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Abstract

A photocatalyst comprised of strontium-doped TiO, coated on porous ceramic filter media
(Sr-TiO,/PCFM) was prepared using the heat-treated process. The main objective of this study was
to investigate the effects of catalyst dosage, initial HA concentrations, pH, and temperature on the
adsorption and degradation of humic acid (HA) in a solution containing Sr-TiO,/PCFM under irradiation
of UV light. Removal efficiency of 84.25% for HA was achieved under experimental conditions for
a Sr-TiO,/PCFM dosage of 80 g at an initial concentration of 15 mg/L over a period of 8 h. Higher
degradation was found for HA in the acidic environment and at higher operating temperatures. The rate
of the adsorption reaction followed the pseudo second-order kinetics with the sorption isotherm well fitted
to the Freundlich and Langmuir isotherm models. The oxidation rate constants of HA were evaluated
by using pseudo first-order kinetics that can describe the photodegradation process. Furthermore, the
photocatalytic stability of Sr-TiO,/PCFM was performed with 3 cycles reused. These findings suggest
that the Sr-TiO,/PCFM was found to be an effective and promising approach to eliminating HA in water

resources.

Keywords: adsorption, photocatalytic, humic acid (HA), strontium-doped TiO, coated on porous
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Introduction

Humic substances are among the most important
natural organic matters (NOM) existing in ground
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and surface waters and are known as one of the main
disinfection by-product (DBPs) precursors that may act
as health risk factors [1]. Humic substances — mainly
humic acids (HA), which constitute the major fraction
of NOM in water supplies — have been suggested as a
standard for mimicking NOM in the laboratory. HA are
non-biodegradable and have color, odor, and also exhibit
a wide range of distribution in molecular weight and
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size [2]. HA includes both hydrophobic and hydrophilic
components as well as many chemical functions that
can provide many available sites for the binding of metal
ions and thereby greatly affect the growth of plants and
microorganisms [3]. Meanwhile, HA could bind with
organic chemicals that may influence the toxicity of these
compounds to plants and microorganisms [4]. During
the disinfection of municipal drinking water treatments,
HA can react with chlorine, resulting in the formation of
trihalomethanes that cause cancer and seriously affect
human health [S]. Owing to the harmful effects noted
above, HA removal from water is necessary and has been
attempted in different ways.

The degradation of HA can proceed through a variety
of methods such as coagulation, precipitation, filtration,
ion-exchange, use of activated carbon, or biological
treatment. However, the application of the proposed
methods is associated with a number of disadvantages.
For example, the coagulation process brings some
disadvantages but coagulation and flocculation followed
by sedimentation/flotation and filtration have been
considered as the most common and economically feasible
process for removing HA. Within 45 min by coagulation,
approximately 81% of HA was removed, but Al** residual
might bring some risks for drinking water [6]. Taking
into account the disadvantages of these methods, the
heterogeneous photocatalytic degradation processes
involving titanium dioxide (TiO,) can be regarded as an
effective alternative solution for eliminating HA from
water resources [7-9].

Although TiO, exists in 3 polymorphs (anatase,
rutile, and brookite), only the first two have value in
photocatalysis [10]. When illuminated with light of
wavelength <380 nm, the TiO, particle (anatase form)
produces excited-state electrons and hole pairs (e_,/h,’,)
where the pre-adsorbed O, and H,0 molecules react. That
can migrate to the surface to form a powerful oxidizing
agent (¢.g., HOO, hydroxyl radicals OH’, and superoxides
0,"). These radical species possess the potential to oxidize
various organic molecules. Due to its high adsorption
ability to organic contaminants corresponding with good
quality photocatalytic efficiency, TiO, photocatalysts
have been used in many types of reactor configurations,
including circulating columns, fluidized beds, membrane
reactors, and immobilized films [11]. By using many
different techniques, TiO, can be immobilized on
ceramic, glass, plastic, and polyvinyl chloride-coated
fabrics [12-13]. To facilitate the practical application of
the photocatalytic process, the finding out of a suitable
carrier substrate for synthesizing and immobilizing
crystalline TiO, is required. The porous ceramic filter
media (PCFM) possesses a high surface area with large
porosity, high adsorption capacity, and suitable pore

structure used in the paper as carrier material of the TiO,
thin film.

