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Abstract

Humic compounds are among the most important natural organic matters (NOM) existing in water

resources, and are known as one of the main disinfection by-product (DBP) precursors — particularly tri-
halomethanes (THMs) and haloacetic acids (HA As) — which may act as health risk factors. The study objec-
tive is to investigate the UV/TiO, photo-catalytic process in removing humic substances from water. It was

conducted in a lab-scale batch photo-catalytic reactor using the experimental method. It may be concluded

that the UV/TiO, process can provide desirable drinking water quality in terms of humic substances, so this

process was capable of decreasing 5 mg/L dissolved organic carbon to 0.394 mg/L in optimum conditions.

The specific UV,,,
rate constant of 0.267 min™' after 90 minutes.

absorbance of 2.79 L/mg.m was attained by photo-catalytic first-order reaction having
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Introduction

Humic substances (HS) are known as a group of
heterogeneous organic macromolecules with high
molecular weight whose main structures are usually
in the form of carbohydrates, proteins, and lignins, and
a remarkable percentage of their molecular weight is
related to oxygenated agent groups. These agent groups
facilitate the reactions between various humic substances,
mineral elements, and organic molecules existing in water
environments. Humic substances, based on solubility, are
divided into three groups: humic acids (HAs), fulvic acids
(FAs), and humins. Humic and fulvic acids constitute
about 50 percent of dissolved organic carbon (DOC) in
surface waters [1-3].

Humic compounds are among the most important
natural organic matters (NOM) in water resources, and are
known as one of the main disinfection by-product (DBP)
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precursors — particularly trihalomethanes (THMs) and
haloacetic acids (HAAs) — which may act as health risk
factors in the form of carcinogens and have unfavorable
effects on kidneys, liver, nerves, and sexual organs.
Amendments on the safe drinking water act in 1987 in the
United States and concerns about potential health effects
of DBPs led to the ratification of the first phase of DBP
regulations in 1998 by the U.S. Environmental Protection
Agency. This regulation, presented in order to create a
balance between microbiological and chemical risks,
announced the maximum concentration of total THMs 80
ppb and for five HAAs as 60 ppb. In the second phase,
the absence of need for initial evaluation in the water
distribution system depends on the amount of DBPs in all
samples, which should be less than 40 ppb and 30 ppb,
respectively. While THM formation potential is more than
100 ug per mg of DOC by organic matters, the British
standard for total THMs is 100 pg/L [2, 4, 5].

Since most common water treatment methods cannot
provide the minimum remaining DOC in order to meet
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DBP standards, including THMs, in recent years along
with the increase of water sources pollution the use of new
methods to remove organic matters including advanced
oxidation processes as of modern methods for removing
DBP precursors have come into consideration [1, 2, 6-9].

Advanced oxidation processes usually entail the
generation and utilization of hydroxyl radicals (OH*) as
a strong oxidizing agent for decomposition and decay of
polluting substances [1, 10].

In advanced oxidation processes using photo-catalytic
technology, a semiconductor such as Titanium dioxide
(Ti0,) is used for optical excitation of valence band
electrons to conduction band (C* ) under UV irradiation
with more than 3.2 eV (UV with wavelength of less than
387.5 nm). These excited electrons that are moved to
the conduction band, plus positive holes created in the
catalyst valence band (h",), are used for hydroxyl radical
production during various reactions. In this technology,
semiconductors act as a catalyzer and their chemical
status after each catalytic reaction cycle would be similar
to the basic status [1, 10-14]. Thus, there is no need for
adding chemical oxidizing substances during treatment
in this model of advanced oxidation process. Low costs,
high efficiency, and stability are considered among the
important advantages of this method [1, 10, 11]. TiO, was
used for photodegradation of bisphenol A [15], reactive
Azo dye [16], natural organic matter [17], persistent
pharmaceutical compounds [18], phenol [19], o-cresol
[20], and other pollutants.

Murray and Parsons [21] investigated conventional
coagulation, Fenton, photo-Fenton, and UV/TiO,
processes for removal of NOMs from raw water with
DOC of 9.64 mg/L and UV_, absorption of 38 m™ at the
Albert Halifax water treatment plant in England. While
the purpose of customized treatment methods is to achieve
SUVA<3, UV/TiO, process having the most efficiency
(96%) provided the remaining UV, absorption of 1.5 m™.

Murray and Parsons [5] used TiO, fixed film instead of
TiO, suspension to remove NOM from raw water in the
investigated treatment plant. In this research, efficiency
for removal of UV,,, absorption and DOC was specified
as 89% and 1.336 g/m? slide.

