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for photodegradation of formaldehyde in all experiments under various conditions
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were calculated and are described in the following sections.

3.2 Effect of the initial pH

The reactivity of hydrogen peroxide depends on the pH of the aqueous
solution. The effect of pH on the degradation of formaldehyde was carried out in
acidic conditions at pH 3 and 5, neutral at pH 7, and basic at pH 9. The residual
fractions of formaldehyde with time for each condition are shown in Fig. 2 and the
experimental values are well fitted with the pseudo-first-order kinetic model as shown
in Fig. 3.

~From the results, it is clear that the process is highly efficient at neutral pH
(pH 7). Obviously, there was no residual formaldehyde in the solution when it was
irradiated for 240 min. At solution pH conditions lower than neutral less removal of
formaldehyde is seen. When the solution pH was increased to basic values the
formaldehyde oxidation efficiency was reduced. This is in agreement with previous
research; the efficiency of the UV/H;0O, oxidation system deteriorates more by
increasing the reaction pH value to alkaline (Alaton et al., 2002).

The reaction rate constants in reaction times <150 min for formaldehyde
degradation at each pH condition are given in Table 1. It can be observed that the
formaldehyde photooxidation rate is highest under the neutral pH. As the pH
increased from 3 to 7, the degradation rate constant of formaldehyde increased.
Further increase from 7 to 9 caused a significant decrease of kxp. The decrease of the
removal rate in this pH region may be explained by the reduction of the hydroxyl

radical concentration. In an alkaline medium the oxidizing species hydroperoxy anion
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(HOy) is formed. This HO;  anion reacts with *OH (Eq.(16)) and residual H,O,
'

(Eq.(17)) consequently lowering the removal rate.

‘OH+HO;, ——» H,0+O0y (16)

H,O, + HO; ———» H,O+ O3 + *OH (17)

3.3 Effect of initial molar ratio of formaldehyde to H,0-

The residual fraction of formaldehyde as a function of time at different molar
ratios of formaldehyde to hydrogen of 1:0.1, 1:1, 1:2 and 1:3 were conducted. The
results are shown in Fig. 4. As the hydrogen peroxide is increased, the formaldehyde
removal efficiency increases. When the molar ratios of formaldehyde to hydrogen
peroxide are 1:0.1, 1:1 and 1:2, the corresponding formaldehyde removal efficiencies
are 30, 86, and 100%, respectively, at 300 min reaction period. This phenomena can
be explained in that the increasing of hydrogen peroxide causes more hydroxyl
radicals to be available to attack the formaldehyde. The destruction of formaldehyde
is much more rapid. The plots of derivation of the residual fraction of formaldehyde
are linear as seen in Fig. 5, suggesting that the rate law for formaldehyde oxidation
might be a pseudo-first order pattern. The apparent rate constants, ki, were
calculated from the linear portions and are shown in Table 2. These values were in
good agreement with the formaldehyde removal efficiencies. The k,, values increase
with the increasing of hydrogen peroxide presented into the system.

Further increase of hydrogen peroxide at a molar ratio of formaldehyde to
hydrogen peroxide of 1:3 exerted a decrease of formaldehyde reduction. The
degradation of formaldehyde was reduced to 77% and the k,, decreased. The main

reason for this inhibition effect is that an excess hydrogen peroxide dose can reduce
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the oxidation rate by acting as a hydroxyl radical scavenger itself (Egs. (18), (19)),

¥
consequently lowering the hydroxyl radical concentration (Muruganandham and

Swaminathan, 2004; Ku et al., 1998).

H,0; +°'OH —» HO;"+H;0 (18)

H,0,+°OH — 5 O +H' : (19)

3.4 Effect of initial formaldehyde concentration

The effect of wvarious initial formaldehyde concentrations on the
photochemical oxidation was investigated from 0.033 M tc 0.999 M. The results are
shown'in Fig. 6. The molar ratio of formaldehyde to hydrogen peroxide was 1:2 for all
experiments. The results show that the photooxidation of forrnaldehyde decreased as
the initial formaldehyde concentration increased. This finding is conforms well to
Arslan et al. (1999) who showed that the efficiency of the UV/H>O, process decreased
drastically with increasing amounts of pollutant. The plots of derivation of the
residual fraction of formaldehyde are linear as seen in Fig. 7, providing the values of
ki, as shown in Table 3. These values also showed a good agreement with
formaldehyde removal efficiencies in that these values decreased with higher

formaldehyde concentrations.

3.5 Mineralization of formaldehyde and reaction intermediate

As shown in Fig 8, a substantial reduction of TOC concentration during the
UV/H;0, process was not achieved, despite attaining nearly 23% of TOC removal
after 5 hours. Although the TOC removal was found to be enhanced when much

higher H,0O, dosages were applied, the efficiency removal of TOC was not superior.
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Apparently, degradation of formaldehyde does not reach complete mineralization.
'

This may result in the formation of reaction intermediates during the UV/H,0,
process.

The subject of intermediates requires further consideration. A peak of formic
acid from GC chromatogram can be seen as the treatmer;t underwent 15 min and its
appearance was more pronounced with a longer reaction time. This finding suggests
that the detected by-product of the UV/H,0, process is predominantly formic acid,
which is refractory to hydroxyl radical oxidation. The reduction of pH at the end of
the reaction from alkaline or neutral pH to acidic pH also offers supporting evidence
for the occurrence of organic acid during the treatment period. This observation is in
good agreement with many studies published earlier (Murphy et al., 1989; Gonzalez
and Braun, 1996; Stefan and Bolton, 1998; Heit et al., 1998). Formaldehyde itself
reacts with hydroxyl radicals (OH) by way of hydrogen abstraction, resulting in the
formation of formyl radicals ((CHO) or their hydrated form. The latter are oxidized by
dissolved molecular oxygen to yield formic acid and hydroperoxyl radicals (Gonzalez
and Braun, 1996; Stefan and Bolton, 1998; Heit et al., 1998). The major contribution

zsult is to highlight the fact that significant quantities of intermediate product,
formic acid as identified in this study, are formed and persist during the UV/H;0,

process.

3.6 Bioluminescence test

The bioluminescence test has been used for testing the progress of toxicity
during the treatment. To indicate changes in toxicity, the data for percentage
inhibition obtained in each experiment were converted to the relative toxicity index,

where:

10
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inhibition at t (%)

relative toxicity index = —
inhibition at t= 0 (%)

The results expressed as the relative toxicity index values versus reaction time
are presented in Fig 9. A decrease of relative toxicity index values during UV/H,0;
oxidation reflects the disappearance of the toxic compounds. Based on the toxicity
assay, it can be concluded that UV/H,O, process is an appropriate method for
detoxification of formaldehyde. The formic acid, identified as oxidation product of the

investigated formaldehyde, does not pose any toxic effect on the treated solution.

4. Conclusion

This study employed UV/H,0; advanced oxidation for the treatment of
formaldehyde from contaminated water. The influence of operational parameters,
which are pH, H,O, dosage and initial concentration of formaldehyde, were
investigated. UV/H,0; treatment was capable of oxidizing the formaldehyde with the
highest efficiency at neutral pH within a feasible treatment duration of 4 hr.
Enhancement of formaldehyde degradation was achieved with the molar ratio of
formaldehyde:H,0; at 1:2.

The TOC removal indicated 23% mineralization of the initial organic matter.
This inferred that the UV/H;0; photodecomposition of formaldehyde did not attain
total mineralization. The intermediate from formaldehyde transformation is identified
as formic acid. Even though complete formaldehyde abatement was accomplished at
the end of the reaction period, the formic acid byproduct remained and posed a

significant degree of persistence in TOC removal.
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Table 1. Pseudo-first order rate constants for formaldehyde degradation by UV/H,0,

process in the different pH.
No. [CH,O] [H20,] pH kap tin R*
(M) (M) (min™) (min)
| 0.33 0.66 3 0.0085 81.53 0.9954
2 0.33 0.66 5 0.0092 75.33 0.9960
3 0.33 0.66 7 0.0128 54.14 0.9977
4 0.33 0.66 9 0.0084 82.50 0.9976
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Table 2. Pseudo-first order rate constants for formaldehyde degradation by UV/H,0,

process in the different initial molar rations of CH,0: H,0,.

No. CH,0:H,0, pH kap tin R?
(min™) (min)
1 1:0.1 7 0.0008 866.25 0.9798
2 1:1 7 0.0089 77.86 0.9960
3 1:2 7 0.0128 54.14 0.9977
4 1:3 7 0.0079 87.72 0.9976
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Table 3. Pseudo-first order rate constants for formaldehyde degradation by UV/H,0,
)

process in the different initial concentrations of CH,»O.

No. [CH,O]o CH,0:H20, pH kap tin R*
(M) (molar ratio) (min'l) (min)
1 0.033 1:2 7 0.3087 2.245 1.0000
2 0.066 1:2 7 0.0338 20.50 0.9889
3 0.165 1:2 7 0.0149 46.51 0.9973
4 0.333 1:2 7 0.0128 54.14 0.9977
5 0.999 1:2 7 0.0034 203.8 0.9959
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Figure caption

Fig. 1 Degradation of formaldehyde by volatilization, UV, UV/H,0, a;:d H>0,
(ICH;C]p = 0.333 M, CH,0:H,0, = 1:2, initial pH = 5).

Fig. 2 Degradation of formaldehyde by UV/H,O, process at different initial pHs.
[CH20]0=0.33 M, CH,0: H,0, = 1:2.

Fig. 3 Derivation of the pseudo-first order rate constants of formaldehyde at different
pH by linear regression. [CH,0]¢= 0.33 M, CH,0: H,0, = 1:2.

Fig. 4 Degradation of formaldehyde by UV/H,0; process at different initial molar
ratios of CH,O: H,;0,. [CH>0]e = 0.333 M, initial pH = 7.

Fig. 5 Derivation of the pseudo-first order rate constants of formaldehyde at different
initial molar rations of CH,O: H;0; by linear regression. [CH>O0]p = 0.333 M,
initial pH = 7.

Fig. 6 Degradation of formaldehyde by UV/H,0, process at different initial
concentrations of CH,0. CH,0:H,0; = 1:2, initial pH = 7.

Fig. 7 Derivation of the pseudo-first order rate constants of forraldehyde at different
initial concentration of CH,0O. CH,O: H,O, = 1:2, initial pH = 7.

Fig. 8 TOC of formaldehyde degradation during the UV/H,0O; process at different
initial concentrations of H,O». [CH,0]o = 0.333 M, initial pH = 7.

Fig. 9 Toxicity assay using the bacterium Vibrio fasheri in LUI1INIStox 300.
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Abstract
]
In this study, the photo-Fenton process for the degradation of formaldehyde

was investigated in lab-scale experiments. Results showed that methanol, the additive
chemical in a commercial product of formaldehyde, was also decomposed during the
formaldehyde oxidation reaction. The oxidation reaction was in three-stages. The first
stage was the Fe?*/H,0, reaction in which both formaldehyde and methanol were
swiftly decomposed. The second and the third stages exerted a somewhat less rapid
degradation of both chemicals. The first stage of the oxidation reaction can be
discussed by means of the initial average rate and the third stage or Fe**/H,0; stage
was found to follow the first order reaction rate. The reaction was influenced by the
initial -pH, the concentration of hydrogen peroxide, the amount of ferrous ions. The
initial pH at 2.6 provided the highest removal efficiencies in this system. In addition,
the competition between formaldehyde and methanol was investigated and described
as rp/rr, where rm, and rr were the initial rates of methanol and formaldehyde,
respectively. The addition of methanol exhibited a competitive effect on
formaldehyde degradation. The removal of formaldehyde decreased with increasing
methanol concentration. At the high concentrations of methanol, the oxidation
reaction of formaldehyde was repressed. It appears that all values of rn,/rr obtained

from the experiments are lower than the theoretical values.