The aim of this work was to evaluate the
adsorption characteristics and photocatalytic activities
of strontium-doped TiO, coated on porous ceramic filter
media (Sr-TiO,/PCFM) for the removal of HA from a
water resource under various experimental conditions.
The adsorption kinetics and isotherm for the removal
of HA by Sr-TiO,/PCFM were evaluated. The effects
of experimental parameters such as the Sr-TiO,/PCFM
dosage, initial HA concentration, pH, and temperature
were studied to investigate the feasibility of applying
Sr-TiO,/PCFM for photocatalytic degradation of HA.
The stability of the catalyst was also investigated through
repeated use of Sr-TiO,/PCFM.

Materials and Methods
Preparing Sr-TiO /PCFM

Due to being composed of small nanocrystallites
of rutile being dispersed within an anatase matrix and
“quantum size” effect, TiO, P25 (Degussa) powder
type added with a certain amount of strontium chloride
(SrCl,) was chosen for better photocatalytic activity.
TiO, powder and SrCl, were mixed in a weight ratio of
50:1, respectively. 100 mL sodium metasilicate solution
20 g/L (Na,SiO,) was added and then stirred at 150 rpm
until that mixture became thick and dry. The PCFM
preprocessed with diluted hydrochloric acid (HCI) 1:9
was rinsed several times with distilled water until
a neutral pH was reached and then dried in the oven.
Following this, 100 g dried PCFM was slowly added to
100 mL of the above mixture solution for stabilizing. The
prepared photocatalyst was mixed, dried at 100°C for 1 h,
and then carefully calcined. The temperature was slowly
increased (2°C/min) to 500°C and maintained at this
level for 3 h. Finally, the heat-treated sample was labeled
as Sr-TiO,/PCFM.

Materials and Analytical Methods

All the chemicals and reagents used in this study
were used without further purification. All glassware
and sample bottles were soaked in diluted HCI solution
for 12 h, then washed and rinsed 3 times with deionized
water obtained from the Millipore UV apparatus.
Deionized water was also used for the preparation of
solutions. All experiments were conducted in duplicate
and the average values were used for data analysis.

In this study, the PCFM was provided by Shandong
Aluminium Industry Corporation in China. Table 1

Table 1. Chemical compositions of the porous ceramic filter media (wt %).

Compositions SiO ALO, FeO,

2

CaO Na,O MgO KO

2

Content 38.25 21.96 18.07

8.64 9.14 2.90 0.52
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shows the chemical compositions of ceramic filter media
(and does not take into account a few alkali metals
and alkaline-earth metals oxides). The PCFM consists
primarily of SiO, (38.25%), Al O, (21.96%), and Fe O,
(18.07%).

The surface morphology of the Sr-TiO,/PCFM was
characterized by using JSM-5610LV scanning electron
microscopy (SEM) at an accelerating voltage of 20.0 kV.
The crystalline phase of Sr-TiO,/PCFM was identified
by x-ray diffraction (XRD, D / MAX-RB RU-200B)
operating at 12 kW over the 20 range 3-145°. The average
crystal size of Sr-TiO,/PCFM was calculated using the
Debye-Scherrer equation:

0.9\

b= B(260)cosH (1)
...where D is mean crystallite size (nm), A is the
wavelength of the x-ray radiation (A = 0.1540 nm), {3 is
full-width at half-maximum (FWHM) of the (101) plane
(in radians), and O is the Bragg angle [14].

The humic acid sodium salt was supplied by Alfa
Aesar (Shanghai, China). Before mixing the HA solution
with the adsorbent, its pH values were adjusted using
sodium hydroxide (NaOH 0.1 M) or hydrochloric acid
(HCI 0.1 M). The pH of HA solution was measured by
using the ST2100 model pH meter (Changzhou, China).
The concentration of HA was determined by a UV-vis
spectrophotometer (Shimadzu UV-1800 model) at the
wavelength 254 nm (UV

254)‘

Adsorption Experiments

The HA stock solution was prepared by dissolving a
certain amount of HA into the double-distilled water and
then stirred at 600 rpm for 24 h in the dark to improve
solution stability. For removing the insoluble matter, a
0.45 pm through membrane filter was used. The stock
solution was stored at 5°C in a refrigerator in the dark.
Such a prepared HA solution was stable for weeks.