Le-Clech et al. [12] used UV/TiO, and membrane
process in the form of a hybrid to remove 2.3 ppm NOMs.
Removal efficiency was found to be 87-90%.

Sanly et al. [22] removed 90% DOC and 95% UV,,,
absorption using the UV/TiO, process.

The objective of this study is to investigate humic
substance removal from water using the UV/TiO,
photo-catalytic process as well as to specify the optimal
conditions of the process and the reaction Kinetic.

Experimental Procedures

The study was conducted using the experimental
method for complying with aims. On this basis,
impressibility of the remaining humic acid was analyzed
as the dependent variable against operating parameters

Table 1. Physical characteristics of a photo reactor.

Parameter Unit Amount
Steel reactor length cm 92
Steel reactor diameter cm 7.6
Ultimate bearable pressure bar 5
Quartz coating length cm 92
Quartz coating diameter cm 3
Steel reactor effective volume L 2.8
Power supply (transformer) Volt 220-240
Lamp lifetime hour 5,000
Irradiation dose uw.s/cm? 50,000

such as initial concentration of humic acid, TiO, dosage,
pH, and reaction time as independent variables.

The study was performed in a batch laboratory-scale
photo-catalytic reactor that was made in a cylindrical
shape from stainless steel in order to provide maximum
irradiation reflex. UVC beam with 253.7 nm wavelength
was provided by a low-pressure UV mercury vapor 55-
watt lamp that was axially centered inside an extremely
smooth quartz cover with 3 cm diameter. Reactions on
water were conducted between quartz and steel covers,
having a total volume of 2.8 L. The photo reactor was
connected to a 5 L tank for loading, sampling, and air
injection. An aquarium pump (Philco, Italy) was located
in the path of the 5 L tank to the main chamber of photo
reactor for complete mixture and continuous circulation
of the reactor contents. Aeration of water under reaction
was also provided by an air pump (Rena, France). The
scheme and physical specifications of the photo-reactor
are presented in Table 1 and Fig. 1.

Raw water for the study of humic substances removal
by UV/TiO, photo-catalytic oxidation was prepared by
dissolving certain volumes of 1,000 ppm of humic acid
(Merck) stock solution in 4.5 L deionized distilled water
in order to obtain the specified DOC concentration.
150 mL of prepared sample was separated for control
of initial DOC and UV absorption in 254 nanometer
wavelength (UV,, Abs.), and the rest (4.35 L) was

Transformer

UV Lamp Quartz Coating Steel Coating

[J

Photocell

Pump

Fig. 1. The scheme and equipment used in the photo reactor.
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transferred to a 5 L tank after adding the specified titanium
dioxide powder (Degussa P25).

After pure UV irradiation to reactor contents per half
hour, two separated samples were taken after filtration by
0.45 pm Millipore filter (Merck Millipore, Germany) for
specifying DOC and UV, absorbance.

DOC, UV absorption at 254 nm, and specific UV,
absorbance (SUVA) parameters were measured for each
raw sample containing humic acid and samples taken
from photo-catalytic and other evaluated processes. DOC
was determined by high-temperature combustion using a
Shimadzu TOC-VCSH analyzer (Shimadzu Co., Japan)
after filtration of the samples by 0.45 um Millipore filter
(Merck Millipore, Germany). UV, absorbance was
specified by a DR 5000 spectrophotometer (HACH Co.,
Germany), and then the amount of SUVA was obtained
by dividing UV, absorbance into DOC concentration [1,
23].

Results

The Effect of TiO2 Concentration
on UV/TiO, Process

TiO, concentrations of 0, 0.05, and 0.1 g/L were
evaluated according to Figs. 2 and 3 in order to specify
optimized TiO, concentration for humic acid removal
through a UV/TiO, photo-catalytic process in pH 6.5,
initial DOC 5 mg/L, and dissolved oxygen (DO) 5.6 mg/L.
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Fig. 2. Effects of TiO, concentration on DOC removal by UV/
TiO, photo-catalytic oxidation (pH=6.5, initial DOC=5ppm,
DO=5.6 ppm).
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Fig. 3. TiO, concentration effects on DOC removal rate by UV/
TiO, photo-catalytic oxidation (pH=6.5, initial DOC=5ppm,
DO=5.6 ppm).

As seen, Titanium dioxide in a 0.1 g/L concentration after
two hours had the most efficiency with 95.6% DOC
removal and 98.62% UV254 absorbance removal.
Findings showed that rate coefficients of 0.0074
min™', 0.02 min”, and 0.022 min" were achieved in TiO,
concentrations of 0, 0.05, and 0.1g/L, respectively.