Key Words: Photo-Fenton, advanced oxidation processes, irradiation process,

formaldehyde, methanol,
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1. Introduction
'
The widespread use of formaldehyde in many industries (pharmacy,

perfumery and cosmetics, organic synthesis, resin and colors manufacturing, etc.) has
led to public health concerns due to its toxicity to the environment [1, 2].
Formaldehyde is frequently found in industrial waste-streams. Its concentration in
wastewaters from chemical industries can be as high as 5-10 g/l [3]. Besides, it is also
widely used in hospitals as an embalming solution at high concentrations.
Formaldehyde was found to critically damage DNA and to mutate in mammalian cells
and microorganisms [2]. Consequentially, direct discharges of formaldehyde can
threaten life in the receiving waters. In many hospitals in Thatland, the batch
discharging of the large volumes of this chemical substance to biological wastewater
treatment plant causes a shock load of high toxicity to the microorganisms in the
wastewater treatment system. Failures of biological processes in many local areas can
be expected. Many wastewater treatment plants in Thailand have suffered from this
serious problem for several years. This indicates that it is necessary to find a suitable
solution for the handling of this chemical waste.

Many elegant researches in advanced oxidation processes (AOPs) for the
destruction of organic contaminants in an aqueous medium have been extensively
conducted in recent years {4, 5, 6]. Fenton or photo-Fenton reaction is one type of
AOP that has treatment potential for the degradation of many organic species [7, 8, 9,
10]. The mechanism of the Fenton reaction has been known for a long time. The
photo-Fenton reaction uses ferrous ions to react with hydrogen peroxide under
irradiation of UV light, producing hydroxyl radicals with powerful oxidizing abilities

to degrade certain toxic contaminants. Accordingly, the photo-Fenton reaction was
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introduced as a very promising water treatment method to treat formaldehyde from
' '
wastewater in this study.

In our work, we investigated the photo-Fenton reaction for its ability to
decompose formaldehyde under various conditions. In addition, the oxidation of
methanol, the additive chemical in formaldehyde solutions, was studied. In general,
methanol of approximately 10% by concentration is added in the commercial product
of formaldehyde to limit the extent of polymerization. Thus, attention must be paid to
the possible competition in hydroxyl radical receiving between formaldehyde and
methanol. However, the research focusing on the competition of formaldehyde and
methanol degradation is limited. The main objective of this paper is to provide
information about formaldehyde decomposition under influence of several factors,
such as pH, hydrogen peroxide and ferrous ions, while the cxidation of methanol in

identical experimental conditions is also reported.

2. Material and methods

Formaldehyde solution (37%) containing 10% methanol as a stabilizer,
hydrogen peroxide (35%), and heptahydrated ferrous sulfate were purchased from
Merck. The rest of the used reagents were at least reagent grade. Aqueous solutions
used for oxidation reactions were prepared with Millipore Milli-Q water.

Formaldehyde studies were performed in a 1.1 L cylindrical quartz reactor. All
experiments were carried out in a batch photoreactor. The photochemical reactor was
purchased from ACE Glass Co. A 10 W low-pressure mercury lamp with a principal
wavelength of 254 nm was used as the light source in all experiments. The UV lamp
was inserted into a double-walled quartz immersion-well located at the center of the

reactor. The UV lamp was kept on during the experiment. Fresh tap water was flushed
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through the immersion-well to prevent the lamp from overheating. The solution was
)
fully stimed with a magnetic stirrer to ensure sufficient mixing. The reaction

temperature was kept constant at 25°C.

For every experiment conducted, the reactor was filled with 1 L of
formaldehyde solution (initial concentration: of formaldehyde and methanol were
0.333 M and 0.0079 M, respectively). Formaldehyde was prepared by stirring an
excess amount of solution in pure water at room temperature. Reaction mixtures were
obtained by mixing a stock solution with pure water, followed by taking an
appropriate amount of formaldehyde solution, and adding ferrous ions with a
concentration of 6.67x10™ to 8.33x10"2 M. The reactions were initiated after adding
hydrogen peroxide with concentrations ranging from 0.333 M to 1.0 M. As presented
in literature [11], the photo-Fenton reaction cannot occur at pH>10. Therefore, photo-
Fenton was stopped instantly by adding NaOH to the reaction mixtures and quenched
by adding Na,SO; before analysis. Hydrogen peroxide was analyzed by iodometric
titration with Na;S;0; solution. The initial pH value was adjusted by a gas
chromatographer equipped with an FID Detector (HP 4890). A pack column (5%

diphenyl and dimethylpolysiloxane) was used.

3. Results and discussion
3.1 Process comparison on formaldehyde and methanol degradation

It is recognized that hydroxyl radicals can be obtained from different reaction
pathways. In photo-Fenton, hydroxyl radicals can be initiated by the combination of
UV/H,0, and Fe?*. The relative contribution to hydroxyl radical formation among
reaction pathways is one of the principal issues to be investigated in this study. Figure

1 presents the comparisons of formaldehyde and methanol degradation by UV/H,0,
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and photo-Fenton. This comparison can illustrate the enhancing effects of ferrous ions
on the degradation of both contaminants. As observed from the char:ge during 80 min
irradiation, the decomposition rates of formaldehyde and methanol by the UV/H,0,
process were slower than those by photo-Fenton. In the UV/H,O; process, the
removal ratios of formaldehyde and methanol at the first 5 min were 5% and 0.2%
and at 80 min were 48% and 32%, respectively. When ferrous ion was introduced into
the UV/H;0, system, the removal ratios of formaldehyde and methanol were
drastically increased. As seen from the graph, the formaldehyde and methanol
removal rates were observed after 80 min reaction time, which as high as 94% and
78%, respectively.
~These data indicate that ferrous tons play a crucial role in the photo-Fenton
system. Generally, the hydroxy! radicals formed from photolysis of hydrogen peroxide
can be shown as in Equation (1). With the addition of ferrous ions to the system, so
called photo-Fenton, additional hydroxyl radicals can be obtained from the reaction
between ferrous ion and hydrogen peroxide, as shown in Equation (2). With UV
irradiation, a recycling of the ferrous ions by the reduction of fernc ions is occurred.
In this way, the concentration of ferrous ions increases and therefore the

oxidation reaction is accelerated due to the higher generation of hydroxyl radicals [6].

H,0, + UV — 20H° (1)
Fe?* + H,0; —» Fe¢* +OH +OH* )
Fe* +UV+H,0 —» OH +Fe’ +H’ 3)

From the above explanation, it follows that the photo-Fenton system could be

more efficient in formaldehyde and methanol removal than the UV/H;0; system.
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The results also show that the oxidation reactions of formaldehyde and
methanol removal were very fast during the first 5 min (the ﬁ'rst stage), then t:hey
gradually slowed down during the short period (the second stage), and got slower
after 20 min (the third stage). It is obviously a three-stage reaction. In the first stage,
formaldehyde and methanol were decomposed quickly; this is referred to as the
Fe*'/H,0, stage. The second stage is the transition stage, which occurs rapidly during
the short period. The third stage is the declining phase of the photo-Fenton oxidation
rate in which Fe®’* is the major species that plays a role during this stage. This stage is
called the Fe**/H,0, stage [9]. Obviously, the rate of formaldehyde and methanol
decomposition in the third stage was slower than in the first and second stages.
Therefore, it can be derived that the first stage reaction is the most rapid stage
compared with the other stages, resulting in a higher rate of hydroxyl radical
formation in the first stage reaction than in the second and third stages. However, due
to the predominant role of Fe** in the first stage and Fe’* in the third stage in the
photo-Fenton process, only the first- and third-stage of the oxidation reaction rate are
discussed here. The first stage, or Fe?*/H,0, stage, of the oxidation reaction is
discussed by means of the initial average rate at the first 5 min, and the third stage, or
Fe**/H,0; stage, is discussed by means of the first order rate constant (k). In addition,
the competition between formaldehyde and methanol is described as ry/r, where ry
and rr are the initial rates of methanol and formaldehyde, respectively.

The rate constants of formaldehyde and methanol were calculated as in Table
1. The initial rates of formaldehyde degradation increased from 3.33x10> M.min™ to
4.33x10™ M.min"' and for methanol degradation increased from 3.18x10> M.min"! to

7.55x10 M.min™'. The k values of formaldehyde and methanol in the third stage
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changed from 6.5x10” min™ to 1.49x10 min™ and from 3.66x10° min"' to 8.25x107

]
. -1

, respectively.

From the experiments, it can be concluded that photo-Fenton can significantly
increase the efficiency of formaldehyde and methanol removal in an aqueous solution.
However, the oxidation rate of formaldehyde and methanol changed only slightly in

the last stage of the oxidation reaction. This may be caused by the slow rate of the

Fe**/H,0, reaction and almost complete disappearance of hydrogen peroxide in the

last stage.

3.2 Effect of initial pH
-As shown in the principal reaction of photo-Fenton in Equation (2), the
amount of generated hydroxyl radical is affected by pH. The hydroxyl radicals can be
efficiently formed, especially under acidic conditions. According to a previous study
[12], at pH values above 4, the degradation of organic contaminants strongly
decreases because at higher pH values iron precipitates as hydroxide and this reduces
the transmission of the radiation. Whereas, at relatively low pH values, the
regeneration of ferrous ions may reduce due to the high concentration of H" in the
system as represented by Equation (3). Therefore, in this study the values of initial pH
of all experiments were investigated in the range of 26-4. As stated in the
experimental section, in all the experiments carried out in the present work the desired
initial pH was obtained by addition of suitable amounts of H>SO4 or NaOH, but once
the reaction started, the solution pH was not controlled.
Figure 2 shows the relationship between the residual fraction of formaldehyde
and methanol with time. It is noticeable that 93% of formaldehyde elimination and

about 70-80% of methanol degradation can be obtained after 80 min of reaction
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period. However, in the Fe?'/H,0, stage, the difference of formaldehyde and
'

methanol oxidation rates among different initial pH values is not obvious. For the

Fe3+/HzOz stage, both formaldehyde and methanol degradation rates obey first-order

kinetics and the rate constants are listed in Table 2.

From the results it can be derived that. the initial pH does not have an obvious
influence on the decomposition of formaldehyde and methanol in the photo-Fenton
reaction. This finding agrees with Kang et al. [13] in that the generating amount of
hydroxyl radicals appears to be no different at initial pH 3-5 for color removal. While
considering each stage separately, the initial pH plays a more apparent role in the
initia] stage than the removal ratio of formaldehyde and methanol at the last stage.
Apparently, the formaldehyde and methanol oxidation rates increase as the pH value
decreases. It can be calculated that when the pH is greater than 3, Fe(OH); can occur
[14] and it does not react with hydrogen peroxide [11]. Thus the ferric ions in the
system that can react with hydrogen peroxide are reduced and, consequently, hydroxyl
radicals are diminished. In addition, it appears that the highest removal efficiency for
both formaldehyde and methanol was achieved at an initial pH 2.6. Therefore, this

initial pH value was used throughout the rest of the experiments.

3.3 Effect of the initial hydrogen peroxide concentration

Hydrogen peroxide plays an important role in the photo-Fenton process. As
shown in Figure 3, if only ferrous ions were added in the solution without adding
hydrogen peroxide, both formaldehyde and methanol did not decompose. This shows
that ferrous ions alone cannot decompose the organic contaminants of the interest.
The percentages of formaldehyde at the first 5 min of reaction time were 56%, 65%,

and 90% in the presence of 0.333, 0.667, and 1.0 M of hydrogen peroxide,
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respectively. In addition, formaldehyde was almost completely degraded with 1.0 M

t
of hydrogen peroxide at 10 min. The percentages of methanol at the first 5 min were
45%, 47%, and 66% with 0.333, 0.667, and 1.0 M of hydrogen peroxide, respectively.
As observed from the experimental results, the removal efficiency of formaldehyde
and methanol increase with the increase of the hydrogen peroxide concentration. This
finding agrees with Pignatello [11] who concluded that an increase in hydrogen
peroxide could increasc the rate of 2,4-D mineralization. The residual hydrogen
peroxide with time is shown in Figure 4.

