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ABSTRACT

In this paper, titanium oxide nanoparticles were produced using the hydrothermal method
and embedded in PVA-alginate beads to remove Pb(II) ions from aqueous solutions. The
kinetics of the photocatalyst process was elucidated by varying operating parameters such
as pH (3, 7 and 10) and initial Pb(II) concentrations (25, 50, 100 and 200 mg/L). The findings
revealed that 99.1% of the Pb(Il) was removed within 150 min and maximum removal
occurred in initial concentration of 25 mg/L at pH 7. The titania PVA-alginate beads can be
readily isolated from the aqueous solutions after the photocatalytic process and reused for
at least seven times without significant loss in their initial properties. In addition, the
reduction of Pb(Il) from wastewater using titania PVA-alginate beads fitted the Langmuir-
Hinshelwood kinetic model with a correlation coefficient (R?) of 0.9931.

Keywords: Photocatalysts; TiO, nanoparticles; PVA-alginate; Pb(II) solution; Wastewater
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1. Introduction

The presence of heavy metals ions in industrial
wastewaters is an important source of environmental
pollution. Pb, Cu, Hg, Cd, Cr and Ni are the major
trace elements that can be classified as the most
harmful materials for public health. These toxic heavy
metals are released into the environment by different
ways such as, coal combustion, automobile emissions,
mining activities, sewage wastewaters and the
utilization of fossil fuels [1]. There are many kinds of
techniques which include filtration, adsorption,

*Corresponding author.

reverse osmosis, solvent extraction and membrane to
separate heavy metals from aqueous solutions.
Adsorption has been proved as an economically
alternative method for the removal of heavy metal
ions from wastewater [2].

Since Fujishima and Honda [3] discovered the pho-
tocatalytic splitting of water on TiO, electrodes, TiO,
has been employed as a semiconductor photocatalyst
for solar systems and environmental purification. TiO,
photocatalysts have a synergistic effect on oxidation of
organics and metal reduction, so it was applied for
environment. Most of the researches were focused on
the suspension of TiO, fine powders because they pos-
sess higher photocatalytic activity than in the form of

1944-3994/1944-3986 © 2015 Balaban Desalination Publications. All rights reserved.


mailto:ani@cheme.utm.my
mailto:zmajidnia@yahoo.com
mailto:sozana@fkkksa.utm.my
http://dx.doi.org/10.1080/19443994.2015.1006256

5036

thin films. But, the application of common powder
catalysts has been disapproved for some reasons, due
to the requirement of continuous stirring during reac-
tion and separation difficulty after the reaction. TiO,
can be reflected as a stable photocatalyst due to the
large band gap (E,=3.2eV); it becomes active only
within the ultraviolet region that is less than 10% of
the total solar intensity [4].

Some researchers [5] studied the photocatalytic
properties of nanostructured TiO, ultrafine powder
for Pb(Il) removal in initial concentration of 150 mg/g
under UV light. The results shown in the rate of Pb(II)
removal was 100% after 1h. In another study [6],
lead(Il) ions removal from aqueous solutions was per-
formed using chitosan/TiO, hybrid film and was-
found that the Pb(I) uptake efficiency was largely
dependent on pH levels. Optimal Pb(Il) adsorption
conditions were within the range of pH 3—4 and initial
metal concentration of 50-55 mg/L. In these condi-
tions, the efficiency of theoretical adsorption was
found to be 90.6%. Recillas et al. [6,7] applied TiO,
nanoparticles for Pb(Il) removal and the Pb** adsorp-
tion capacity was 45%. Collazo et al. [8] in his studies
developed a novel synthesis method for the N-doped
TiO, photocatalyst and the results revealed that the
N-doped anatase TiO, was an optimal photocatalyst
under visible light and sunlight irradiation, and the
N-doped sample demonstrated the rate of reduction
near 95%.

