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ABSTRACT

Reduction of total organic carbon was focused in seawater with humic acid (HA) by one of the most
important methods of advanced oxidation process. Among the advanced oxidation processes, Fenton
processes are cost effective and use green oxidizing agent hydrogen peroxide, which is safer than
other oxidizing agents, while sono-Fenton has shown some enhanced hydroxyl ion generation that
results in faster oxidization of organic matter. Concentration of chemicals was varied as 24 mL L™ of
H,O, along with 0.2-0.4 g L' of ferric sulfate as a catalyst considering ratio of ferric to H,0, as 1:10,
which is optimized one found in previous research. Results showed that sono-Fenton is more effective
than Fenton only in case of HA as well as in case of seawater with HA. Fenton produces large sludge
while sono-Fenton did not show higher amount of sludge in this case. This is because of synergistic
effects of ultrasonic waves, which have also effect on water molecules as well as boost up power of

hydrogen peroxide oxidative species.
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1. Introduction

Availability and quality of freshwater are the key factors
in global sustainable growth. However, increase in human
population [1], climate change [2,3], urbanization [4], and
challenges for sustainable urbanization [5], food security
[6], industrial growth, and development [7] are creating
threats for preservation scarcity of freshwater. These areas
can neither be stopped in their expansion nor leave their
dependency over freshwater resources. Though efficient and
cost-effective water treatments are still under development,
efforts have been carried on to desalinate and decontaminate
water (whether groundwater or seawater), and recycling of
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water is nowadays under focus by industry for sustainable
consumption and growth.

Among the various technologies of water treatments,
advanced oxidation treatments and membrane processes
for desalination of water have been dominating the conven-
tional water and wastewater treatments over the past couple
of decades. Water discharged from industrial wastewater
contains lot of chemicals and heavy metals that can also be
efficiently used by agriculture industry, which is achieved
by membrane processes [8]. However, the main limitation of
membrane processes is their installation and operational cost,
membrane fouling, and requirement of very low suspended
solids and total dissolved solids. The finest membrane process
is reverse osmosis, which has even drawbacks of low water
recovery and use of high pressure pumps those need heavy
energy consumption [8].
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However, the latest membrane processes especially
membrane distillation have various edges over reverse
osmosis. Those include almost complete theoretical rejec-
tion of salts and non-volatile organic compounds, low
pressure requirement for running the process, the use of
solar heating [9-11] and utilization of waste heat energy
as a preheating source to feed water [12]. However, since
the principle relies on the phenomenon of difference of
vapor pressure gradient between feed and permeate side
of membrane distillation, this uses hydrophobic mem-
branes, and the hydrophobicity should sustain in different
types of feed water with temperature at about 70°C at feed
side [12,13].

Membrane distillation suffers organic fouling that causes
membrane wetting by penetration of water as water passes
through the membrane resulting in transfer of contami-
nants from feed side to permeate side causing ultimate sys-
tem failure [14]. Sometimes the fouling occurred by humic
acid (HA), and other organic foulants are irreversible [15].
Recently pretreatments have been tried to prevent organic
fouling for reverse osmosis membranes, like by granular acti-
vated carbon biofilter [16], submerged membrane bioreactors
[17,18] and advanced oxidation processes including Fenton
process [19]. However, for membrane distillation, so far there
is no established pretreatment especially for organic fouling
prevention.

The conventional Fenton process uses hydrogen perox-
ide and ferric salts as catalysts that result in transfer of elec-
tron between these two chemicals in order to yield hydroxyl
ions (-OH) [20,21], which is well known for its second high-
est powered redox potential to be used for degradation of
organic matter. The basic mechanism of this reaction is
shown in Eq. (1):

Fe** +H,0, —» Fe’ + OH +-OH (1)

Reaction proceeds with regeneration of ferrous ion that
takes place due to reduction of this oxidized ferric ion Fe®
into its original form Fe*, which is shown by Eq. (2) [22]:

H,O, +Fe’ - Fe’* +H,0+H" )