To evaluate adsorption characteristics of HA
on the Sr-TiO/PCFM material, adsorption kinetics
were performed in dark conditions varying the initial
concentration of HA. The stock solution was diluted with
an appropriate amount of distilled water to obtain the
desired concentration a range of 15-65 mg/L. Adsorption
equilibrium experiments were performed by adding
respectively 80 g Sr-TiO,/PCFM with 100 mL of different
initial concentrations of HA solutions unadjusted pH at
room temperature (25+2°C) and kept in dark conditions
for 8 h. All batch experiments were covered by aluminum
foil throughout the experimental period to minimize light
impacts on test parameters. At the end of the 1 h interval,
2 ml of HA solution sample was removed, centrifuged,
and analyzed for the contaminant concentration. UV,_,
was measured in 10 mm quartz cells in a double-beam

spectrophotometer, as the concentration of HA in solution
changes. The percent of HA removal was calculated using
the following equation:

(Co - Ce)
Removal (%) = ————x100%

Co @
..where C, and C, are the initial and final remaining
concentrations of HA (mg/L), respectively. The amount
of HA adsorbed by Sr-TiO,/PCFM material ¢, (mg/g) at
equilibrium was calculated by Eq. (3):

%4
q.(mg/g) = (C, — Ce); 3)

...where V is the volume of the HA solution (L) and m is
the mass of Sr-TiO,/PCFM used (g).

Photocatalytic Degradation Experiments

All the experiments were operated under laboratory
conditions and performed in duplicate. The experimental
procedure involved placing a 250 mL glass cup of
filtered solution. A high-pressure mercury lamp (125 W,
A, = 365 nm, 40 mW/cm?) provided an intense
light source and was located at the top of the reactor.
The degradation efficiency (%) of HA was calculated
by Eq. (4), where C, and C, are the equilibrium
concentration of HA after adsorption and the remaining
concentration of HA at a certain time ¢, respectively:

Degradation ef ficiency (%) = @xloo%
)

Before the photocatalytic experiment, the mixing of
Sr-TiO,/PCFM and HA solution sample was put in the
dark from 4 to 8 h to reach an adsorption-desorption
equilibrium, then the concentration of HA was noted C,.
After irradiation, the investigated solution sample was
collected at 1 h intervals and transferred to a vessel of
2 ml volume. Next, transferred samples were centrifuged
at the rate of 13,000 rpm for 15 minutes and then analyzed
for contaminant concentration. Mineralization of organic
carbon was determined by measuring total organic carbon
(TOC) value during the photocatalytic degradation of
HA.

The stability of the photocatalyst was assessed through
repeated use of Sr-TiO,/PCFM. Repeat experiments were
carried out with 15 mg/L HA concentration, an appropriate
amount of Sr-TiO,/PCFM, and 8 h UV irradiation for
cycling run. After the first photocatalytic reaction, the
remaining solution was replaced with fresh HA solution
of 15 mg/L. The used Sr-TiO,/PCFM is rinsed several
times with distilled water for the next cycles. The above
procedure was repeated for 3 cycles.
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Fig. 1. SEM photograph of (a 1, 2) PCFM and (b 1, 2)
St/TiO,-PCFM.

Results and Discussion
Characterization of Sr—TiOz/PCF M

As shown in Fig. 1(a-1, 2), the surface of the ceramic
filter ball is smooth and shows a slice layer. Besides that,
its pore structure is enough and distributed uniformly,
and provides a good site for TiO, particles to be covered.
From Fig. 1(b-1, 2), it can be seen that the TiO, particles
were well dispersed on the surface of PCFM, and
some particles embedded in the PCFM under SEM
were in the range of the nanometer scale. TiO, particles
on the external surface will have more chances for
Sr-TiO,/PCFM to receive light and exhibited higher
catalytic activity.