During the Fel'/H,0, stage, the hydrogen peroxide was rapidly consume.).
resulting in the huge decrease of formaldchyde and methanol during the beginning of
the photo-Fenton reaction. This is in agreement with the tact that Fenton and photo-
Fenton reactions dominate the first minutes of the process and a larger concentration
of reactants directly increases the reaction rate [15]. In the Fe3+/H202 stage, the
formaldehyde and mecthanol oxidations follow first-order kinetics, and the rate
constants are listed in Table 3. [t is obvious that the reaction rates increase with
increasing hydrogen peroxide. As pointed out by Rahhal and Richter [16], the higher
the concentrations of hydrogen peroxide, the faster it is decomposed. As presented by
a previous study [17], the reaction rate can be inhibited by an excess of hydrogen
peroxide in the system. The reason for this may arise from either the reaction of
hydroxyl radicals and the hydrogen peroxide concentration, or the combination of two
hydroxy] radicals to form hydrogen peroxide as shown in Equations (4) and (5).
However, in this study, the oxidation of both formaldehyde and methanol was not
inhibited by increasing the concentration of hydrogen peroxide. The reason for this
could be that the amount of hydrogen peroxide added in this experiment had not yet

reached the degree of inhibition.
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3.4 Effect of ferrous ions
]
As shown in Figure 1, formaldehyde and methanol can not be completely

oxidized by only adding hydrogen peroxide to the solution. Ferrous ions are the main
species that can catalyze hydrogen peroxide to produce hydroxyl radicals with a
strong oxidizing ability [18]. Additionally, ferrous ions also act as a photo catalyst in
the photo-Fenton system; ferric ion can be regenerated to ferrous ion in the presence
of UV light. However, an excess amount of ferrous ions may inhibit the oxidation
reaction because ferrous ions can also compete with target organic compounds to
consume hydroxyl radicals. To investigate the effects of ferrous ion concentration on
the photo-Fenton process for treating formaldehyde and methanol, experiments were
carried out with various amounts of ferrous ions.

Figures 5 and 6 show the effects of ferrous ion concentrations on the
degradation of formaldehyde and methanol. As the ferrous ion concentration
increased from 0 M to 6.67x107 M, 2.27x107” M, 6.67x10 M, and 8.33x10 M, the
removal percentages of formaldehyde degradation at 5 minutes were 5%, 32%, 55%,
65%, and 78%, respectively. While the removal efficiencies of methanol oxidation
during the same period were 0.2% to 2%, 37%, 47%, and 49%, respectively.
Interestingly, these removal percentage values had increased tremendously as the
reaction time reached at 80 min of the reaction period. The removal percentages of
formaldehyde reached 48%, 62%, 79%, 94% and 95%, respectively, and those for
methanol 32% to 44%, 63%, 79% and 82%, respectively.

These results indicate that the removal efficiency of formaldehyde and
methanol increased with an increase in the ferrous ion concentration, especially
during the Fe?'/H,O, stage. However, at ferrous concentrations of 6.67x102 M and

8.33x102 M, the removal efficiencies of formaldehyde and methanol did not change

11
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much. This result might be explained by the ferrous ion inhibition that occurred when
too high a concentration of ferrous was presented. Ferrous ions then.lselves may react
with hydroxyl radicals resulting in the retardation of the reaction. Liou et al. [4] also
indicated that the hydroxyl radical inhibition effect could occur in the photo-Fenton
reaction with high ferrous concentrations.

In the Fe*/H,0, stage, when ferrous ions increased, the rate constant values of
formaldehyde and methanol increased as shown in Table 4. Noticeably, when high
dosages of ferrous ions were used (6.67x102 and 8.33x102 M), the initial rate of

formaldehyde and methanol changed slightly. Therefore, the benefit obtained from an

increased amount of ferrous 1ons on the initial rate was not obvious.

3.5 Competition of formaldehyde with methanol
Methanol is present in commercial formaldehyde to keep its stability. As

hydroxyl radicals are a non-selective oxidant, it can react with almost all organic

compounds. Therefore, methanol may compete with formaldehyde to consume
hydroxyl radicals resulting in the retardation of the oxidation reaction of
formaldehyde. To investigate the effect of methanol on the degradation of
formaldehyde treated by the photo-Fenton process, three experiments with different
initial concentrations of methanol, 0.0796 M, 0.333 M and 0.667 M, were
investigated. As shown in Figures 6(a) and 6(b), the amounts of formaldehyde
decomposition within 5 minutes were 65%, 41% and 21% and the amounts of
methanol decomposition were 47%, 24%, and 13%, when the initial concentrations of
methanol were 7.96x1072 M, 0.333 M, and 0.667 M, respectively. In the presence of
high concentrations of methanol, 0.333 M and 0.667 M, the oxidation reaction of

formaldehyde had almost stopped after 20 min. These results indicate that the removal

12
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efficiency of formaldehyde decreased with an increase in the methanol concentration.
'
Presumably, the presence of methanol retards the oxidation of formaldehyde and

methanol itself. Methanol may compete with formaldehyde to consume formaldehyde

as in the reaction as expressed in Equation (4):

CH;OH + OH° — °‘CHOH + H,0 4)

Further evidence for the retardation of formaldehyde by the methanol
oxidation can be seen from Table 5. As the concentrations of methanol increased, the
initial rates and k values of formaldehyde and methanol decreased. These values
clearly show that methanol may compete with formaldehyde to react with hydroxyl
radicals and get oxidized.

As presented by Buxton et al. [19], the intrinsic rate constants for
formaldehyde and methano! with hydroxyl radicals were almost at the same value:
1x10° M's! and 9.7x10%° M™'s”', respectively. Therefore, the oxidation rate of

formaldehyde could almost be the same as that of methanol.
According to the following equation:

I/t = K.OH[CH;;OH]['OHJ (5)

Kow [CH20]-[-OH]
where r,, stands for the initial rate of methanol and r¢ is the initial rate of
formaldehyde; Koy is the intrinsic rate constant of pollutants to react with hydroxyl

radicals: 1x10° M™'s™ for formaldehyde and 9.7x10° M"":s™ for methanol; [CH;0H]} is

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

the initial concentration of methanol: 0.0796 M. [CH;0)] is the initial concentration of
¥
formaldehyde; 0.333 M, and [*OH] is the concentration of hydroxyl radicals in the

system.

By substituting these values in Equation (5), the theoretical value of ry/rris
equal to 0.232. Table 6 lists the r,/rrobtained from the experiments. It indicates that
all values of rp,/ry obtained from the experiments are lower than the theoretical values.
Similar results are also presented in Table 7. By substituting 0.333 M and 0.667 M of
methanol in Equation (5), the theoretical values of rn,/re are 0.97 and 1.94,
respectively. However, rn/re values obtained from the experiments are 0.588 and
1.209, respectively, which are much lower than the theoretical values. This finding

indicates that methanol is difficult to oxidize when competing with formaldehyde.

Conclusions

The results from this study show that the degradation of formaldehyde is
feasible in the photo-Fenton system. During the oxidation reaction, methanol, the
additive chemical in commercial formaldehyde. was also decomposed. As a
comparison, the photo-Fenton process provides a more significant increase in the
efficiency of formaldchyde and methanol oxidation in aqueous solutions than that of
the UV/H,0; process. The formaldehyde decomposition in this system underwent a
three-stage reaction. The first stage was the reaction during the first 5 min in which
both formaldehyde and methanol were quickly decomposed and this is referred 10 as
the Fe?'/H,0; stage. The decomposition rates in the following stages were clearly
slow and can be divided into the sccond and third stages. In third stage, called the
Fe*/H,0, stage. the reaction took place after 30 min, and this was discussed by

means of the first order rate constant (k). The degradations of formaldehyde and
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methanol are far swifter in the Fe?'/H,0, stage than those in the'second and third
stages. In the photo-Fenton system, the oxidation rates of formaldehyde and methanol
were influenced by many factors, such as the initial pH value, the concentrations of
hydrogen peroxide, ferrous ions and methanol. The initial pH values exerted less
effect on formaldehyde and methanol degradation. However, the initial pH at 2.6
provided the highest removal efficiencies in this system. The increasing of hydrogen
peroxide and ferrous ion concentrations enhanced the formaldehyde and methanol
removal efficiencies. However, at high concentrations of ferrous ions (higher than
2.27x10? M), the initial rate of formaldehyde and methanol changed only slightly.

The addition of methanol exhibited a competitive effect on formaldehyde
degradation. The removal of formaldehyde decreased with increasing methanol
concentration. At high concentrations of methanol, the oxidation reaction of
formaldehyde was retarded. In the kinetic reaction rate study, the experimental values
of the ratio of methanol to formaldehyde oxidation rates (rn/r¢) is lower than those
derived from theoretical values. However, these values present the same finding;
oxidation of formaldehyde is much more easily achievable than that of methanol in

the same system,
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t
Table 1. Formaldehyde and methanol oxidation rates and rate constants using

UV/H>0; and photo-Fenton

Table 2. Effect of initial pH on photodecomposition of formaldehyde and methanol
with 6.67x102 M of Fe**

Table 3. Effect of H;O; on formaldehyde and methanol oxidation

Table 4. Effect of ferrous ions on formaldehyde and methanol oxidation

Table 5. Influence of methanol on the oxidation reaction

Table 6. Comparison of experimental and theoretical values for rm/r¢

Table 7. Comparison of experimental and theoretical values for r/r¢ in various initial

concentrations of methanol
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1  Table 1. Formaldehyde and methanol oxidation rates and rate constants using
[}

2 UV/H,0; and photo-Fenton

initial rate(M-min™") k (min™")

10

11

12

13

14

15

16

17

18

19

20

21

Process

CH-.0O

CH3;0OH

CH;O

CH;0H

UV/H,0;

3.33x107°

3.18x10°

6.5x10

3.66x107

0.0095

photo-Fenton

4.33x107

7.55x1073

1.49x1072

8.25x107

0.174
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1  Table 2. Effect of initial pH on photodecomposition of formaldehyde and methanol
[}

2 with 6.67x102 M of Fe?*

initial rate (M-min™") k (min™)

11

12

13
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16

17

18

19

Parameters

CH,0

CH;0H

CH,O

CH;0H

Iml/Te

pH 2.6

4.33x107%

7.55x107

1.49x10%

8.25x10

0.174

pH3

3.95x10%

2.23x107

1.71x10™

8.91x10”

0.056

pH 3.5

4.00x10*

5.99x107

1.63x107

9.09x10™

0.15

pH 4

3.60x10%

4.92x10°

1.69x10™

8.29x107

0.137
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Table 3. Effect of H,0; on formaldehyde and methanol oxidation

CH,0 or CH30H | initial rate (M-min'") k (min™)

Concentration CH,O CH,OH CH,O CH,0H o/t
0.333 M 3.72x10-2 | 6.03x10-3 | 1.58x10-3 | 1.78x10-3 | 0.1621
0.500M 3.4x10-2 | 2.66x10-3 | 3.79x10-3 | 2.85x10-3 | 0.078
0.667 M 4.33x10-2 | 7.55x10-3 | 1.45x10-2 | 8.25x10-3 | 0.174
0.833 M 4.6x10-2 | 8.5x10-3 - 1.47x10-2 | 0.185

1M 5.97x10-2 | 1.05x10-2 - 4.6x10-3 | 0.207
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Table 4. Effect of ferrous 1ons on formaldehyde and methanol oxidation

initial rate (M-min-1) k (min-1)
[Fe*"] Tm/Te
CH,0 CH;0H CH,0 CH;0H
oM 3.33x10~° | 3.18x10-5 6.5x107 3.66x10™ 0.0095
6.67x10° M | 1.46x10-2 | 3.98x10-4 | 8.25x10-3 | 4.85x10-3 0.0273
227x10* M 3.69x10~ | 5.89x10° | 9.01x10° | 4.6x107 0.16
6.67x10~* M 4.33x10™ 7.55%107 1.49x107 8.25x107° 0.174
8.33x10™~° M 5.18x107 7.82x107 1.54x10™ 1.12x10™ 0.151
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Table 5. Influence of methanol on the oxidation reaction

initial rate (M-min™) k (min™")
[CH;0H] Ir/Ts
CH,0O CH,0H CH,0 CH;0H
0.0796 M | 4.33x10™% | 7.55x107 | 1.49x107 | 8.25x10 0.174
0.333 M 2.72x1072 | 1.6x107% | 1.33x107 | 2.04x10™ 0.588
0667M | 1.43x1072 | 1.79x107 | 4.67x10™* | 1.48x10™ 1.209

