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Abstract. Humic acid is commonly found in natural water as it is one of the by-products from
decomposition of plants and animal residues. In a conventional water treatment process, which chlorine is
common used as a disinfectant, the presence of humic acid could lead to the formation of carcinogenic
substances, such as trihalomethanes and haloacetic acids. Thus, removal of humic acid from raw water
before disinfection process is necessary. Photocatalytic reaction using Titanium Dioxide (TiO2) as a
photocatalyst is one of the most effective techniques for degrading humic acid. The efficiency of this
process depends on several factors; and, one of these factors is light intensity. This research investigated the
effect of light intensity (35, 225 and 435 uW/cm?) and studied the kinetic of photocatalytic degradation of
humic acid, using commercial TiO2 Degussa P25 as a photocatalyst. The concentration of humic acid was
monitored by using UVas4 absorption technique and the concentration of total organic compound was
measured using a Total Organic Carbon Analyzer (TOC) every 30 min. The results showed that the removal
efficiency of humic acid increased with increasing light intensity and then becoming asymptotic. At light
intensity of 435 u\W/cm? and initial humic acid concentration of 4 mg/L with TiO; loading of 100 mg/L, the

highest humic acid removal efficiency was found at 99%; however, the removal efficiency of the total
organic compound was found only 20%-indicating incomplete mineralization to the end product. The
kinetic of the humic acid degradation process was further explained using a Langmuir — Hinshelwood (L-H)
model. The reaction rate constants (kr1) at the light intensity of 35, 225 and 435 pW/cm?2were 0.049, 0.152
and 0.178 mg L1 min', respectively; while the adsorption coefficients (K,i) were relatively unchanged with
light intensity. These findings imply that light intensity has an effect only on the oxidation process.
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1. Introduction

Humic acid, one of the major fractions of Natural Organic Matter (NOM) in natural water, is derived from
microbial activity and decomposition of plant and animal residues. The presence of humic acid in water has
been reported to cause color, odor, and taste problems in natural water [1]. In a conventional water
treatment process, humic acid is known to react with chemical disinfectants, like chlorine or ozone, during
disinfection process forming carcinogenic substance, such as trihalomethanes (THMs) and haloacetic acids
(HAAs) [2]. Therefore, the removal of humic acid from natural water during water treatment process is
important. At the presence, several techniques have been applied to remove humic acid from raw water,
including coagulation [3], ozonation [4], membrane filtration [5] and ion-exchange [6]. Recently, Advance
Oxidation Processes (AOPs) via chemical oxidation, such as ozone and hydrogen peroxide (with or without
being photo-assisted), have been receiving attention in removing humic acid. Photocatalytic process using
TiO2 as a photocatalyst is one of the most attractive processes because of its low-cost, environmental
friendly and complete destruction of humic acid molecules by direct oxidation process [7]. When TiO;
photocatalyst is lluminated by UV radiation, electrons from the valence band is excited to the conduction
band, leading to the production of highly oxidative holes on the valence band and the formation of radicals,
in particular hydroxyl radical [8, 9]. These holes on TiO» surface and radicals in the bulk solution can
oxidize organic compounds and results carbon dioxide (COz) when oxidation process is completed [10].
The efficiency of this process depends on several factors, including light intensity, wavelength, initial humic
acid concentration and crystal structure of TiOs. Several researchers studied the photocatalytic treatment of
humic acid. Liu e a/. [1] investigated the photocatalytic removal of humic acid (10 mgL) using TiO2 (0.1
g/L) under UVA irradiation. The UVA/TiO; process was found to be effective in removing more than 90%
of humic acid, measured by UVas4 absorption technique after 150 min of photocatalytic treatment. Dziedzic
et al. [11] studied the effects of wavelength on photocatalytic degradation using UV and artificial sunlight
(ASL) and reported that the removal efficiency of humic acid under ASL irradiation was found only 18%,
whereas the removal under UV irradiation was found to be 100% measured by UV2s4 absorption technique.
Wiszniowski ¢# al. [12] studied the kinetics of photocatalytic degradation of humic acid (100 mg/L) using
commercial TiO; (0.1 to 2 g/L), described the photodegradation rate as a first-order kinetics, and reported
that the photodegradation rate was inversely proportional to TiO concentration. The latter finding was
explained as the suspended particles of TiO:z block UV-light passage and reduced the formation of
electron-hole pairs and active sites. Although there have been a number of studies the photocatalytic
degradation of humic acid using TiO», only a few studies examined the kinetics of photocatalytic
degradation. Since light intensity is one of the key parameters influencing the photocatalytic degradation,
this research aimed to investigate the effect of light intensity on the photocatalytic degradation of humic
acid and examined its kinetic.