For comparison, the crystalline structures of both
PCFM and Sr/TiO,-PCFM were analyzed by XRD
pattern and the result is shown in Fig. 2. Their typical

Intensity

20/1¢°)

Fig. 2. XRD patterns of a) PCFM and b) Sr/TiO,-PCFM.

diffraction peaks at 20 = 25.23° corresponded to the (101)
planes of anatase, while the peaks at 26 = 26.54° were
in good agreement with the (120) planes of rutile. The
result clearly indicated that TiO, was successfully loaded
onto the ceramic filter and that Sr/TiO,-PCFM exhibited
a mixture of anatase/rutile phases. However, the mean
crystallite size of the Sr/TiO,-PCFM was 39.2 nm —
bigger than the P25 TiO, that may probably be caused by
the incorporation of impurities on the ceramic filter.

Adsorption Studies

It is noted that the decrease of HA concentration in
solution might be caused not only by photodegradation
reaction but also by the adsorption of HA on the TiO,
surface. In order to investigate the effectiveness of the HA
removal in a photocatalytic process, the influence of the
adsorption of HA from the solution on the Sr-TiO,/PCFM
surface should be determined. It is difficult to predict the
adsorption behavior of HA because little is known about
its precise molecular structure.

Equilibrium Contact Time

The contact time necessary to reach equilibrium
depends on the initial HA concentration [15]. The
effect of contact time on the adsorption of HA onto
Sr-TiO,/PCFM at different initial HA concentrations
is presented in Fig. 3. It was found that the adsorption
of HA on Sr-TiO,/PCFM occurred and equilibrium
adsorption was reached almost in about 4 h with 80 g of
Sr-TiO,/PCFM employed. The amount of adsorbed HA
at equilibrium conditions decreased as HA concentration
decreased, due to the higher adsorbate concentration, the
more diffusion would occur from the adsorbent surface
into the micropores [16]. The adsorption capacity at
equilibrium increased and the initial rate of adsorption
was greater for high initial HA concentrations, while
the percentage of adsorption decreased as the initial HA
concentration increased from 15 mg/L to 65 mg/L.

Adsorption Isotherms

Some of the most important data in the use of an
adsorbent is the adsorption isotherm [16, 17], which
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Fig. 3. Equilibrium adsorbed amount of HA onto Sr-TiO,/PCFM
according to adsorption time at various initial HA concentrations.
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Fig. 4. Adsorption isotherm for HA on the surface of
Sr-TiO,/PCFM.

reflects the relationship between the mass of the solute
adsorbed per unit mass of adsorbent and the solute
concentration of the solution at equilibrium.

The adsorption isotherm linear HA adsorbed by
Sr-TiO/PCFM material in this study was shown in
Fig. 4 and described by Langmuir and Freundlich
isotherms, which were the most commonly employed
models. The Freundlich and Langmuir model in their
related linearized expressions are expressed by Eqgs
(5-6), respectively:

1 1 1

de AmK1LCe  dm ®)

1
logq, = ;logCe + logKp ©)

...where g, is the equilibrium amount of HA adsorbed per
unit weight of the adsorbent (mg/g), C, is the equilibrium
concentration of HA in solution (mg/L), g, is the maximum
adsorption capacity (mg/g), K, is a constant related
to the affinity of the binding sites (L/mg), K, ((mg/g)
(mg/L)'), and n indicates the adsorption capacity and
a measure of the deviation from linearity of the
adsorption, respectively. The Langmuir isotherm
constants (K,) and ¢, are obtained from the plot of 1/g,
against 1/C, in Eq. (5). The Freundlich constants K, and
1/n are be obtained from the plot of log(g ) against log(C )
in Eq. (6). If n is close to 1, the surface heterogeneity could
be assumed to be less significant, and as n approaches
10, the impact of surface heterogeneity becomes more
significant [18].

Parameter values and correlation coefficients for both
isotherms were listed in Table 2. Based on the correlation
coefficients (R?), the experimental results indicated that
the sorption of HA onto Sr-TiO,/PCFM followed both
Freundlich and Langmuir models. The constant related

to the affinity of the binding sites (K,) was 0.011 L/mg,
and adsorption intensity (//n) was 0.930, implying that
the distribution of TiO, on the surface of PCFM
is even.