24



Table 6. Comparison of cxperimental and theoretical values for Tm/Tr

Experimental conditions Tm/Tr
Experimental | Theoretical
(HLO:)L M | |[Fe?* ). M [initial pH
value value
UV/H,;0, 0.667 0 2.6+0.1 0.0095 0.232
photo-Fenton | 0667 |6.67x107 | 2.640.} 0.174 0.232
0667 |667x107 [ 2.640.1 0.174 0.232
0.667 |667x107 | 3.010.1 0.056 0.232
Effect of pH

0667 |667x107 | 3.5:0.1 0.15 0.232
0667 |667x107 | 4.010.1 0.137 0.232
0333 [6.67x107 [ 2.610.1 0.162 0.232
0% 6.67x107 | 2.610.1 0.078 0.232
Effectof H:0;| 0667 | 667x107 | 2.6£0.1 0.174 0.232
0.833 |6.67x107 | 2.6£0.1 0.185 0.232
1 6.67x107 | 2.6£0.1 0.207 0.232
0.667 0 2.60.1 0.0095 0.232
0.667 |6.67x107 | 2.6+0.1 0.106 0.232
Effectof Fe?* | 0.667 |[2.27x107 | 2.610.1 0.16 0.232
0.667 |6.67x10% | 2.620.1 0.174 0.232
0.667 |8.33x107 | 2.6+0.1 0.151 0.232




Table 7. Comparison of experimental and theoretical values for rq/rr in various initial

concentrations of methanol

Experimental conditions Ie/Te
Experimental | Theoretical
[CH;0H), M| [H;0:). M | [Fe¥'], M
value value
0.0796 0.667 6.67x10* 0.174 0.232
Effect of
0.333 0.667 6.67x10* 0.588 0.97
mcthanol
0.667 0.667 6.67x10°* 1.209 1.94
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure captions
Comparison on the removal of formaldehyde and methanoil in different
processes, removal of formaldehyde in photolysis process (—s—), removal
of formaldehyde in photo-Fenton process (—a—), removal of methanol in
photolysis process (- - -o - -), removal of methanol in photo-Fenton process
(---a - ); experimental conditions: [H,02] = 6.67 x 107" M,
[Fe?'] = 6.67 x102 M, pH = 2.610.1.
Photooxidation of formaldehyde (F) and methanol (M) in various initial pH,
F-pil 2.6(—s=—). F-pH 3.5(—a—), F-pH 4(—e—), M-pH 2.6(---0--"),
M-pH 3.5 (- a ), and M-pH 4(- - -o- - -); experimental conditions:
[CHA0]70.33 M, [110:]76.67x10"'M, [Fe?*)=6.67x10 M.
Photooxidation of formaldchyde (F) and methanol /M) at different
hydrogen peroxide concentrations, H;O; Free(—-¢--) , F-[H,0,] 0.333 M
(—s—), F-[H;0;] 0.667 M (—a—), F-[H;0;] 1 M (—e—), M-[H,0;]
0333 M (---o ), M-{11,0:] 0.667 M (---&--), M-[H:0;] 1 M(---0---);
experimental conditions: [CH,0]=0.33 M, [Fe*'}=6.67x107 M, pH
=2.610.1.
Residual fraction of hydrogen peroxide with time, [H2O,] 0.333 M(—o-),
[H20;] 0.500 M(—o—), [H20,] 0.667 M(—+—), [H20:] 0.833 M(——), [H0;]
1 M (—=—); experimental conditions: [CH20]=0.33 M, [Fc.=.€2"]=.6.157:ic1.0'2 M,

pH =2.610. l-
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Figure 5.

Figure 6.

Effect of initial concentrations of ferrous ions on photooxidation of (a)
formaldehyde (F), F-Fe** Free (——), F-[Fe**] 6.67x107 'M (—=—), F-
[Fe™*] 2.27x10 M (—a—), F-[Fe?'] 6.67x102 M (—e—),

F-[Fe**] 8.33x10M (—8-), and (b) methanol (M), M-Fe** Free(-- -« - 9,
M -[Fe**] 6.67x107 M(---o--), M -[Fe?*] 2.27x102 M (---a -9, M -[Fe*']
6.67x102M (-- -o-- ), M -[Fe®'] 8.33x10% M (-- - =-- ); experimental

conditions: [CH20]=0.33 M, [H;0,}=6.67x10" M, pH =2.6+0.1.

Effect of initial concentrations of methanol on the oxidation of

(a) formaldehyde (F), F-[CH30H] 0.0796 M(—+—), F-{CH.OH] 0.333 M
(—s=—),F-[CH;0H] 0.667 M(—=«—) and (b) methanol (M), M-[CH30H]
0.0796 M(---¢ - ), M-[CH30H] 0.333 M (---o- -7}, M-[CH30H] 0.667 M
(--- & --); experimental conditions: [CH>0]=0.33 M, [H202]=6.67x10" M,

[Fe?*] = 6.67x107 M, pH =2.6+0.1.
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Comparison on the removal of formaldehyde and methanol in different
processes, removal of formaldehyde in photolysis process (—s—), removal
of formaldehyde in photo-Fenton process (—&—), removal of methanol in
photolysis process (- - -o-- ), removal of methanol in photo-Fenton process
(---a - 9); experimental conditions: [H2O0;] = 6.67 x 10" M,

[Fe¥*]=6.67 x107 M, pH = 2.6+0.1.

29



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

1.2

Residual Fraction

0 10 20 30 40 50 60 70 80 90
Time, min

Figure 2. Photooxidation of formaldehyde (F) and methannl (M) in various initial pH,
F-pH 2.6(—s—), F-pH 3.5(—=&—), F-pH 4(——), M-pH 2.6(---o-- ),
M-pH 3.5 (---& - ), and M-pH 4(---o-- ); experimental conditions:

[CH20]=0.33 M, [H;0,]=6.67x10"'M, [Fe*']=6.67x10 M.
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Figure 3. Photooxidation of formaldehyde (F) and methancl (M) at different hydrogen

peroxide concentrations, HyO, Free(—-¢--), F-[H,0;] 0.333 M (—=—),

F-[H;0,] 0.667 M (—a—), F-[H20,] 1 M (—e—), M-[H,0;] 0.333 M

(--o-9), M-[H20,] 0.667 M (---& -7), M-[H20;] 1 M(---0---); experimental

conditions: [CH20]=0.33 M, [Fe?*1=6.67x10"* M, pH =2.6+0.1.
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Figure 4. Residual fraction of hydrogen peroxide with time, [H20;] 0.333 M(—o—),

[H20:] 0.500 M(—o—), [H20:] 0.667 M(—a—), [H:0;] 0.833 M(—o—),

[H,O0,] | M (—==); experimental conditions:

[Fe?*)=6.67x10 M, pH =2.6+0.1.

[CH,0]=0.33 M,

32



10

11

12

13

14

15

16

17

18

19

20

21

23

24

25

Figure 5.

g
8
EO.S
=
= 06
=
=
50.4~
0.2 1
0 ‘—__"——'—ot—.__.____‘.h______.’
0 10 20 30 40 50 60 70 80 90
Time, min
1.2
1 !(:a:
e PR - N
'5 08 ‘_‘_I N 0 i TR 0.
g Oeee..._ . - °
5064 T T o
S Ro TA--L.
= . A ...
] 0.4 - k..‘-.a _____ A-aaaao . A
o tIizao..
& "--8:::::;:%. X
o2 |  ETTTEEe =Q
0 ; . : .
0 10 20 30 40 50 60 70 80 90

Time, min

(a)

(b)

Effect of initial concentrations of ferrous ions on photooxidation of

(a) formaldehyde (F), F-Fe?" Free (——), F-[Fe**] 6.67x10* M (—a—),

F-[Fe?*] 2.27x102 M (—a—), F-[Fe?*] 6.67x107 M (—s—),

F-[Fe?*] 8.33x10"2M (—&-), and (b) methanol (M), M-Fe?* Free(-- -9,

M -[Fe?"] 6.67x107 M(---o--), M -[Fe*'] 2.27x102 M (---a- ), M -[Fe?"]

6.67x102M(: - -o---), M-[Fe*] 8.33x102M (-- - =--

-); experimental

conditions: [CH;0)=0.33 M, [H;0,]=6.67x10"' M, pH =2.610.1.
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Figure 6. Effect of initial concentrations of methanol on the oxidation of
(a) formaldehyde (F), F-[CH30H] 0.0796 M(——), F-[CH30H] 0.333 M
(—s—),F-[CH;0H] 0.667 M(—&—) and (b) methanol (M), M-[CH3;0H]
0.0796 M(-- -+ - ), M-[CH30H] 0.333 M (---e- - -), M-[CH30H] 0.667 M
(---a- -); experimental conditions: [CH,0]=0.33 M, [H,0,]=6.67x10"! M,

[Fe**] = 6.67x102 M, pH =2.610.1.
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EFFECT OF UV/H202 ON DEGRADATION OF FORMALDEHYDE
IN AQUEOUS SOLUTION
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Thammarat Koottatep®, and Chih-Hsiang Liao®

! Department of Environmental Engineering, King Mongkut's University of Technology Thonburi,
Bangkok, Thailand )
? National Reseurch Center in Environmental and Hazardous waste Management, Chulalongkorn
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! Department of Environmental Engineering Khonkaen University, Khonkaen, Thailand
'School of Environment, Resources and Development (SERD), Asian Institute of Technology(AIT),
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* Depattment of Environmental Engineering and Science Chia Nan University of Pharmacy and
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ABSTRACT

In this study, UV/H202 pholooxidation process was investigated for the degradation of
formaldehyde from aqucous solution. An annular photoreactor cquipped with 254 nm low
pressure mercury lamp was employed. The effects of UV irmadiation, hydrogen peroxide, and
pH solution on process performance were systematically studied. The study shows that UV
photolysis has little effect on degradation of formaldehyde. The highest efficiency of
formaldehyde degradation is achieved with the mole ratio of CH20: H202 at 1:2. The
degradation of formaldchyde does not improve in the presence of hydrogen peroxide in
excess. The favorable oxidations of formaldehyde were obtained in the region of pH 5-7. In
addition, the byproduct of formic acid was identified in the degradation of formaldehyde by

UV/H202 process.

KEYWORDS: formaldehyde, photooxidation, advanced oxidation processes, vitraviolet
light, hydrogen peroxide

1. INTRODUCTION

Medical wastewater contains a variety of toxic organic contaminants in wide concentration
range. The toxic chemicals used in hospital generally consist of formalin solution as 40%
formaldehyde and other chemicals such as acetone chloroform. According to prior studies
(Charuratana and Voranisarakul, 1993; Cheawchanthanakit and Sangphromma 1997), the
failure of the hospital wastewater treatment plants in Thailand came from the direct discharge
of these toxic chemicals to the process units. The results from these studies also indicated that
formaldehyde is considered as the major toxic organic contaminant in the medical wastewater
due to its relatively high strength and volume discharge. Formaldehyde is commonly used as
the prescrvative chemical in laboratory and embalming room in hospital. Used formaldehyde
will be discharged 1o the wastewater trcatment plant from the laboratory once a week with
average amount of 500 mg/L and from embalming room twice a year with average amount of

67.5 m’. _
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The degradation of these toxic pollutants that pose some degree of either toxic or inhibition to
microorganism in biological treatment process must be carried out by other treatment
technology prior to the conventional treatment. During the last decade, attention has been
focused on the advance oxidation processes (AOPs), which provide ultimate solution for the
treatment of hazardous organic pollutants (Amiri et al., 1997; Andreozzi et al., 1999; Krtzler
and Bauer, 1999). The combination of UV irradiation and some catalysts (e.g. H,0,, O,, Fe(II)
and TiO;) is employed to produce hydroxyl radicals which react with organic pollutants,
leading to mineralization of the contaminants. Since the conventional treatment method for
medical wastewater in Thailand is biological process, the AOPs are selected as the pre-
treatment method to decompose formaldehyde to a certain safety concentration level for
further treatment. Of the AOPs, the UV/H>0s is selected in this research due to its easiness
and readiness as well as its cffectiveness in organic pollutants removal.