The Effect of pH on UV/TiO, Process

For this purpose, variations of DOC and UV254
absorbance over reaction time were investigated in pH
values of 5, 6.5, and 8. According to Fig. 4, the UV/TiO,
process in pH 5 had the most efficiency, having 98.1%
of DOC removal and 99.44% of UV254 absorbance
removal. Based on Fig. 5, rate coefficients 0of 0.0267 min™',
0.227 min', and 0.0212 min™!' were found in pH 5, 6.5, and
8, respectively.

The Effect of Humic Acid Concentration
on UV/TiO, Process

The UV/TiO, process was loaded with DOC,
corresponding to humic acid, of 2, 5, and 10 mg/L in
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Fig. 4. Effects of pH on DOC removal by UV/TiO, photo-
catalytic oxidation (TiO,=0.1 g/L, initial DOC=5ppm, DO=5.6
ppm, reaction time=2.5 hr.)

»

~457 y = 0,0267x
S 4 R*=0,9886
O
Q 3,5 1
/A 3] <& PH=5
3 N e 0,0227
251 A PH=65 Y= DealX
2] R?=0,9607
5
" 15 1 y =0,0212x
1] R?=0,9589
0,5
0 . . . . . .
0 30 60 90 120 150 180

Reaction time (min)
Fig. 5. Effects of pH on DOC removal rate by UV/TiO, photo-
catalytic oxidation (TiO,=0.1 g/L, initial DOC=5ppm, DO=5.6
ppm, reaction time=2.5 hr.).
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order to verify the effects of humic acid concentrations
on process efficiency in optimized conditions (pH 5,
TiO, 0.1g/L, and DO 5.6 mg/L). The obtained results are
presented in Figs. 6 and 7.

Humic Acid Removal by Absorption on TiO,,
Oxidation Using UV, and Aeration

According to Fig. 8, absorption on 0.1 g/L of TiO,
in darkness, oxidation using UV, and aeration removed
25.8% , 69.6%, and 6.6%, respectively, of 5 mg/L initial
DOC at pH 5 after 2.5 hours.

Comparing UV/TiO,/H,0, and UV/H,O,
with UV/TiO, in Humic Acid Oxidation

Although the efficiency of humic acid removal by the
UV/H,0, process was more than the UV/TiO, process
prior to an hour, this situation was reversed after one hour,
so 84% of DOC and 94.68% of UV254 absorbance were
removed by the UV/TiO, process over an hour. Whereupon
the UV/TiO, process provided 0.8 mg/L residual DOC,
1.9 m!' UV254 absorbance and 2.375 L/mg.m SUVA after
one hour, which is an acceptable result regarding provision
of the DOC standard.

In order to investigate the effect of increasing H,O,
upon the UV/TiO, process, ImM of H,0, was added to
the system in optimized conditions (5 mg/L initial DOC,
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Fig. 6. Effects of initial DOC on DOC removal rate by UV/
TiO, photo-catalytic oxidation (pH=5, TiO,=0.1 g/L, initial
DOC=5ppm, DO=5.6 ppm).
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Fig. 7. Remaining DOC by UV/TiO, photo-catalytic oxidation
against initial DOC (pH=5, TiO,=0.1 g/L, initial DOC=5ppm,
DO=5.6 ppm).

0.1 g/L TiO,, pH 5, 5.6 ppm DO). Based on Fig. 9, the
UV/TiO/H,0, process provided 0.48 mg/L residual
DOC, 0.1 m! UV absorption and 0.2 L/mg.m SUVA in
one hour.

Discussion

HAs are considered highly reactive compounds in the
environment and their removal from water is necessary
during water treatment [2, 17]. For this reason, the aim of
our current study is to investigate the removal of humic
substances from water through the UV/TiO, photo-
catalytic process.

The increase of catalyst concentration leads to
an increase of active surface available for adsorption
and degradation processes. Furthermore, the turbidity
of the solution increases, thus photon penetration is
confined. Hence the initial rate of photoreaction and its
effectiveness are directly proportional to catalyst dose.
However, when the critical concentration is exceeded, the
reaction rate is independent from it and remains constant
or even decreases with the catalyst dose increase [13]. In
this study, since the kinetics of the UV/TiO, process in
0.05 g/L and 0.1 g/L TiO, did not have considerable
difference, and more increase of TiO, would have a
negative effect on UV penetration as a photon source,
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Fig. 8. Comparison of DOC removal by UV/TiO, photo-catalytic
oxidation DOC, aeration, absorption on TiO,, and UV photo-
oxidation (pH=5, TiO,=0.1 g/L, initial DOC=5ppm, DO=5.6
ppm).