To determine if the adsorption process is favorable
or unfavorable for the Langmuir-type adsorption
process, the Langmuir isotherm is then classified using a
dimensionless constant separation factor (R,), which can
be defined as Eq. (7) [19]:

1
T 14K.C, %)

R,

..where C, is the initial concentration of HA (mg/L)
at room temperature. If the value of R <I, it indicates
a favorable adsorption and R >l means unfavorable
adsorption [16]. The R, values for the adsorption of HA
onto Sr-TiO,/PCFM were in the range 0<R <1 (Table 3),
indicating that Langmuir adsorption is favorable for the
adsorption of HA onto Sr-TiO,/PCFM.

Adsorption Kinetics

To understand the dynamics of the adsorption reaction
regarding the order of the rate constant, the kinetic
adsorption data were evaluated. Two kinetic models
were applied to investigate the behavior of the adsorption
process of HA onto the Sr-TiO,/PCFM. These models
include the pseudo first- and second-order kinetics.
The linear forms of reversible pseudo first-order can be
formulated as follows:

In(ge — qc) =In(ge) — kst (g

...where ¢, (mg/g) and g, (mg/g) are amounts of HA
adsorbed on the Sr-TiO,/PCFM material at equilibrium
and various times, respectively, and k, (h™) is the pseudo
first-order rate constant. The values of k, were determined
from the slope and the intercepts of the plots of /n(q,—q)
versus ¢ data.

The linear form of pseudo second-order equation can
be formulated as:

t 1 t

a k2qZ e ©)

..where k, (g/mgh) is the pseudo second-order rate
constant and was determined with g, from the slope and
intercept of the plot of #/g, versus . The linear plot of #/g,
as a function of # provides not only the constant rate &, but
also an independent evaluation of g,.

Table 2. Adsorption constants for humic acid on the surface of Sr-TiO,/PCFM.

Langmuir isotherm

Freundlich isotherm

R K, (L/mg) q, (mg/g)

R’ K, ((mg/g)(mg/L)™'") 1/n

0.991 0.011 3.632

0.983 0.004 0.930
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Table 3. Fitted parameters of adsorption isotherm using the
consensus of constant separation factor.

HA initial concentration 15 30 45 65
(mg/L)
R, 0.853 | 0.745 | 0.660 | 0.574

The values obtained for £ and ¢, are presented in
Table 4 and Fig. 5. The R’ values for the pseudo first-
order kinetics at different concentrations were relatively
low. The calculated ¢, values obtained from pseudo
first-order kinetics failed to match the experimental ¢,
values. On the other hand, the correlation coefficients
for the pseudo second-order kinetic at different initial
HA concentrations were above 0.991 and the calculated
q,., values were close and agreed well with the
experimental data D, e particularly at low concentrations.
Therefore, it can be said that the adsorption of HA
onto Sr-TiO,/PCFM followed the pseudo second-order
reaction model. The equilibrium sorption capacity ¢, in
this study increased from 0.0139 mg/g to 0.0630 mg/g
when the initial concentration of HA increased from
15 mg/L to 65 mg/L. The values of the rate constant
were also found to increase from 0.64 x 107 (g/mg.h)
to 55.8 x 107 (g/mg.h), for an increase in the initial
concentration from 15 mg/L to 65 mg/L.

Photocatalytic Degradation of HA
by Sr-TiO /PCFM

Many studies have discussed the mechanism of
photocatalytic oxidation processes between HA with
TiO, [19-25] and could be expressed by Eq. (10-21).

The simplified mechanism:

TiO, + hv > ez + hi’g

~ (10)
€CB reactions:

02 +ecp = 0y an

0; + H* - HO, (12)

HO, + HO; - H,0, + 0, 13)

H,0, +ecp > OH + OH™ (14)

Table 4. Parameters of adsorption kinetics for HA on Sr-TiO,/PCFM.

700
+15mg/L

600 e
=3 200 e =30 mg/L
£ 400 s
S )
~ 300 e 245 mgiL
jon - - ]
= -

200

100 - m65 mg/l

=
0

Fig. 5. Pseudo second-order kinetics of HA onto Sr-TiO,/PCFM.