2. MATERIALS AND METHODS

2.1 Photochemical Reactor

A 1-litre photochemical batch reactor was used in all experimental performed. The
photoreactor consists of ouler and inner compartments. The inner part is an angular quartz
vessel for locating low pressure mercury lamp, which has a wattage of 10 and emits 254 nm
primarily. This inner well is water-jacketed to maintain a constant solution temperature. The
outer quartz compartment is the solution receiving well with 2 sampling ports. In addition,
this system was well agitated by a magnetic stirring bar.

2.2 Experimental Procedure

For each experiment, synthetic wastewater of 10,000 mg/L (0.33 M) formaldehyde was
prepared in deionized water. The pH solution was adjusted to desired values by H,SO. or
NaOH before starmp, then a predetermined amount of hydrogen peroxide was injected in the
reactor right at the beginning of each run. The time at which the solution was irradiated was
considered as time zcro. Each solution was irradiated for 300 min.

2.3 Analytical Measurements

At appropriate time intervals. samples were taken from the reactor into glass vials. The
samples were immediatcly analyzed to avoid further reaction. Enzyme catalase was also
added to each sa}nple to decompose hydrogen peroxide residue, preventing hydrogen
peroxide from reacting with organic spbstrates during the analysis. The standard iodometric
method was performed to determine the hydrogen peroxide residual concentrations. The
concentrations of formaldehyde residue were determined by gas chromatography equipped
with flame ionization detector (GC-17A Shimadzu with ATm-Aquawax glass capillary
column 30m. x 0.25 mm. x 0.25 um film thickness). The analytical conditions were set as
follows: the injector and detector temperatures were 170~C and 250 UC, respectively; the
column temperature programming was 35°C for one min, 40°C for 3 min with the ramp
temperature rate at 0.8°C/min, and 110°C for S minutes with ramp temperature rate at 16
“C/min. The elution time of 1.85 minutc was used for identifying formaldehyde peak. Helium
is used as carrier gas using 20% split mode. The injection sample volume was 2 pl. The
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concentrations of formaldchyde were calculated from corresponding peak arca. Initial and
treated TOC were analyzed with Shimadzu 700 TOC ANALYZER 0-1-Analytical.

3. RESULTS AND DISCUSSION

3.1 Photodegradation of Formaldehyde

In this study, the photolysis of formaldchyde without hydrogen peroxide was investigated. As
shown in Figure 1, by UV alone slight amount of formaldchyde was decomposed, less than
20% bcing removed. In the presence of H0;, formaldehyde was scen to drop down sharply.
But afier a certain time point around 120 min, the residual formaldchyde remained rather
unchanged.

Formaldehyds (C/C)
o
(-]

0.5 .

04 e ———————

[} —— e

011 « — Phololysis

0.1 4 - =— UVH O,

0.0 — v v T ¥ ¥ J
4] h-] (2] 90 120 130 180 110

Tiuna {min)

Figure 1. Degradation of farmaldehyde by UY and UV/ H;0,.
{{CH;O) = 10.000 mg/, CH;O:H,O; = 1:1, pH =7)

3.2 Effect of H,0,

In the UV/H;O; process, hydroxyl radicals were gencrated through the photolysis of hydrogen
peroxide as shown in the initiation step of hydroxyl radicals formation {equation (1)).

1,0: + hv

B 20H e (1)

This gencrated hydroxyl radical can rcact with hydrogen peroxide and thus leads to many

reactions as follow:
h

OHe + HyOp = HOp + HoO .o (2)
HO; ¢ HOY —————+ HiO1 + O 3)
OH + HOy —% H;0 + O (4)
OH' + O ————» HuOn e (5)

Figure 2 illustrates the degradation of formaldehyde as a function of the inradiation time at
different initial hydrogen peroxide concentrations. As described carlier, the photolysis of
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formaldchyde in the absence of hydrogen peroxide gave rather slight effect and resulted in
slow degradation of formaldehyde. With the presence of hydrogen peroxide, the degradation
rate of formaldehyde increased with increasing hydrogen peroxide concentration. However
the ratio of 1:3 resulted in less removal of formaldehyde than 1:2, This can be explained due
to hydroxyl radical scavenging by excessive H,O; (equation (2)). As the rmatio of
formaldehyde and hydrogen peroxide is higher than 1:2, its hydroxyl radical scavenging
effect became important and the formaldehyde degradation decreased accordingly. In the
meantime, the termination reactions {equation (3)-(5)) might be expected to occur.

With the ratios of formaldehyde and hydrogen peroxide at 1:0.1, 1:0.5 and .1:1, Figure 3
shows that hydrogen peroxide was completely consumed at 60 minutes, indicating that the
amounts of hydrogen peroxide in these systems were insufficient. On the contrary, hydrogen
peroxide was observed to be in excess with the ratios of 1:2 and 1:3, which led to
considerable residue of hydrogen peroxide at the end of reaction period 300 min. Under such
ratios, HzO, was secn to reduce remarkably in the period of 90 imin, and after 90 min it
decreased slowly.

100,
ME e
o8] Ty e —— e .

07 W\ ool

0.6+ ’~—-.\ T e————»
0.44

0.3 N . .
I
0.4

S I —— e .
V9 30 60 90 120 150 180 210 242 270 300 130

Formaldehydo(CIC,}

Time {min)
-e+—1:01 —o—1:05 —a— 111
e— 132 —+— 13

Figure 2. Degradation of formaldehyde by UV/H202 with different molar ratios of
CH20:H202.(|CH20]0 = 10,000 mg/, pH =T7)

%‘

.

'—_f-——___.

H,0, f.os!:iual (mgll}
RAERRR

0 30 &0 W 10 15 188 e 240 I70 200 X
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—s—1:09 —— 105 ——1:1%
—e-1:2 —e—1:)

Figure 3. Hlydrogen peroxide residues in UY/H202 system with different molar ratios of
CH20:H202. (]CH20]0 = 10,000 mg/l, pH =7)
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3.3 Effect of pH

It has been reported that the bsst oxidation was obtained at acidic pH for ultraviolet and
hydrogen peroxide process in the presence of carbonate species (Liao and Gurol, 1995;
Mokrini et al., 1997). However, higher dissociation rate for hydrogen peroxide at higher pH
has also been reported (Ku et al., 1998). In addition, effect of pH on the efficiency of
hydroxy!l radical production and its final reaction will mostly depend on nature of
contaminant (Hernandez et al., 2002). The results for oxidation of formaldehyde at different
pH by UV/H;0; process were given in Figure 4. Qbviously, the best formaldehyde removal
was obtained in the region of pH 5-7. When the pH solution was lower or higher than this pH
region the formaldehyde oxidation efficiency was reduced. The highest rate of formnaldehyde
degradation was observed to be at pH 7.

Formaldehdye (CiC )

L

Figure 4. Hydrogen peroxide residuals in UV/H202 system with different pH.
(ICH20]0 = 10,000 mg/l, CH20:H202 =1:2)

3.4 Degradation of Formaldehyde

Figure S5 shows the TOC removal as a function of the imadiation time at a molar ratio of
formaldehyde:hydrogen peroxide, :2. Apparently, degradation of formaldehyde does not
reach complete mineralization since 60% of TOC still remained in the solution. This
phenomenon can be explained that formaldehyde was oxidized into formic acid as its reaction
byproduct, which is refractory to hydroxyl radical oxidation. As reported in earlier studies
(Stefan and Boiton, 1998; Heit et al., 1998; Gonzalez and Braun, 1996), formaldehyde itself
react with hydroxyl radicals ("OH) by way of hiydrogen abstraction, resulting in the formation
of formyl radicals (CHO)" or their hydrated form. The latter are oxidized by dissolved
molecular oxygen to yield formic acid and hydroperoxyl radicals. Again, formic acid reacts
with "OH to give formoyl radicals that react with molecular oxygen finally yi¢lding carbon
dioxide and hydroperoxy! radicals. The presence of formic acid was evidenced by identifying

its peak in GC chromatogram in this study.
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Figure 5. TOC and formaldehyde degradation by UV :(); process.
{ICH;Oe = 10,000 my/i, CHO:H, 0, =1:2, pH =7)

4. CONCLUSIONS

This study shows the photoxidation of formaldehyde by UV.H2ZO2 process at different molar
ratios of formaldchyde: hydrogen peroxide and different solutbon pH  levels. Slight
formaldchyde depradation by UV alone was obscrved. Addinhon of hydroyen peroxide led to
significant increase of efliciency of formaldchyde degradation. The excessive amount of
hydrogen pcroxide (c.g. ratio of CHZO:H202 at 1:3) in the UV/H202 system excried
negative cffect on the degradation of formaldehyde. The optimurmn molar ratio of CH20:H202
was found to be 1:2 to achicve the highest degradation of formaldchyde. The optimum pH of
this system is presented at the region of pH 5-7. The results show that degradation of
formaldehyde does not recach complete mineralization due to the occurrence of reaction
byproduct like formic acid, which is refractory to hydroxyl radical oxidation.
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ABSTRACT

The dcgradation of formaldchyde and methanol using photo-Fenton method in a lab-scale
reactor was investigated in this study. The initial concentration of formaldchyde and methanol
were 0.333M and 7.96x102 M, respectively. Effcct of mcthanol, H,O; and Fe?*
concentrations on the photo-Fenton rcaction was investigated. The initial rate of
formaldechyde and methanol oxidation significantly . increased with increasing the
concentration of H2O,. UV light has higher promotion efficiency when there is a lower Fe?*
concentration; however, at the higher concentration of Fe’*, it just slightly increased the
oxidation rate due to the fast reaction of H,O; and Fe?*. The optimum concentrations of H;Q,
and Fe?! for formaldchyde and methanol oxidation obtained in this study werc 1.0 M and

6.67x10M, respectivcly. -

KEYWORDS: formaldehyde, methanol, photo-Fenton

1. INTRODUCTION

Many chemical substances are used in hospitals and are discharged monthly or annually to
wastewater treatment plants. Recently, King Mongkut's University of Technology Thonburi
(KMUTT) has studicd the” failure of the wastewater treatment plant in many hospitals in
‘Thailand. It is found that the major factor causing the problem to the wastewater treatment
plant, normally biological processcs, is the batch discharging of used chemical substances
causing the shock load of toxic chemicals of the wastewater trcatment plant. Major organic
contaminant discharged 1o wastewater treatment plants is formaldchyde, used as embalming
solution. With large discharge volume, formaldehyde becomes the most significant pollutant

in hospital wastewater.

Photo-Fenton process has attracted a great interest in recent ycars duc to jts high efficiency to
mincralize . organic pollutants. The success of organic hazardous waste removal from the
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wastewater using this process has been widely reported (Rodriguez et al., 2002; Bauer et al.,
1999). With combination of H;0,, Fe¢?*, and UV, very reactive frec radicals, known as
hydroxy! radicals (OH®), are generated znd react rapidly with almost organic compounds. In
this study, photo-Fenton process was applied to investigate the oxidation of formaldchyde in
aqueous phase. In addition, methanol is also added in the commercial product of
formaldehyde to keep it stable. Therefore, methanol always exists in formaldchyde solution
and competes hydroxyl radical with formaldechyde during the oxidation. In this study,
formaldehyde as well as methanol oxidation in the photo-Fcnton process were evaluated.
Three parameters, namely initial pH, [H,0;), and [Fe’*] were used to explore their effect on
the oxidation reaction. In addition, the oxidation of formaldehyde in the presence of different
methanol concentrations was also studied.