2. Experimental
2.1. Materials

Humic acid stock solution was prepared by mixing laboratory-grade humic acid solution (purchased from
Sigma-Aldrich, Lot No. STBB1688V) with deionized water to conduct experiments at humic acid
concentration of 4, 6, 8 and 10 mg/L.. Commercially available Titanium Dioxide P-25 type (TiO2 Degussa
P25), purchased from Sigma-Aldrich (Lot No. MKBG9739V) with its crystal structure comprising of
approximately 80% anatase and 20% rultile and with a BET specific surface area of 50 m2/ g, was used as a
photocatalyst at TiO; loading of 0.1 g/L for all experiments.

2.2. Reactor Setup

The photo-chemical experiments were performed in a 1 L cylindrical Pyrex beaker, and continuous stirring
of the suspension was provided throughout the experiment using a magnetic stirrer. The reactor and the
magnetic stirrer were placed in an acrylic box, which all inner walls were covered with aluminium foil. A 10
W UVA lamp, which emitted radiation wavelength between 315 and 400 nm, was installed at the top of the
box, and four of a 15 W UVA lamps were installed on each side of the box. At the location where the
reactor was placed in the box, the intensities of the incident light were measured using a UV light meter
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(UV-340B, Shenzhen). When only a 10 W UVA lamp was switched on, the measured light intensity was 35
uW/cm?; when a 10 W UVA lamp and two of a 15 W UVA lamps were switched on, the measured light
intensity was 225 pW/cm? and when all the installed UVA lamps were switched on, the measured light
intensity was 435 pW/cm?2.
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Fig. 1. Schematic of the photocatalytic reactor.
2.3. Photocatalytic Experiments

For each photocatalytic experiment, one liter humic acid solution (at the concentration of 4 mg/l. for
investigating the effect of light intensity on photocatalytic degradation of humic acid and at the
concentration of 4, 6, 8 and 10 mg/L for evaluating its kinetic as a function of light intensity) was mixed
with TiO> at the concentration of 0.1 g/L in a cylindrical Pyrex beaker, then the beaker was placed on a
magnetic stirrer in the photoreactor. The oxidation process was initiated by turning on the UVA lamps.
During the experiments, 60 ml of samples were collected at 30 min interval, immediately filtered through
0.45 wm membrane filter to remove TiO» particles and stop the photocatalytic oxidation reactions, and
measured concentrations of humic acid and total organic carbon. Concentration of humic acid was
monitored by UV at 254 nm wavelength absorption technique (UVasy) wusing a UV-visible
spectrophotometer (UV-1700, Shimadzu), and concentration of total organic compound was measured
using a Total Organic Carbon (TOC) Analyzer (TOC V-CPH, Shimadzu).

3. Results and Discussions

In order to understand the influence of light intensity on photocatalytic degradation of humic acid, this
research was carrying out in two parts. The first part investigated the effect of light intensity on the
photocatalytic degradation of humic acid, and the second part evaluated the kinetic of the photocatalytic
degradation as a function of light intensity.

3.1. Effect of Light Intensity on Photocatalytic Degradation

In this part of the research, experiments were conducted at different light intensities with initial humic acid
concentration of 4 mg/L. and TiO; loading of 0.1 g/L, and concentrations of humic acid and total organic
carbon were measured every 30 min. The percentage of humic acid removal under the light intensity of 35,
225 and 435 pW/cm? are shown in Fig. 2. At light intensity of 35 uW/cm2, 30 min after irradiation the
removal of humic acid was found to be 27%, then removal efficiency increased with time and reached
about 70.6% at 150 min. At light intensity of 225 pW/cm2, 30 min after irradiation the removal of humic
acid was found to be 82.8%, then removal efficiency slowly increased with time and reached about 94.7% at
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150 min. At light intensity of 435 uW/cm?, 30 min after irradiation the removal efficiency reached 94.8%,
then removal efficiency slowly increased with time, and reached about 99% at 150 min. The highest humic
acid removal efficiency was found at the highest light intensity used in this study (435 uW/cm?). This result
could be attributed to the electron-hole-pair generation rate. When incident light with sufficient energy to
overcome the catalyst band gap falls on the surface of a photocatalyst, the electron in the valence band
jumps to the conduction band, resulting in the generation of a positive hole and a free radical. And, during
this electron-hole pair generation, oxidation-reduction reactions take place [13]. Higher intensity of the
incident light, which has sufficient-energy, would lead to higher electron-hole pair generation rate, and
subsequently higher photo-catalytic activity, resulting in higher removal efficiency. This finding indicates
that light intensity is one of the important factors influencing photocatalytic degradation of humic acid.
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Fig. 2. Humic acid removal efficiency (measured by UVas4 absorption technique) under the light intensity of
35, 225 and 435 uW/cm? with initial humic acid concentration (Cy) of 4 mg/L.
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Fig. 3. Total organic carbon removal efficiency under the light intensity of 35, 225 and 435 pW/cm?2 with
initial humic acid concentration of 4 mg/L.