H202 +02_ - OH + OH~ +02 (15)

H,0, + hv - 20H’

(16)
h?/-B reactions:

The redox reactions:

HA + OH - H,0 + CO, + other

degradation products (19)

HA + Ti0,(hyp) — oxidation products (5
HA + TiO5(ecp) — reduction products (o1

UV illumination on that wavelength for such
photon energy usually corresponds to A<380 nm, and
TiO, particles on the Sr-TiO /PCFM surface or porous
structure interact with UV light to generate electron
(écp) and hole (hj}p). The H,0 or O, molecules on the
surface of TiO, particles trap these holes and yield O,~
and OH' radicals. Generally, OH" radicals, which are the
most powerful oxidizing agents, attack the HA molecule
through hydroxyl addition or hydrogen extraction effect,
and HA converses to CO,, H,O, and other degradation
products through the different paths. The addition of OH"

Initial concentration First-order kinetics Second-order kinetics
(mg/L) ooy (Mg/Q) ; ;
g k, eca (ME/8) R k, 9eca (ME'S) R
15 0.0138 0.001 1.006 0.600 0.64 x 10° 0.0139 0.994
30 0.0262 0.002 1.010 0.663 3.84x 10° 0.0276 0.991
45 0.0403 0.003 1.017 0.646 15.4x 10° 0.0425 0.993
65 0.0594 0.005 1.026 0.626 55.8x 10° 0.0630 0.994
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Fig. 6. Effect of Sr-TiO,/PCFM dosage on the photocatalytic
degradation of HA.

to aromatic sites in HA leads the result in the formation of
ring-opened products, which may contribute to decreases
in molecular size, which may later yield CO, and H,O and
other degradation products.

In summary, the molecular structures of HA can be
broken down or rearranged by the photocatalysis process,
which can convert the non-biodegradable organics to
more biodegradable forms. Afterward, the photocatalytic
activity of Sr-TiO,/PCFM was evaluated under various
experimental conditions: the Sr-TiO,/PCFM dosage, the
initial concentration of HA, the initial pH values, and
temperature.

Effect of Sr-TiO /PCFM Dosage

The optimum dosage of Sr-TiO/PCFM on HA
adsorption was carried out for the same initial HA
concentration (15 mg/L) at unadjusted pH and different
St/TiO,-PCFM dosages. The time of the experiment was
8 h (Fig. 6). From the course of the curve recorded, it
has to be concluded that the increase in mineralization
degree of HA was enhanced from 41.11% to 77.90%
when the dosage of Sr-TiO,/PCFM was increased from
10 g to 50 g, respectively. The significant differences
were also recorded between 50 g and 80 g Sr-TiO,/PCFM
dosages, and maximum HA removal efficiency was
84.25% at dosages beyond 80 g (due to increasing the
amount of catalyst dosage contributing to making a large
number of active sites available for a fixed concentration
of HA). However, no further increase of degradation
efficiency value was observed when the Sr-TiO,/PCFM
dosage was increased from 80 g to 100 g. The percentage
removal decreased slightly at higher 80 g dosage of the
Sr-TiO,/PCFM. It likely that the higher dosage caused
the overlapping, overcrowding, and blocking of UV
irradiation, thereby reducing the availability of surface
area for photocatalysis. For this reason, 80 g of the
Sr-TiO,/PCFM dosage was chosen for further experiments.

Effect of Initial HA Concentration

To assess the photocatalytic efficiency of initial
concentrations, the photocatalytic experiment was
carried out with the initial concentrations of HA in
the range 15-65 mg/L. The equilibrium concentration

2
. R2=0.9951
.
15 | R?=0.9924
_ L]
5] p
© .
= 3 R2=0.9909 * 15me/l
ot i 4
o - B30 mg/L
L;/ ® 7 e R2=09931 .d45mg/L
= e
0.5 | e ® 65 mg/L

Irradiation time (h)

Fig. 7. Pseudo first-order kinetics of the photocatalytic
degradation of HA at different initial concentrations.

of TOC after reaching an adsorption-desorption
equilibrium was 13.8, 27.8, 42.4, and 60.1 mg/L for 15, 30,
45, and 65 mg/L of initial HA concentration, respectively.