Alginate is one of the most widely studied natural
polymers for heavy metal ions removal because it is
inexpensive, non-toxic and has an efficient adsorption
capacity. The carboxylate functional group of this
polysaccharide is found to be responsible in capturing
the heavy metal cations such as Cd(Il), Pb(Il) and Cu
(I [9]. However, alginate on its own is very fragile
and cannot be recycled. Thus, it is usually combined
with polyvinyl alcohol (PVA), the most common mate-
rial used in the immobilization process because of its
elasticity and high strength, and the beads produced
proved to be very strong and durable [10].

Recently, the use of photocatalyst such as y-Fe,Os
nanoparticles in PVA-alginate beads has been used
for the reduction of metals such as Cr(VI), Pb(Il) and
CdI), respectively [11-13]. The removal of Pb(Il) ions
using the beads-included TiO, has not been explored.
In most of the researches mentioned earlier, TiO,
nanoparticles were employed either in powder or in a
film form. Thus, in the current work, TiO, nanoparti-
cles are embedded in PVA-alginate as matrix and they
are used as a photocatalyst for the removal of Pb(ID). It
is hoped that these beads enable the possibility of
enhancing metal retention and also create an ease for
separation along with the improved bead strength.
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2. Experimental
2.1. Materials

Titanium  isopropoxide, acetylacetone, urea,
alginate and PVA were purchased from Sigma-
Aldrich. Ethanol and Pb(I) solution were purchased
from Merck.

2.2. Method
2.2.1. TiO, powder synthesis

Initially, 2 mL of acetylacetone and 2 mL of tita-
nium isopropoxide were mixed together and then
added to 40 mL of ethanol at room temperature. The
mixture and the urea solution (0.5 g of urea in 10 mL
deionized water) were then added drop wise in 40 mL
of deionized water with continuously stirring at room
temperature. The resulting mixture was pale yellow in
colour with a pH value of 5.6. The mixture was vigor-
ously stirred for 1h and then transferred into a
120 mL Teflon-lined stainless steel autoclave, which
was heated in an oven at 150°C for 18 h. The contents
were allowed to cool at room temperature. The yel-
lowish white sample was centrifuged with ethanol
and deionized water. Finally, the sample was dried at
80°C for 3 h and stored in a dark coloured dry bottle
which was ready for use [14].

2.2.2. TiO; beads preparation

About 100 mL of precursor solution was prepared
by mixing 12 g of PVA, 1g of alginate and 0.1 g of
titanium oxide in distilled water. Twelve gram of PVA
was initially stirred in 72 mL of distilled water for
about 5h under conventional heating at 80°C, while
alginate was stirred in 20 mL of distilled water in a
different beaker. PVA was subsequently heated in a
microwave for another 4 min to ensure complete dis-
solution. The alginate and titanium oxide powder
were added to PVA solutions in a beaker. To ensure
homogeneity, the solution was continuously stirred.
The solution was then pumped through a peristaltic
pump through a pipette into the solution containing 6
wt.% boric acid and 2wt.% calcium chloride (CaCl,).
Then, the beads were left in the solution for 24 h and
were washed with distilled water several times, and
stored in deionized water for future use [11,15].

2.2.3. Characterization of the TiO, nanoparticles

TiO, nanoparticles were identified with an X-ray
(260 =20-90) diffractometer (XRD, Bruker D-8 Advanceo)
using the Cu—Ka radiation of wavelength 1=1.5406 A
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[14]. The Fourier transform infrared spectroscopy
(FTIR) spectrum was capable for quantitatively analyz-
ing major functional groups in an adsorbent [16]. FTIR
measurements are conducted within the range of 400-
4,000 cm ™" [17]. Morphological and structural analysis
of the samples were done by a field emission scanning
electron microscope (FESEM, Hitachi S4800) and a
high-resolution transmission electron microscope
(HRTEM, JEOL-JSM-6360). Furthermore, complimen-
tary test was used to determine the Brunauer—
Emmett-Teller (BET) surface area, pore diameter and
volume of titania PVA-alginate beads using N,
adsorption isotherms at 80°C with Quantachrome No-

vaWin 2 analyzer. The sphericity factor which
describes the bead shape is defined by Eq. (1):
Sphericity factor = o = per 1

dmax + dper

where dp,, (mm) and dpe, (mm) is the maximum diam-
eter and the perpendicular diameter to dp,.x both pass-
ing through the titania PVA-alginate beads centroid.