This cycle takes place and gets fast to degrade organic
species in water. Though Fenton process is conventional tech-
nique, however, sono-Fenton process is a novel technique
and getting importance in degradation of dyes and bisphe-
nol as organic pollutants [23]. This method uses ultrasonic
waves, which are able to make very high pressure at specific
points and very hot localized points along with microbubbles
giving synergistic effects [23]. Ultrasonic waves have also
dynamic effect on hydroxyl and other H,O, based oxidizing
species and radicals [24]. Natural organic matter has also
been reduced by combined hydrogen peroxide and ultra-
sonic treatments [25]. Though as per our knowledge and lit-
erature search, yet reduction of organic matter especially HA
along with seawater has not been treated by either Fenton or
sono-Fenton process.

The objectives of this study were: (a) to reduce natu-
ral organic matter especially HA in seawater for process

improvement in desalination and as a pretreatment for
membrane distillation, (b) to check influence of other factors
over performance and degradation efficiency of HA by H,0,
oxidizing treatments, and (c) to optimize the conditions. For
this purpose, Fenton and sono-Fenton process were applied
on HA solution, seawater, and HA-containing seawater.
Investigations over the concentration of hydrogen peroxide,
temperature effect, and effect of process time were evaluated
in both treatments in order to compare the performance of
both and optimize conditions.

2. Experimental procedure
2.1. Chemicals and reagents

All chemicals used in these experiments were reagent
grade and extra pure. Hydrogen peroxide, ferric sulfate,
anhydrous calcium chloride, strontium chloride hexahy-
drate, sodium bicarbonate, potassium bromite, boric acid,
sodium fluoride, and HCl were purchased from Daejung
Chemical, South Korea. Potassium chloride, HA, and sodium
hydroxide were purchased from Sigma Aldrich, South Korea.
Magnesium chloride hexahydrate was purchased from
Samchun, South Korea.

2.2. Equipment

Shimadzu TOC analyzer (TOC-L CPH 638-91112-58,
Japan), magnetic hot plate stirrer (SMHS-6, Wise-Stir), JAC
ultrasonic bath (4020F, KODO) having frequency of 40 kHz
and power of 400-500 W, and vacuum filtration device
(J070346, South Korea) was used in this research study.

2.3. Methods
2.3.1. Experimental setup

Three different solutions were made: first by HA in
deionized water with 10 mg L™ concentration, second with
mixture of same concentration of HA and seawater, and the
last with seawater only. Seawater was prepared using ASTM
D-1141-98 (reapproved 2003). The pH was kept 8.2 to sim-
ulate as a real seawater. For Fenton process, hydrogen per-
oxide concentration was kept 2-4 mL L™ and ferric sulfate
0.2-0.4 g L, with keeping ratio of H,O, to Fe as 1:10. Though
Fenton treatments are carried on from acid to neutral pH, we
kept pH of solution 8.2 as to resemble to that of seawater.

2.3.2. Experimental procedures and recipes

Firstof all, duplicate set of solutions of each HA, seawater
with HA, and seawater only were prepared in order to eval-
uate the effect of Fenton and sono-Fenton with ferric sulfate
as a catalyst. Three beakers were treated inside sonication
bath, and the other comparable three was kept on magnetic
stirrer keeping temperature at 35°C while that of was made.
The treatment was carried out with 2 mL L™ of HO, and
0.2 g L ferric sulfate. After observing and evaluating results
of these trials, two more sets of beakers of seawater with HA
solution were treated by increasing concentration of H,0,
as well as catalyst as to optimize performance in case of
seawater with HA.
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3. Results and discussion
3.1. Effect of variation in time over degradation of HA

From Fig. 1 it is revealed that in case of sono-Fenton
process whose removal efficiency is 70.8%, the reduction
percentage is 20% higher than in case of Fenton process in
early 5 min while after 15 min this reduces 68% while simple
Fenton reaches to 70%. Though it is the case of HA solution
only, however, this indicates that sono-Fenton is effective for
a very quick degradation of organic matter and accelerates
the efficiency of hydrogen peroxide. However, the presence
of inorganic ions affects this, which is explained in section 3.2.