In our study, the kinetics of HA degradation by
Sr-TiO,/PCFM were analyzed by using pseudo first-order
kinetics, which is expressed by Eq. (22):

[ToClo\ _
In ([TOC]t) =t (22)

...where £ is the pseudo first-order reaction rate constant
(h™),[TOC] and [TOC], are the equilibrium concentrations
of TOC after adsorption in the dark, and the remaining
concentration of TOC at irradiation time ¢, respectively.
Fig. 7 shows the linear dependence of In(/TOC]/
[TOC]) on time t, while Table 5 presents the reaction
rates and half-lives of decomposition of HA at various
concentrations. All the curves showed good linear
correlation (R>>0.990), suggesting that the degradation
of HA by Sr-TiO,/PCFM followed the pseudo first-order
kinetics. It was observed that the change of the initial
HA concentration resulted in the change of the exposure
time required to obtain complete degradation. The rate
constants & of TOC removal decreased and the half-
lives increased with increasing initial HA concentration
in the solution. It has been asserted that when the HA
concentration increased, more HA molecules covered or
created the saturation on the photo-catalytically active
surface of Sr-TiO,/PCFM. Thus, a number of photons

Table 5. Degradation rate constants as the dependence of TOC
concentration in photocatalytic oxidation of HA.

qoncentra- Reaction rate Oxidation Determination
tion of HA | constantk | 41 e (hy | coefficient R®
(mg/L) (b
15 0233 2.974 0.995
30 0.173 4.006 0992
45 0.126 5500 0.990
63 0.094 7372 0.993
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that interact with these sites decrease and deactivate
the photocatalyst [26]. As a result, OH® generation
decreases and the degradation rate of HA also decreases.
Moreover, it probably resulted from the complexity of the
chemical structure and lower solubility in water of the
HA compound undergoing mineralization to CO, and
water together with byproduct formation. These results
were consistent with several previous studies that have
reported the dependency of the TiO, reaction rate on
the concentration of contaminants in water [27]. A high
concentration of pollutants in water saturates the catalyst
surface and hence reduces the photonic efficiency and
deactivation of the photocatalyst.

Effect of pH Values

Many reports about the effect of pH on photocatalytic
degradation of organic compounds in water resource have
been written [20, 28-29]. In fact, the interpretation of the
pH-dependent photodegradation of HA on TiO, is a very
difficult task because of its multiple roles.

The effect of pH on the removal of HA by using
Sr-TiO,/PCFM has been investigated. Four sets were
conducted with the same initial HA concentration of
15 mg/L, but at different initial pH (3.98, 5.98, 6.96,
and 9.80). Each of the sets was performed for 8 h. It
was found that the pH values had a significant effect
on the decomposition of HA in Fig. 8. The highest
degradation was obtained in the acidic environment
(pH = 3.98) next to the neutral ones, and the lowest was
observed in the alkaline environment (pH = 9.80). The
Sr-TiO,/PCFM showed its higher photocatalytic activity
under acidic conditions, which suggests that a certain
group of HA compounds, such as carboxylic acids,
was readily adsorbed onto the Sr-TiO,/PCFM surface,
confirming the finding of Bekbolet et al. [30] that TiO,
has a strong affinity for HA, especially at low pH.
Moreover, it was because the positively charged catalyst
surface is conducive to the transferring process of
photogenerated electrons to the surface of the catalyst,
which contributes to the generation of active radicals such
as O, and OH’, meanwhile avoiding the recombination
of photogenerated electrons and holes. There was a
sharp reduction of HA concentration at pH 3.98 during
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Fig. 8. Influence of pH on degradation of HA.
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Fig. 9. Influence of temperature on degradation of HA.