2. EXPERIMENTAL

2.1 Chemicals and Materials

Analytical grade formaldchyde 37% with 10% Of methanol, hydrogen peroxide 35% and
heptahydrated ferrous sulfate were purchascd from the Merck Comgany. All experiments
were performed in a 1.1-L reactor. The quartz reactor includes of two compartments. The
outer compartment contains the treated mixture and the chemical reagents, and the inner one
was used to insert the UV-lamp. The cooling water was provided for the inner part to keep a
constant temperature (30°). The sampling solution was well mixed with a magnetic stirrer bar.

1.2 Procedure

All reaction solutions were adjusted to pH 2.610.2 with H,SOs. The light source was a 10-W
ultraviolet lamp with a peak wavelength of 254nm. The initial concentration of formaldehyde
and methano! were 0.333 M, and 7.96x10"2M, respectively. The concentrations of hydrogen
peroxide and ferrous ion were varied from 0.333 to 1.0 M and 6.67x107 to 8.33x102 M 10
investigate the optimum condition for formaldehyde and methanol degradation. The
photo-Fenton reaction was initiated by the addition of hydrogen peroxide and simultaneously
starts of irradiation. 1-ml aliqots were withdrawn at seclected time intervals. The reaction was
quenched instantly by adding 2-mi of 0.28 M Na;S0O; and 1-ml of NaOH 0.5 M before
analysis.

Formaldehyde was analyzed by a GC equipped with an FID detector (HP4890). A pack
column (5%diphenyl and dimethylpolysiloxane) with the following dimension, 60 m, and
0.53 um, was uscd. The temperature program during the GC analysis was used as follows: 35
°*C(1min), 0.8 *C.min"' until 40 °C({3min), 65 °C.min"" until 200 °C(1min). .

3. RESULTS AND DISCUSSION

3.1 Comparison of UV/H:0; and photo-Fenton processes

Since photo-Fenton process initiated by combination of UV/H;0; and Fc", the oxidation
cfficiency of UV/H;0; should be studicd first and then compared with photo-Fenton process.
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In UV/H;0; process hydroxyl radical are formed according to equation (1) (Esplugas, et. al,
2002):

HO; +hv  — 2K 0) 2 OO PRSP (1)

In the photo-Fenton process system, Fe?* can catalyze H,O; to produce OH" as shown in
equation (2): ’

Fe’'., + H0, _— FE¥ s+ OH + OH .oorerrcecrercece vt sasannssenas (2)

The rolc of UV irradiation leads not only to the formation of additional hydroxyl radicals as
shown in cquation (1) but also to a recycling of the F¢* catalyst by the reduction of Fc’~. By
this way, the concentration of Fe?" increases and thercfore the oxidation reaction is
accelerated because much more hydroxy! radicals are genecrated (Ghaly et al., 2001).

As shown in Figures 1 and 2, the decomposition rate of formaldehyde and methanol by
UV/H;0; process was slow compared with that by photo-Fenton process. In UV/H;O;
process, the removal ratios of formaldehyde and methanol at 5 minutes were 12% and 3% and
after 80 minutes, thosc were 57% and 40%, respectively. In this study, the initial rate is
defined as the average oxidation rate in the first 5 min. of the oxidation reaction. When Fe*
was introduced in the UV/H20; process, therefore the initial rate of formaldehyde degradation
increased from 7.66x107 M.min™ to 4.63x102 M.min"' and 4.78x10™* M.min™ to 7.56x10
M.min"' for methanol degradation. From our observation, it is rccommended that the
photo-Fenton process can significantly accelerate the rate of formaldchyde and methanol
degradation in aqueous solution.

vad —a—H.0uv Ve ‘ —e—H.0, UV
\h —a—phots-Fenton —e—phoio-Fenten
= e
%- (1} *-—-—_.\ g_ ond \.\.
% J - ¥ e Te—
—‘5 e \- £ W - -
: . T~ £ad TN
—
z 014 .\b\‘___* i EXE T o
S e e
oo — v — — e v - v
Y Y .0 13 ™ 40 a0 Ty
Time, min Time. min
Figure 1 Comparison of formatdehyde Figure 2 Comparison of methanol
- degradation by H,O0,/UV and degradation by H,0/UV and
photo-Fenton methods (initial photo-Fenton method (initial
[CH,O] = 0.333 M>]H;0,] = 0.667 M, ICH,OH] = 8.36x10* M, |H,0,] =
[Fe¥} = 6.67x107 M, initial pH = 2.6 0.667 M, |[Fe’") = 6.67x10? M., initia)
10.2). pH = 2.610.2).

3.2 Effect of H;0O»

Hydrogen peroxide plays an important role in the photo-Fenton process. As shown in

cquations (1) and (2). «OH is gencrated by the photolysis of hydrogen peroxide and the
reaction between hydrogen peroxide and ferrous ion. In the abscnce of 11,0;, no
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formaldchyde degradation was obscrved and methanol concentration was slightly decreased.
The role of added H,0; is different depending on its concentration. Figure 3 shows the effect
of initial concentration of H,O; on the removal of formaldchyde. Results show that the
removal ratio of formaldehyde at the time of 5 minules were 56%, 70%, and 90% in the
presence of 0.333, 0.667, and 1.0 M 1,0,, respectively. Formaldchyde was almost degraded
with addition of 1.0 M H,0; within 10 min. After 80 min, the removal ratios of formaldchyde
were 68%, and 95% with 0.333 and 0.667 M of H;Oz The mmal rate of formaldchyde
degradation were 3.73x107 M.min"', 4.63x10 M.min™' and 5.96x10 M.min™' with diffcrent
concentration of H,O; ranging from 0 333 to 1.0 M. Figurc 4 shows the proﬁle of melhanol
degradation using different dosages of H,O, in the presence of 6.67x107 M of Fe?*. The
removal rate of methanol was higher during the first 20 minutes. The degradation of methanol
at the iime of 5 minutes were 40%, $7% :md 66%, and rcached 61%, 79% and 96% aftcr 80
minutes with 0.333, 0.667 and 1.0 M of H;0,, respectively. Due to increasing the
concentration of H20n f'rom 0.333t01 0 M, the initial rate of mc!hanol degradation increased
from 6.28x107 Mmin' to 7.56x10 M.min' and 1.05x107 M.min”', respectively. It
indicates that the initial degradation ratcs of formaldehyde and mclhanol increased with
increasing H,>O; concentration in a linear relationship as shown in Figure 5.

—a—H O e
- - ve [40 -2
—a—H,0 e N - \‘—‘—m\n T RN
:'=’- +::g|::::“‘ 8.0 e H D 10N
"r;' —w—Ho }_: oel
= e . = - .
E . g "7 L--“-‘L_"““A.——_._A
I e v -
' Y’ ¥ I .0 10 - [ »e
-Tu-u.wni Tume. mm
Figure 3 Effect of hydrogen peroxide dosage Figure 4 Effect of hydrogen peroxide dosage
on the photodegradation of on the removal ratio of Methanol
formaldehyde (initial IC]I O] = {initial [CH,0H] = 7.96x10°% M, IFez'l
0.333 M, {Fe*'] = 6.67x107 M, initial = 6.67x107% M, initial pH = 2.610.2),
pH = 2.610.2).
" — — Formaldchyde —o—ie e ,
—@— Mrrhanel ——|Fr’ (=0 oTull A
(=2 —— [T’ =2 2Fe )07 0]
s L b z ——Fe v TRl N
s d LA I EVT RRX)
s ouj - § —
:_ -/ -! \'\.-‘--‘--\-
; e o 3 L_\.\""
3 verl . E ——a
.———.———""'. - v ——
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l“,o,|-"' Trme, mm
Figure 5 Effect of hydrogen peroxide dosage Figure 6 Effcct of ferrous ion concentration
on initial rate of formaldehyde and on '".'It removal of formaldehyde
methanol degradation (initial (initial |[CIH,0] = 0333 M, [11,04]=
[CH;01=0.333M, [CH,OH] = 0.667 M, initial pll = 2.6%0.2).
7.96x10" M, |F¢"|- 6.67x10% M, .
initial pHt = 2.610.2).
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3.3 Effect of ferrous ion

Ferrous ion acts as a photo catalyst in photo-Fenton systcm. However, Liou er al.(2003)
indicated that the OH" inhibition cffect can occur in photo-Fenton reaction with high Fe?*
concentration. To cbtain the optimal Fe** concentration, the expcriment was carried out with
various amounts of iron salt. Figure 6 shows the effect of ferrous ion concentration on the
degradation of formaldchyde. As the ferrous 1on concentration increased from 0 to 6.67x1073,
2.27x107%, 6.67x1072, and 8.33x107 M, the perccntage of formaldehyde degradation at time of
5 minutes were 12%, 33%, 56%, 70%, and 78% and reached 58%, 67%, 80%, 95% and 95%
respectively after 80 minutes. The initial rates of formaldehyde degradation increased with
increasing Fe?*concentration; they are 7.66x10° M.min", 2.16x10? M.min"', 3.7x102,
M.min"', 4.63x102 M.min”, and 5.16x102, M.min!, respectively. The removal ratio of
methanol at the different concentrations of ferrous ions is shown in Figure 7. It is remarkable

_that the degradation curve of methanol and formaldehyde show a similar tendency. The
removal ratio at the time of 5 minutes and 80 minutes increased from 3% to 14%, 37%, 47%,
and 49% and from 40% to 54%, 63%, 79% and 82% when the ferrous ion concentration was
increased from 0 to 6.67x107, 2.27x107, 6.67x102, and 8.33x10% M. As a result, the initial
rate of methanol degradation increased from 4.78x107 M.min™, to  2.30x10 M.min”,
5.89x10” M.min™', 7.56x10* M.min™', and 7.8x107>-M.min"', respectively.

It irdicates that the degradation rate of formaldehyde and methanol distinctly increased with
increasing amounts of ferrous ion concentration. Figure 8 shows the rclationship between the
Fe?* concentration and the initial rate of formaldehyde and mecthanol degradation. The
optimum Fe?' concentration for formaldehyde and methanol degradation obtained in this
study was 6.67x10°2 M. Although, the highest initial rate was obtaincd at 8.33x102 M of Fe*",
the rermoval ratios of formaldchyde and methanol after 26 min were almost the same with that
at 6.67x107M of Fe?".

—— ¥ free
v ——(Fc) saTI0" =~ Forma |
' —— —-ﬁ—'::’l:':-l,l'h::': . -—O—Mrlhl::‘lh,d‘
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z “--q_—;ﬂ:::\u‘h -;
E . E aed m—
% e E y //
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[ W / R

as - 0 e ) ° “., a o982 a0e 08 =0 e

Time. min ""'.-1- “

Figure 7 Effect of ferrous ion concentration Figure 8 Effect of ferrous dosage on initial
on the removal of m_slhanol (initia) rate of formaldehyde and methanol
[CH,0H] = 7.96x10™ M, [H,0,] = " degradation (initial JCH,0})= 0.333
0.667 M, initial pH = 2.620.2). M, [CH;0H] = 7.96x10” M, | H,0,] =

0.667 M, initial pH = 2.610.2).

3.4 Effect of methanol

Due to the presence of methanol in formaldechyde solution, the effect of methanol
concentration was investigated in this study. Figure 9 indicates that formaldchyde remaining

a
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within 5 minutes decreased from 70% to 41% and 28%, when the concentration of methanol
increased from 7.96x10% to 0.333 and 0.667 M, respectively, The initial rates of
formaldehyde de?adatiom under the experimental conditions were 4.63x10‘>2 M.min™!,
2.73x10% M.min”’, 1.86x107 M.min", respectively. Fig 10 shows the removal ratio of
methanol at different initial concentrations. The initial rates of methanol degradation were
7.56x10” M.min™', 1.52x10? M.min™, and 2.48x10"2 M.min™, at the initial concentrations of
7.96x10%, 0.333, and 0.667 M, respectively.