3.2. Effect of variation in time over degradation of seawater
with HA

Since seawater has variety of ions including sodium,
magnesium calcium, strontium, and potassium cations,
while chloride, carbonate, bicarbonate, bromide, borate,
and fluoride as anions [26]. In Fig. 2, degradation efficiency
reduced drastically and reaches below 50%. In this case, at
5 min the removal efficiency of Fenton is 48% while that of
sono-Fenton is 50%, and 15 min later, this Fenton become
45% and sono-Fenton also to 48%. However, after that, it goes
to further decline. Here also, the trend of rapid reduction of
total organic carbon (TOC) remained valid by sono-Fenton
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Fig. 1. Effect of time on reduction of TOC in HA solution by
Fenton and sono-Fenton process.
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Fig. 2. Effect of time on reduction of TOC in HA and seawater
solution by Fenton and sono-Fenton process.

but after 15 min this changes to reverse as in the previous
case. The reduction in removal efficiency may be due to com-
plexation of organic and calcium ion as mentioned already in
previous research [27].

3.3. Effect of variation in time over degradation of seawater

Fig. 3 shows that Fenton process has better removal
efficiency for the first 15-20 min later it reduced. While
sono-Fenton process has given an optimum removal effi-
ciency at 30 min. This could be because of the vibrational
energy introduced by sound waves in the system, which
brought change in TOC. However, the removal efficiency
remained as low as at 15 min around 35%, which may be due
to chemistry of seawater interfering with degradation species
and possibly could made complexes [28].

3.4. Effect of increase in concentration of hydrogen peroxide and
catalyst

Fig. 4 shows a dramatic change in behavior of TOC
reduction when concentration of H,0O, was increased at
4 mL L™ keeping concentration of catalyst same as before.
This increase brought adverse effect in Fenton process,
but due to increase in oxidizing power, removal efficiency
remained 50% on an average. The decrease in TOC removal
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Fig. 3. Effect of time on reduction of TOC in seawater by Fenton
and sono-Fenton process.
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Fig. 4. Effect of increase in concentration of H,O, on reduction of
TOC in seawater with HA by Fenton and sono-Fenton process.
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efficiency of H,O, could be due to scavenging effect of its
excess amount as shown in previous researches [29,30].

Fig. 5 shows a different behavior in case of sono-Fenton
process when catalyst concentration is increased. Though
initial rate of TOC removal is almost similar, but after 5 min
sono-Fenton efficiency increased by 3% while over the
middle period 10-32 min sono-Fenton efficiency remained
below Fenton. This could be due to accelerated scavenging
effect of wither H,O, or Fe ion itself in presence of ultrasonic
waves. However, after around 35 min removal efficiency of
sono-Fenton increased sharply and reached at around 70%
by the end of process.

3.5. Effect of variation in temperature on process

Initial temperature of all samples was 22°C, and tempera-
ture slowly raised up on both magnetic hot plate stirrer and
sonication bath with almost same ratio; however, sonication
has a bit sharp rise in temperature due to heating effect of
ultrasonic waves. The final target temperature was 35°C.
Fig. 6 shows the enhanced heating effect of ultrasonic waves,
which accelerates generation of hydroxyl ions and other oxi-
dizing radicals. The vibrational energy brought rapid degra-
dation of HA and reduced TOC in comparison with Fenton
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Fig. 5. Effect of increase in catalyst dosage reduction of TOC in
seawater with HA by Fenton and sono-Fenton process.
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Fig. 6. Effect of variation in temperature per unit time by Fenton
and sono-Fenton process.

process carried on over magnetic hot plate. This is because of
the microbubbles and very high localized temperature and
pressure.

4, Conclusions

Pretreatment for removal of organics or reduction of TOC
from seawater was carried out for prevention of organic foul-
ing in membrane distillation. Seawater with HA was treated
by Fenton and sono-Fenton process. A comparison was made
for reduction of TOC with HA solution and seawater only. The
optimum time at which maximum removal efficiency obtained
in case of seawater with HA was 5 min with 2 mL L of H O,
along with 0.2 g L™ of catalyst. Sono-Fenton has a quicker deg-
radation of organics and has a better removal of TOC in short
time as compared with Fenton process only.
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