During the experiments, total organic carbon was also measured along with humic acid concentration
in all collected samples. Total organic carbon is the amount of carbon bound in an organic compound,
which in this study used as the other indicator for monitoring oxidation-reduction reactions of humic acid.
The percentage of TOC removal under the light intensity of 35, 225 and 435 uW/cm? with initial humic
acid concentration of 4 mg/L. and TiO; loading of 0.1 g/L are shown in Fig 3. At light intensity of 35
pW/cm?2, 60 min after irradiation the removal of TOC was found to be 2.4%, then removal efficiency
increased with time, and reached about 12.8% at 150 min. At light intensity of 225 uW/cm2, 60
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min after irradiation the removal of TOC was found to be 16.4%, which is much higher than that of 35
uW/cm? light intensity, then removal efficiency slightly increased with time, and teached about 18.5% at
150 min. At light intensity of 435 uW/cm?, 60 min after irradiation the removal of TOC was found to be
12.3%, then removal efficiency increased with time and reached about 19.6% at 150 min. When comparing
the TOC removal efficiency with the humic acid removal efficiency, it should be noted that the humic acid
removal rapidly occurred within the first thirty minute after irradiation, while the TOC removal arose in the
tirst 60 min of irradiation; and after 150 min of irradiation TOC removal efficiency was approximately 20%,
which is much lower than the humic acid removal efficiency (about 95%). This indicates that that the
intermediate compounds were formed after the oxidation process, and incomplete mineralisation of humic
acid to the end product in form of CO; occured [1].

3.2. The Kinetics of Photocatalytic Degradation

The previous part of this study investigated the effect of light intensity on the photocatalytic degradation of
humic acid, and the results indicated that light intensity plays an important role on the degradation of
humic acid. The second part of this study aims to evaluate its kinetic since understanding kinetic of this
process would allow appropriate design when this technique is applied in water-treatment systems. The
experiments were conducted at different initial humic acid concentration (4, 6, 8 and 10 mg/l) and light
intensity (35, 225 and 435 uW/cm? with a fixed TiO; loading of 0.1 g/L. Since the photcatalytic
degradation of humic acid involves the adsorption of the substance on the catalyst surface and the chemical
reaction to convert the compounds into carbon dioxide and water, the Langmuir-Hinshelwood (L-H)
model, which covers both the adsorption step and chemical reaction step, was selected to discuss the
kinetic of this photocatalytic process [14]. The L-H kinetic model can be described as following:

L8 kK

ads
dt  1+K,.C,

@

ads

k1-mis the reaction rate constant, mg L1 min'; Ky is the adsorption coefficient of the substance on the
surface of TiO; particles, L mg-!; Cis the concentration of humic acid, mg I-1; (o is the initial concentration
of humic acid, mg L.

Integration of Eq. (1) yields the following equation:

In(cgj—'_ Kads(CO +C) = kL—H Kadst <2>

0

Then, the half-life (#/2), the time at which the remaining concentration of humic acid is half of the initial

concentration, can be deduced as
0.693 0.5
tl/z ) [ J " ( ]CO (3)
kL—H Kads kL—H

By plotting #/> versus Cy should give a straight line with a slope of 0.5/4. 1 and an intercept of
0.693/ kr-1Kuas, and through which the coefficients 4r i and K can be calculated. When the initial
concentration Cp is small, Eq. (2) can be simplified to a pseudo-first order reaction as shown in Eq. (4).

In(gJ =k, K, t=kt or C,=Ce™ ),
Co
yielding half-life, ti/> (min)
0.693
by, = Tk ©)
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where £ is the pseudo-first-order reaction rate constant, and &£=4r, K., mint.