the first hour of photoreaction. This can be expressed
as in the acidic environment, catalyst particles possess
a positive charge and strongly attract anionic forms of
HA. In contrast, at neutral pH (pH = 6.98) the catalyst
surface is charged less, and catalyst particles are willing
to form complexes. At high pH values the adsorption
played a significant role in photocatalytic degradation.
Lower photocatalytic degradation of HA at higher pH
as the photoreaction mainly occurred on the surface of
the catalyst, while HA could not adsorb onto the
negatively charged Sr-TiO,/PCFM surface. In addition,
the carboxyl groups on the HA were ionized in an alkaline
environment. A majority of phenolic groups will only
be ionized above pH 9. This ionization led to a negative
charge on the HA molecules, which led to a repulsion
from the increasingly more negative TiO,. Hence, the
lowered adsorption led to a reduced rate as observed.
This is in agreement with the results reported by Xue
et al. [7] which evaluated the photocatalytic degradation
of HA over TiO, particles on granular-activated carbon.

Effect of Temperature

In fact, photocatalytic systems in most cases are
operated at room temperature and do not require heating.
Atroom temperature, the low thermal energy (0.026 V) is
inadequate to activate the TiO, surface, but it is quite close
to the activation energy of hydroxyl radical formation.
Thus, it can be assumed that the photodegradation rate
of HA is governed by hydroxyl radical reactions, and
the effect of temperature on the rate of oxidation may be
dominated by the rate of interfacial electron transfer to
oxygen [31].

In our experiments, temperatures were selected
to simulate operating conditions during winter (15°C)
and summer (37°C) in Wuhan, China. The effect of
temperature on the photocatalytic degradation of HA
onto Sr-TiO /PCFM was carried out at the same pH values
and initial HA concentration of 15 mg/L.

The degradation of HA in the water resource at
different temperatures is presented in Fig. 9, which shows
that the higher operating temperatures slightly enhance
degradation at the same pH under UV irradiation. In
other words, the degradation of HA fluctuated with
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Fig. 10. Degradation rate of HA by repeated use of
Sr-TiO,/PCFM (initial HA concentration = 15 mg/L, irradiation
time = § h, temperature = 25 +2°C).

increasing temperature, which was consistent with that
reported by Palmer et al. [32]. These results were not
surprising because of temperature, which for instance
can increase the interfacial charge transfer rate and the
rate of indirect oxidation in homogeneous solution by
changing the number of charge carriers and the rate
constant. Alternatively, a contributory factor to this effect
is probably the more rapid desorption of both substrate
and intermediates from the catalyst particles, giving a
larger effective surface area.

Photocatalytic Stability of Sr-TiO /PCFM

One of the most important factors in water
treatment is the reuse of a photocatalyst for its practical
application. Sr-TiO,/PCFM was reused several times
for the HA degradation to evaluate its photocatalytic
stability. As shown in Fig. 10, more than 84% HA was
degraded at the first cycle. The removal of HA was
slightly reduced as reuse times increase. After 3 cycles,
the removal efficiency of HA was above 67.3% of the
initial concentration after photocatalytic reaction of 8 h.
Additionally, TiO, supported on PCFM did not leach into
the water resource during the reuse process. These results
indicate that Sr-TiO,/PCFM is a very stable photocatalyst
for photocatalytic degradation of HA. Thus, reusability is
a significant advantage of Sr-TiO,/PCFM to reduce cost
and factors harmful to the environment.

Conclusions

In conclusion, the strontium-doped TiO, coated
on porous ceramic filter media (Sr-TiO,/PCFM) was
successfully prepared through the heating process.
Adsorption characteristics and photocatalytic activity
of Sr-TiO,/PCFM were evaluated by the removal of
HA from the water resource. We discovered that the
adsorption equilibrium of HA was reached in about
4 h for 15 mg/L of initial HA concentration with 80 g
of Sr-TiO,/PCFM employed. The adsorption of HA
on Sr-TiO,/PCFM followed both Langmuir and

Freundlich models and fitted the pseudo second-order
kinetics model. The degradation efficiency of HA by
Sr-TiO,/PCFM followed the pseudo first-order kinetics
and depended on Sr-TiO,/PCFM dosage, initial HA
concentration, pH, and temperature. The Sr-TiO,/PCFM
is reusable with good photocatalytic activity after three
cycles. Further research to investigate the degradation of
HA from real surface water is required in order to better
comprehend the Sr-TiO,/PCFM applications.
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