. Son, H'.-S., Choi, S.-B., Khan_, E. and_ Zo_h, KD "Removal_ of 43. Lorenz, H., Friedrich, M., Armbriister, M., Klétzer, B. and
1, 4-dioxane from water using sonication: Effect of adding Penner, S., "Zno is a CO,-selective steam reforming catalyst",
oxidants on the degradation kinetics", Water Research, Vol. 40, Journal of Catalysis, Vol. 297, (2013), 151-154.

No. 4, (2006), 692-698. ] ' e .
. N . . 44, Guimaraes, J.R., Farah, C.R.T., Maniero, M.G. and Fadini, P.S.,

35. Zhou, T, Lim, T.-T. and Wu, X,, "Sonophotolytic degradation "Degradation of formaldehyde by advanced oxidation
of azo dye reactive black 5 in an ultrasound/uv/ferric system and processes”, Journal of Environmental Management, Vol. 107
the roles of different organic ligands”, Water research, Vol. 45, (2012) 96.101. ' '

No. 9, (2011), 2915-2924.

Degradation of Low Concentrations of Formaldehyde in Sono Catalytic Ozonation
Advanced Oxidation Processes using Zero-valent Iron

M. Zarean?, F. Teimouri?, M. Moazeni?, A. Ebrahimib

a Student Research Committee, School of Health, Isfahan University of Medical Sciences, Hezar Jerib Ave., Isfahan, Iran
b Environment Research Center, Research Institute for Primordial Prevention of Non-communicable disease, Isfahan University of Medical
Sciences, Isfahan, Iran

PAPER INFO oS>

Paper history:

Received 24 November 2016 il oo ik e an sl Glatn 5o il Sla i) Sl eslinad b il b Gl Ol ey ol anlllas 1 Cls

heceprod 11 Tebraary 2017 T BT 5 0 S A e 5 051 Sl Al i3 5 SMal b ke h i Ol st 5 4 ey
Sbes sla sl B oad A s B ho AT (5B Al 5 (SCO) gl Aol ol o 42 (5,508

Keywords: SMg L ¥eem00 =NZVID 55 dmg by 2o ) 31 55 o(Sls $021E0) S sl 5 05 «(PH= 420 alax

Ozone

Formaldehyde Olkily bl p e b anslis 53 SCO iyl o8 das e OLES @ s oLl (mg Ltyooy) Lol b ol mlale

f\firvoa-r‘:s:in(t)gggtion Process MG Y+ e 03l 553 (s Ve Sl 351 0155 O PH s 5 08 o 55 SCO wyl by pee sl SB35l s 2
Sonolysis 2w bl s o33 48 0Ll sSTas MY L7110 sl byl il 5 mg L e ptis s
U i g SCO syl 5 iman A3l o 5586 o s 031 552 45 55 55 o L U5 (or ol s
235 o gy ol b ol SR il o e

doi: 10.5829/idosi.ije.2017.30.03¢.06