IN
Eale]

—>— LVITio H,0,
—{F— uviH,0,
—/— UVITIO,

The residue of DOC (mg/l)
w

0 15 30 45 60 75 90
Reaction time (min)

Fig. 9. Remaining DOC by UV/TiO,, UV/H,0,, and UV/TiO,/
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0.1 g/L TiO, was selected as the optimized concentration
for humic acid removal by the UV/TiO, process.

Dziedzic et al. [24] showed that the increase of
TiO, concentration in suspension caused not only the
enhancement of degradation rate due to the increase of the
available catalyst surface area, but also the increase of the
HA amount adsorbed at the TiO, surface as well as the
decrease in degradation rate due to the increase in light
dispersion.

Based on the results of the present study, since the
oxidation rate of DOC resulting from humic acid through
the UV/TiO, process is directly proportional to the
concentration of the reactant (DOC), the photo-catalytic
reaction of DOC corresponding to HA follows first-order
kinetic. The more the initial DOC concentration, the less
the rate coefficient. So the rate constants of 0.03 min',
0.0267 min!, and 0.0196 min™' were obtained in the initial
DOC concentration of 2, 5, and 10 mg/L, respectively.
As a result, the UV/TiO, photo-catalytic process requires
reaction times of 30, 90, and 150 min. to favorably
reduce DOC per mentioned initial DOC concentrations,
respectively. These results are consistent with the findings
of Sanly et al. [22].

We should know that TiO, is neutral in pH 6.5 and this
pH is known as the point of zero charge (PZC) for TiO,.
However, in pH less than PZC, TiO,, having a positive
charge, absorbs humic acid well due to negative charges
by electrostatic forces. Moreover, TiO, in positive charge
status has more potential to produce the hydroxyl radical
and exhibits more efficiency in humic acid decomposition
[9, 13, 22, 25]. For this reason, the UV/TiO, process had
more efficiency in pH 5 and thus this pH was selected as
the optimum one in this study. Nevertheless, pH 6.5 had
sufficient efficiency to provide the residual DOC standard.

The process, in pH of 5 after 1.5 h, reduced DOC,
UV254 absorbance, and SUVA to 0.394 mg/L, 1.1 m™,
and 2.79 L/mg.m, respectively, which has sufficient
acceptability for humic acid removal as a DBP precursor.

The results illustrated that humic acid oxidation using
UV/TiO, photo-catalysis follows the first-order kinetic in
acidic, neutral, and alkaline pH.

None of partial processes (absorption on TiO,,
aeration, and oxidation by UV) could provide standard
residual DOC. These results are consistent with the
findings of Dziedzic et al. [24]. Indeed, aeration in the UV/
TiO, process is conducted in order to increase the oxygen
as an excited electrons acceptor and ultimately generation
of hydroxyl radical (OH*) for humic acid oxidation
[10]. The concentration of the dissolved oxygen in the
UV/TiO, process is very important as it provides for
efficient electron scavenging in the conductive band
and prevents their recombination. The presence of
the dissolved oxygen also influences the formation of
oxygen-containing radicals other than hydroxyl ones, and
guarantees the stability of semi-radicals [13].

The electrostatic absorption of humic acid on TiO, as
a quick reaction in acidic conditions, increases oxidation
by hydroxyl radicals generated in the photo-catalytic
process according to [22, 24]. According to the obtained

findings, H,0,’s role, as an irreversible electron acceptor
(IEA), was verified in increasing the efficiency of the
UV/TiO, process; so the UV/TiO,/H,O, process had more
efficiency in humic acid oxidation because of generating
more hydroxyl radical.

Of course, because the UV/TiO, process can provide
standard residual DOC, it is recommended for removal of

humic substances from water. These results are consistent
with the findings of Sanly et al. [22].

The absence of need for requiring oxidant materials
is the most important advantage of the UV/TiO, process
against the UV/H,0O, process [19, 26, 27].

Conclusions

The UV/TiO, process can effectively reduce from 2 to
10 mg/L of DOC corresponding humic acid during 30 to
150 min, so it provides favorable drinking water quality
in terms of humic acid based on DOC, UV _,, absorbance,
and SUVA. Consequently, this process can be one of the
most effective methods for removal of humic substances
from water sources in the case of integration with a
membranous system or using TiO, fixed phase.
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