The concentration of methanol in formaldéhlyde solution plays an important effect on
formaldehyde degradation. Increasing methanol concentration lead to inhibit the degradation

‘of formaldehyde significantly, due to the reaction of hydroxyl radical with methanol as shown
in equation (3) {Chamarro, et al., 2001)

CH;OH +OH®  ——p  CHyOH® + HoOoooooeoeeeeereeeseeeeereesevneeesreseenneenenenn(3)
o —e— |CH,OH]=0.0794 M ‘e —=— [CH,OH[*0 0798 M
—a—[CH,00)=0.033 M —e—[CH,OH)}=0.J¥) M
o —&—[CH OH}=D.657 M = —a&—[CH ON]=0.667 M
= 3. e
S - A E_: ‘_____________.-.—L‘___‘“
% ee \. ' - ‘E (L -\. ——
= pa - - :_-:
3. _; 04 \“—-_
& 0z \-\- 2 —————
—— 02+ -
- -
o0 4 20 iy 0 0 70 40 5 "
. Time, min Time, min
Figure 9 Degradation of formaldehyde in the Figure 10 Degradation rate of methaneol at
presence of methanol at different . different concentrations (initial
concentrations (initial |CH,0]= [H20;]=0.667 M, [Fe"}=_ 6.67x10?
0333 M, [H:05)= 0.667 M, [Fe’'}= initial pH = 2.610.2).
6.67x102 initial pH = 2.6+0.2). .
a4+ —a— Formaldehyde
042+ «—— Methanol
=3 0,104
8 ] Figure 11 Effect of methanol on initial rate of
f. oo formaldehyde and methanol
_E 0.06 degradation (initial |CH,0}= 0.333
= . ] _ M, [H;0;]= 0.667 M, [Fe¥']=
= oo -\, . 6.67x107, initial pH = 2.620.2).
0.02- . ——a
.—/ T
e o1 o2 o3 04 o5 oo o7
[CH,OHL M

4. CONCLUSIONS

Photo-Fenton process is effective in the degradation of formaldehyde and mecthanol. The
initial rate of formaldehyde and methanot oxidation significantly increased with increasing
the concentration of Hy(;. UV light has higher promotion efficiency when there is a lower
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Fc?’ concentration; however, at the higher concc:nu-:mon of Fe®*, it just slightly increased the
oxudanon rate due to the fast reaction of HyO; and Fc?'. The Ophmum concentrations of H;0;
and Fe’' for formaldchyde and methanol oxidation obtained in this study were 1.0 M and
6.67x107M, respectively. According the finding in this study, competition of formaldehyde
and mecthanol has to be further explored.
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Abstract '

In this study, UV/H,0, process was used to explore the possibility of treating medical wastewater containing
various organic pollutants such as acetone, alcohol, chloroform, and organic acids. The real wastewater was taken from
Bangpakok3 Hospital for all investigated experiments, The initial COD and TOC were 1350 and 1050 mg/l, respectively.
Results show that the highest degradation of medical wastewater was obtained at pH 3. The degradation efficiency of
organic pollutants depended mainly on concentration of hydrogen peroxide. With the excess of hydrogen peroxide in the
system, the performance of pollutant degradation is relatively low. The seif-scavenging of hydrogen peroxide is the major
explanation of this inhibition effect. The highest percentage of COD removal was found at 51% with 2025 mg/L of
hydrogen peroxide. However, the faster oxidation was found in multi-step addition of hydrogen peroxide comparing to the
one step process. The COD removal was enhanced with multi-step addition of hydrogen peroxide as the COD removal

percentage was increased to 75%.
Keywords : Medical wastewater, UV/H,0,, Advanced oxidation processes, irradiation process
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Abstract

In this study, photo-Fenton process was used to explore the possibility of treating medical wastewater containing
various organic pollutants such as acetone, alcohol, chloroform, and organic acids. The real wastewater was taken from
Bangpakok3 Hospital for all investigated experiments. The initial COD and TOC were 1350 and 1050 mg/l, respectively.
The photodegradation experiments were carried out in a stirred batch photoreactor equipped with an immersed germicide
lamp as UV source. The treatment efficiencies of the photo-Fenton processes were calculated from the residual COD in
the water. The results showed that the most optimum pH for the degradation of medical wastewater was pH 3 . It was also
found that both hydrogen peroxide and ferrous ions exerted the significant effect on degradation efficiency. If the
hydrogen peroxide and ferrous ions are not in an appropriate amounts, the COD is relatively low in removal percentage.
On the other hand, if the excess amounts of both substances are found in the reaction, the inhibition effect of organic
degradation occurred. Hydrogen peroxide and ferrous ions were hydroxy!l radical scavengers in the latter situation. Al the

optimum condition, COD removal of more than 75% was achieved after | hr of reaction time in this process.

Keywords : Medical wastewater, photo-Fenton, Advanced oxidation processes, irradiation process
L] L]
fi1U
- -'.' B [V ar - - .’ -
luilepiiumimaiguazienru Waszmindanrudfgsesdurndey TasmwizuaRundnaitfenn
oS A 4 do v = ﬁ » = - - '
Tsmonanas o ungwiadaduan v filine Wasiefidud s uazasalimaniundaonduns
» » » . » " »
Famud ez gaadstandunivan e s lsmonnanazidigssvuidmindeluiiqa asniimaiine
- o ] = ade ¥ ¢ o o = o ] L d 0w .'
Wanumdurvdsydunidiiliraddunidenzifansuanuozaislufiqes dewaliszvuiaindouuy

Fanmuaalsavenam idailgy i lunsdndiuam uaz'n11ﬁﬁ'1ﬁﬁ1us=uuﬁ1ﬁmmanmma'hi'lﬁ'ﬂmmw
sy doTirs e lunmsawnds mstiniamaaiim arihifiosdu TnoRumitod wiantunidmivmsindasd
YnatsadefsuAudTinenindoves Tsamuuia laoson Wern¥msiatimariinaudududiaslussduiit
lﬂuﬁydQﬁmn?z'J'fiau'ﬁmzszuw'hJﬁs:uuﬁ‘nﬁmfnﬁumﬁ‘:mw dununisudlydisnils Fanusmit /147y
szuuiimindomssan miduves lssmunnauasao e wafiiegindszmala
N5£1IUNILEAIIUTDONTIAF1 ( Advanced Oxidation Processes , AOPs ) Ifunszuaumstintmiudunis
mﬁﬂ'l#%’ummﬁuuaduuws'ﬂa1u“lun15ﬁwﬁmfnﬁuﬁﬁﬂmnﬁﬁaﬂuaq’ nszuumsiniunssuunisnisni g
eionisinisuiveslaasendainnea ( Hydroxyl Radical, OH® )ﬁ"uﬁ;aﬂulﬁauﬁﬂﬁﬂl‘qﬂuﬁiau;ﬁnmsdau
rasnaranuilufivesarisinfituanas Tavlumisdoy Wi l&iden14 n3zuaunITMuAY (Fenton Processes )31
funtaoundaniilalama (UV) w‘;eﬁtﬁn"lansaniaﬂﬁﬂaaﬁmﬁn?mduumumsﬂuﬁiuim—,nmsau“ga
ﬁﬁaﬂuoﬂluﬁ'nﬁu'u a5 anerUIanaz NN NIEUIUNISUBRIS sendasuid 18Tinsi T et uninain
ﬁ'mi'nﬁuqnmu assuludndizme Tasdssaunanmstninasiniiadafnvs ﬁm:ﬁ'iai’:mmni‘lu'lﬂ'lﬁ'qdumﬂh

» » [
ulEfududenimssunsfthulleuninlsmoiuia



gunsainazisnms
n3esilofMilunismaana

ATsNARBIIMUANAABIGIY falfnsehininmend vuia 1.2 das WlSuemseruTunisdnlgnsen
fins wiseeniilu 2 dau fie druuen 'l%'ﬁm%’uHﬁ'uﬁuﬁﬁmmsﬁ1ﬁnua=msmﬁnnuﬁmi’umsmﬂﬁﬁ?m tulu
Tavasaunagd 10 Sad arwumau 250 wiluams imaedudmivySugamgiiliaiin 30 °c 1d fevimed

o - o - oW - - 3 - ¥ ¥ e -
(pH Meter) naz o3 Iuiima3(Thermometer) ARy fafnsal awgddi 1 insraruasnwluldidiiudanies
] -]
NUUIMAD

°"‘""‘"'—\ /-c-l-:-.n-

hY

N\

=

Photeresctor

i 1 Snlfnsaiflfdmiuynmisnanes
3EmInaney
»” . oy o . J ~om
dudeflflunsnaasudwniniudesTvesmnaiiiesnsinde s jiidinisvesIsansnnavisdsznens
Y - [] a - - [V | a W - w o 1
udSuim 1 8as Tdidesadania ( FeSO, ; Merck) itmsufuRiemTunu aumguuu 10 3na 250 urhuuns 1d
. »

Yo Tastoulefeanlas(Hydrogen peroxide ; Carlo ERBA) 30% 1flunsiiud sl mufudaedinindulunsazyaa
pamnsnsievninlelasiouiles eenledntAe (Hydrogen peroxide concentration) A2035n13 18 1a 1A tuma

3$n( Standard lodometric Method ) taz % 1oA ( COD ) #2035 133NERIULTIA ( Colse Refiux ) [1]

namInnasauarIoisal
ua'uaaﬂﬁﬁ?m‘ivﬁn‘lae‘iadamsdauamminﬁu

11n11h‘7'i 2 uaaaravelfisu1In 1aTlada (photolysis) Aanisaaf1d leadiezriuldinszuiunis
'lﬂ'ln'laimﬁuaadwﬁtn"lzimmsm’huasiamsf.immmum'i6un‘§6ﬂmﬁau'\mf‘uﬁuh myamuisenldein

Jhw $leafianaufios 2% nasendnnsiniauda



1.0 4= .

0.8 ]
061 ] 2 wraanavesdfjismivialadanentsanm

CiCo

0.a] ] Flod Tnul¥uasgIuuy 10 Fad 250 uilumms

0.24 4

0.0 T v T T T
0 20 40 60 BO 100 120

time (min)

HANTENUVOIANIIDY (Effect of pH)

wansnuveR i RTisemsdesaaniufuainTsamomiadunszuauns T Tnvusy nINgUf 3 uams
nsteumawindelsamenia Aoy 2,3, 4 uaz 5 wwsoanii 163 10@ 37%, 43%, 36% uaz 24% AudRuIAaR
Wgaeaia 43 % Afeyiawide 3 15 109unsIsefdnannszuuns iMTauduesiidesifigamii 3
(21 Weihidesemiresafifioy 2-3vz8glugil Fe(0ny” (1,0), Fufhuzlveareafifidnsiivesmsgaduuasnii
#qa MlWiAa leasenFausanea (OR%) 1RAfiga [31 1nTwamnIs3fowu i iunszuaums T Tatudu alasiou
wlefesnladmnnsounndalilsaseFasanealddluannzidiunsa (4] uensniidawuieslutrensaidiy
Fevfonnzaudm funszuauns I Tavusulumssiadi@omatoriia s ﬁ’wwu:gadu [5} ersBun g

Y lnsnuwdhuesdusznou (6] luniudeanlsasdlon (77 dludu

|
— &~ pH2 ]
- @& -pH3
o —d&— pH4 T
o - il — e 1
o - 4\"&':—.._..-__. [1) - pHS5
-6 0.6~ TR e e e — - o - -B =
1
0.4 - — - pH2 - -
— & -pH3 .
0.2~ e pH4 o -~ - J
mnigpens pHS b
-~ 4
2.0 T T T T T T ¥ -.—;
o 20 40 &0 .0 100 120 so 100 120
time {min) time (min)
(n )

7Y 3 uanamansznuveafievtunszuuntiiamuduiilideds:EnEnmnisand3Ted (n) uaz alnsounled
[ o d 1
eonlad  (v) Tawanrazildlunismaass Ae uasgyd 10 TadanueREu 250 wilumns Tolasmudosoonlad

1,413.71 Sia@n3wans uaz iMefaloveu 135 Hadndwidas



wansznuvonlinadslasiounleioonladiFudu (Effect of H,0,dosage) '