From experimental results, the observed degradation of humic acid followed an exponential decay
form for all initial humic acid concentrations evaluated in this study; the example of the decay (at the initial
humic acid concentration of 6 mg/L) is depicted in Fig. 4. At light intensity of 35 uW/cm?, after 30 min
of irradiation the remaining fraction of humic acid in the solution was 0.63, then decreased with time,
and reached about 0.31 after 150min irradiation. At light intensity of 225 uW/cm2, 30 min after irradiation
the remaining of humic acid concentration was 0.52 and reached about 0.06 at 150 min after irradiation. At
light intensity of 435 pW/cm?2, 30 min after irradiation the remaining of humic acid was 0.19 and reached
about 0.05 at 150 min after irradiation. Among the experiments, the highest of humic acid removal was
found at light intensity of 435 uW/cm?, and the lowest humic acid removal was found at light intensity of
35 uW/cm? Although the humic acid removal at light intensity of 225 uW/cm? and 435 uW/cm? after 120
min irradiation were similar, it should be noted that humic acid degradation at the light intensity of 435
uW/cm? was much faster in the first 60 min, suggesting the influence of light intensity on the degradation
rate of humic acid.
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Fig. 4. Photocatalytic degradation of humic acid (initial humic acid concentration (Cp) of 6 mg/L) under the
light intensity of 35, 225 and 435 pW/cm?.

As a simplified L-H rate equation (Eq. (1)) renders a simple pseudo-first-order kinetic equation (Eq.
(4)), 4 values could be deduced from a slope of In(C/Co) versus irradiation time plot, as shown in Fig. 5,
and the half-life values at different light intensities and at different initial concentrations (4, 6, 8 and 10
mg/L) can be calculated from Eq. (5). By plotting the half-life values at different light intensity, calculated
from Eq.(5), versus the initial humic acid concentration (Cp), as shown in Fig. 6, the kinetic constants can
be determined and reported in Table 1. The reaction rate constant (4r-n) for the light intensity of 35, 225
and 435 uW/cm?were 0.049, 0.152 and 0.178 mg L' min?, and the adsorption coefficient (K.q) values were
found to be 0.399, 0.363 and 0.430 L mg, respectively. The values of &1 and K.z at the light intensity of
35 uW/cm? were within the same order of magnitude as those reported by Bekbolet ez 2/ [14]. It should be
noted that the 4. values increased with light intensity, while the K. values were relatively unchanged
(+20%) when increasing light intensity. This indicates the influence of light intensity on humic acid
oxidation process, but not the adsorption. The inclined trend of the reaction rates when light intensity
increased further implies that the photo-degradation of humic acid is a function of light intensity-the higher
the light intensity, the faster the degradation rate-thus, requiring less time. In addition, when considering
the changing in values of 4.-nand K, with light intensity, it could be inferred that the oxidation process is
the rate limiting step in this photo-catalytic degradation.
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Fig. 5. First-order kinetic of humic acid photocatalytic degradation under the light intensity of 35, 225 and

435 uW/cm? at the initial humic acid concentration (Cp) of 6 mgyL.
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Fig. 6. L-H kinetic of humic acid photocatalytic degradation under the light intensity of 35, 225 and 435
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Table 1. L-H kinetic parameters.

Light intensity Rate 42 kiu K. .
(wW/cm?) (mg L1mint)>  (min)> (mg L1mint)as (ILymg)?

35 0.035 0.049 0.399 99 0.87
225 0.105 0.152 0.363 33 0.95
435 0.130 0.178 0.430 27 0.82

a k. and K, were calculated from the slope and interception of the plots in Fig. 6 at the initial humic acid

concentration ranging between 4 and 10 mg/L.

b Examples of the rates and the half-life(s1/2) calculated at the initial humic acid concentration of 6 mgyL.

4. Conclusion

This research investigated the effect of light intensity (35, 225 and 435 pW/cm?2) on photocatalytic
degradation of humic acid using TiOz as a photocatalyst, and evaluated its kinetic. The results showed that
the removal efficiency of humic acid increased with increasing light intensity, and then becoming
asymptotic. The highest humic acid removal efficiency (99% removal measured by UVass absorption
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technique) was found at the light intensity of 435 uW/cm? and at humic acid concentration of 4 mg/L,;
however, under the same condition the removal efficiency of total organic compound was found only 20%,
implying the partial oxidation of humic acid and the formation of intermediate compounds. For kinetic
evaluation using the Langmuir-Hinshelwood model, the values of reaction rate constant (&1 ) were found
to increase with light intensity, while the values of adsorption coefficient (K.z) were relatively unaltered
when light intensity increased. This indicates the influence of light intensity on humic acid oxidation
process, not the adsorption step. Furthermore, the increase of the reaction rates with light intensity implies
that light intensity is one of the important parameters influencing the photo-degradation of humic acid
using TiOx.
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