931U 4uraadananseny veal3ualalasiounlefoon ludiduduiiidensdesmaininiudao
nszurums I Inuiuszihs 18 fies 3 ieswleenu 135 fadniwdns Y3ualslanounlefoenlsdzudu
MU 1,413.71, 2,827.42, 4,241.13, 5,654.84, 8,481.26 Hinandw/@dns asoani® [oR 14 43%, 63%, 70%, 75% ltag
48% awdrwu Taofl§3vmdnveansinalsnsedasAnsavesnszuaums T Inmusufineinnszuunisves
N335UUNITIAUSU ( fenton reaction ) n5z1un1s I Inladaveslslnsnuesoonlad (photolysis of hydrogen
peroxide) 1aEnszUIUN1 I InTdnduveurainleeou (photoreduction of ferric ion) AWE M3f 1,2u02 3
AMWAARD [8,9)

2 3 -
H,0, + Fe™ ——» HO" + Fe + OH 8)}
o
H,0, + UV —  §» 2HO )]
3+ 2
Fe¥ + UV + HHO ——3p  HO" + Fe"' + H’ ()
~— v —— 1.2 — —— . .
—&—H,0, 1413.71 mgh
~® -H0,2827.42mgh ] 10 —8—H.O0, 141371 mpa
- A - H,0, 4241.13 mgh — & -HO, 282742 mgN |
—v—~ H,0, 565484 mg/l o8 - -A - HO, 424113 mgn ]
N - @~ H,0, B4B1.26 mgh o° —w— H,0, 5654.84 mgn
g .\--ﬁ______r_"‘__ S o - - H,0,8481.26 mgN |
= le 3 )
":: ". KN
NI TR
T -~v
0.2 4 n
0.0 - Y -y T v T T T
[] 20 40 &0 a0 100 120
time {(min) time (min)
(n) )

H 4 {a
7111 4 uansmansznuvodlslaseuniesoenTesdis

) uaz 1alasiounedsenlad () lavaarziililunimaass fie uaagd 10 Sadnus1Indu 2500 Tuuas

sdulunizuaumsiviamusuiiinelssimsammsaamdlod

ein'lessu 135 Hadniw/ans

onnsmlunsmiugy 4 a:wu'ini'ia'lﬁ'lﬂmmuu!a%’aan'lwﬂuﬂ?n‘lmﬁﬁamﬁu'lﬂ wu #ilalasiou

wofeenled 1413.71 Hadniwdas lalasmunledeenladizgmih i lumsdesaawedisiamia dldinuald

molunathids 10wt dszAniamlumsidamssuridteddnlizing 3%  WekulTinelalasou

nlafeenladitinniu UszAninmlunsihiassiuiuaud iy vilidesnleTansunlefeen lodfiudus:

ﬁﬂﬁﬁn‘laﬂsan«'ﬁmsﬁnna|ﬁumn-i'fumu"lﬂé’:mﬁ'umm'luﬂumﬁi 1 a2 eswelsAaviniiusuiailelasiou

wlefoenlsdiunimiulyl wu iffeitlelasisunleseonlad 848126 iadinfwdas lelnnsunlesoenladezudan
ﬂﬁﬁ?mﬁ'u"laﬂsan%msﬁﬁaaﬁ'l'lﬁ’ﬂs:ﬁwimwnﬂmﬁauﬁmluzﬂﬁ 4 (n) Freduo R Tagaunsii 4
H0,+ HO® —> HO; +H,0 @



1 - - . c' - . -’
n131dnszuruns I Tamusutunsdniminfessfesiimisiau s lasisunldisenlesmmuiz rusaes
s - v _ . ] -~ - - r ) - e A
mus sl uioldsinihlzaninmluminaasiiinlflalannuledoonsanrundudu 5654.84  Nadny
AasIlszininmlumainiaffiga Ao munsosad ¥ 1oAnlld 75%

waniznuvotlinanveialesouinudu (Effect of Fe™* dosage)
" ] - ”» - -
vngl# s uoaafwmaniznuveadsi vlessuisuRuiitidenisdevanininfodronszuruns Il laudu
exoiu 1831 fe 3 lalasiounlofoonlad s654 84 Tadniuda: Usumsurdeinlooouiudumitiu 67.5, 135, 270,

405 LaANTWART T300AA13 108 18 61%, 75%, 67%LL0E 50% AIUAIRY

V.2 B i g L T R 4 — T L 1.2~ £ 7

—a—Fe” 67 5 mgn

10 —® Fe' 135 mgn 4 1.0 —a—Fa' 675 mgh 1
. . & -Fe™ 270 mgh - —o Fa' 135 mgA
oodiba —w—Fg" 405 mgn * 270 moA 4
v o " 405 mga
20 l.‘ :\k. % “ “
o 0.6 - > - K A .
} AR — - et - —v ’
Ay . .% ~ - x\' X . ) .
04-.1 LY V. 5“"_\._;_.__ e z* | -X V \. 7 <
Il ) . .
6.2 E 0.2 \ ~ \ P
e~ \.- -~ .
o0 x b = X LR, 0.0 - —r "'*&l-au-rﬁq-q—‘a-—q—
0 io 40 €0 s0 100 30 y 20 a0 so a0 100 120
time (mirn) time (min)
(n) v

;\]?; s naamansznvveitimannoirlecoududulunizuruniiliamusuniinedszanEnmmaan3lod
(m uaz lolasiounledoonlad () Tavaniazflilunianaaes fie uaayi 10 Indnuo1Indu 250 wiluiuas

Yolastduinlosoonlsd s654.84 Haaniwaas

- - [ [ i o e - -
nansznuvonlTimve wloialeosuiuduszdmalnonidsnrunivealjisoimannlsnlenda

. . - . E 1 - - - . -
saneamsss el lesswiudusslalasnisunleisenlad lunisadrslensednisAnenviifrediasada e

.. - Py - o w a. - e a e -
sz luns Sirud n 2 undutumod s biunvunin 67 5 liadniwiang 135 adnfwdns dszaninmluniidiia

aiSlonszmviuan & 000 610 Thilu 75% Vool aTeasumusululaasondaanealiniezifin
Junwihlinidiiadledis: ﬁnimn?'n{u o i AddeiimesnleseutulSuraiuniu s dinanszny
aotiziniamlunisnanidlen iisaninlansednn AnendinaTusz T nifnionulslasivunleseonted uas
wnljitndumeialesou S1run s s uaz s [10]dwa bz Aninmluniiond i ledmeialesousududt 270
uos 305 nav‘iqu‘:‘i 67% Uz 50% i'auimiwi‘ﬁ‘loiﬁqm‘iﬁn’lnmﬂoi’u'_looom's:ui’u% 135 indniu/ing ¥4

munoaadidlenl&gaqadi 75%

Fe'" + HO" —p FeeOH (5)



HansznuvealSinalalasiwunlesooniusd uaziealesouiudu  (Effect of H,0, add Fe™* dosage)

]
- 1

sInnIsnaasIndnnaziu1dimalslasnude s Tnsisunlafeenleduazivesnloosunadinane

»
=t 4

Uszdninmlunizdnimiude ndnfe asvinessiasesivSuiaufimuizouliezonnsadeesiiodnia
unfolfasniidszdninmlinaidousulunTenimtuldszviilflssdnsnmlunisannid loAanatesis
o - ad e - & - -
mulaEa lunisneasigsiisvinisnaasilasadaduweindusaninansadiefinsfesuwaveslalasiou
»
wedeanlzduazmeialosousuiu laoudsfunivesnrmduduvesnisfiaz s nauinua 20 minaaes
Taotin1lalanisulesoon lediSudwiviiiu 1.413.71, 2,827.42, 4,241.13, 5,654.84, 8,481.26 Hadniu/aas uaziein

Teamwiusuviniu 67.5, 135, 270, 405 iadnTw/das fwanaluzii 6

C/Co Value
|
|- 0.60.8
108 0.4-06
'r 0.2-04
. w002 ||
[wr] ———— = ] et e . e e § il - PN e S g 1 S,
T N oo CS 0
-— g - § " {
& 3 2 675 .
3 8
- Val
H,0,{mgh} e g | 08 CiCo vaive
! g—;’ 00.7-08|
. - t 05 no.s-o_'ri
03 i
A 7 |
: 135 - 0.1 bl
- Yo ®0.2.03¢
i Fe fmgh 270 . - ~ & ®0.1-02'
IS ¥ ' 1-0.2'
| WS 3 T x T | 001 |
™ b -+ ~ —_ o
| g % «r I
! HzO; (mgT) |
| |
(V)

» " o - .. 1
Ui 6 (n) naz (v) nansanziimen: muveamalalaseunledsenlsduazUsnanissalosousuduiiine

sz@nEpimnisanmdlod finiewn v 3 uaz uaagiuuu 10 Tadamerndu 250 wilumns Tuyuusaves

n3MRuAnA1INU

: . o - - g = e

vinns ™ ezsiuldhiannzimnnzoufigavesnizuunts T lmrdudutunsinimindeeinfe nljia

v - " - - - 4w
n1sveaTsanonnaegh ArlalasisuniedeonledisuAuniify 5654.84 Tadnfuw/dng uazeinlessusuduriviy

- Y ¥ B < -' -l
135 DadnfuAas mursadnism ¥ 10 1Mana nnniiqats 75%



ajtnanisnaass

A3 wHDNTENUYesiey Telannunlefoenladuazimos loosusetssAnin mnistdmindeen
WoulfiianmsvinIsmewnalaofianzfimnzauunsasiid leaveanssununts T Tauduie ey ity 3
lelasimuntedoonled vy s654.84 TadniwAnsuas iMedalenou ity 135 Tadnfu/dns Taolunisdi
U edesiicrsRaaesyila Ao 1aTansunledesn laduazmeialeesu hulfinufimuizauns e lunism
Y§asouileiitalasinunlefsenladuanveinlesoutoaiulllenseFasaneaiinniululSunadiden
Wsmefivzdanaliuse@ninmlumsanmid lealdedluanzfimuzay uddduinels lasounlesoonlad
uazve¥erloosuiinnudlsuinleasendas Anonetssinduazi s Tasiounlesoen lusnazaialesouds
Fududadudidaaseuinbidszdns lunsand 3 leathlsz@nSnmiiaas

= =y
fnanssudszmea

#fulndvoveugaudninnunsmumivayuniside TumsmumpupuiSedmiunisfnyiiinild

» » »
Tasans <pisl¥nszurunsusaudesndndulunmstinimindoiudud miminfuoinlsmona” mudyg
Fuvpuavi MRG4680029

1PNA1301989
[1] Standard Methods for the Examination of Water and Wastewater, 19" ed., American Public Health Association/
American Water Works Association/ Water Environment Federation, Washingtin DC. 1995.
[2] 1.J. Pignatello, D. Liu, P.Huston , 1999. Evidence for as additional oxidant in the photoassisted Fenton reaction.
Environ. Sci. Tecchnol. 33 . 1832,
[3] H.). Benkelberg, P. Werneck, J. 1995. Phys. Chem. 99. 52140
[4] Kang, S.F., Liao, C.H., Po, S.T., 2000. Decolorization of textile wastewater by photo-fenton oxidation technology.
Chemosphere 41 , 1287-1294.
[5] Kim, S.M., Geissen, S., Vogelpohl, A., 1997. Landfil leachate treatment by a photoassisted fenton reaction. Wat.
Sci. Technoi. 35, 239-248.
[6] Maletzky, P., Bauer, R, 1998. The photo-fenton method degradation of nitrogen containing organic
compounds. Chemosphere 37, 899-909.
[7] Kang, S.F., Liao, C.H., Hung, H.P., 1999. Peroxidation treatment of dye manufacturing wastewater in the
presence of ultraviolet light and ferrous ions. J. Hazardous Mat. B 65, 317-333.
[8] Fenton, H.J.H., 1894. Oxidation of tartaric in the presence of ion. Chem. Soc, J. Lond. 65, 899-910
[9] Faust, B.C., Hoigne, J., 1990. Photolysis of Fe complexes as sources of OH radicals in clouds, fog, and rain 1.
Atmos. Environ. A24, 79-89
[10] Perez, M., Torrades, F., Domenech, X., Peral, J.,2002. Fenton and photo-Fenton oxidation of textile effluents.
Wat Res 36, 2703-2710.