2.2.4. Photocatalytic activity under sunlight

The experiments were conducted under sunlight
irradiation. Ten grams of titanium oxide beads were
placed in 200 mL of Pb(l) solution in a 500 mL bea-
ker. Five millilitre samples were taken every 15 min
for 180 min and analysed for Pb(Il) content (Fig. 1).
The initial concentrations of Pb(Il) in the solutions
were ranged from 25, 50, 100 to 200 mg/L
[5-7,9,13,18]. The influence of pH on Pb(I) sorption
was also investigated at various pH (3, 7 and 10). The
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Fig. 1. Schematic diagram of photocatalytic activity under
sunlight irradiation.
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pH value for the initial solution was set to the
required pH value through the addition of NaOH for
alkaline solution or HCI for acidic solution [19]. Fol-
lowing the contact time, the metal ions contents were
analysed.

2.2.5. Recycle ability

The titania PVA-alginate beads reusability was
assessed using consecutive photocatalytic cycles.
Using the same titania PVA-alginate beads, the photo-
catalytic experiments were repeated. The metal-loaded
titania PVA-alginate beads (10 g) were washed with
desorbing agent (HCI 50 mL of 0.1 M) in 250 mL
Erlenmeyer flasks. In the course of every photocata-
lytic process, the flasks containing the beads in the
HCI solution were put on a shaker and rotated at
100 rpm for 60 min at room temperature, and the
supernatant was analysed for the desorbed metal ions.
The atomic absorption spectrophotometer was then
used to measure the concentration of Pb(Il) desorbed
in acidic solution. The used titania PVA-alginate
beads were recycled and reused as a photocatalyst for
another seven repeated cycles to study the regenera-
tive behaviour of the photocatalyst [9,16].

3. Results and discussion
3.1. Morphology of titanium oxide nanoparticles

Fig. 2 depicts the XRD patterns of powders obtained
from the hydrothermal treatment. The peaks of the
powdered material were found to result from (1 0 1),
(004),(200),(105),(213),(116),(215)and (303)
reflections. The reflection peaks can be easily indexed
to anatase TiO, with lattice constants of a =3.784 A and
c=9512A (JCPDS: No. 84-1286). No characteristic
peaks relevant to other crystalline forms were identified
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Fig. 2. XRD patterns of the as-prepared TiO, nanoparticles
and standard TiO, anatase.
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in the XRD pattern [10,13]. Also, as it is observed in this
figure, red graph is for standard TiO, anatase with Pat-
tern PDF: 04-006-9240 that with comparison of standard
TiO, anatase nanoparticles and prepared TiO, anatase
nanoparticles, it was found that TiO, nanoparticles in
this study are pure [20].

The FTIR spectra of TiO, powder are shown in
Fig. 3. The broad band between 3,200 and 3,600 cm ™!
can be observed on samples, which related to O-H
stretching and deformation vibrations of weak-bound
water. Also, the bands between 400 and 800 cm™! were
related to the vibrations of tin oxide [21], while the
sharp bands in the range of 1,400-1,700 cm™' were
attributed to the CH,— and —CHj3 bands.

The high- and low-magnification FESEM images of
the prepared powder sample are displayed in
Fig. 4((a) and (b)), respectively. The nanoparticles are
uniformly distributed throughout the sample and the
sizes of the particles are fairly small. The FESEM
images are shown in Fig. 4((c) and (d)), which clearly
shows the uniform distribution of TiO, nanoparticles
and the average particle size obtained is found to be
approximately 15 nm. The minimum and maximum
particle sizes lie close to average particle size.

Fig. 5((a) and (b)) shows the cross-sectional struc-
ture and morphology of the titania PVA-alginate
beads at 1,000x magnification before and after photo-
catalysis under sunlight irradiation, respectively. The
FESEM images revealed the presence of the pores, and
such porous morphology contributed well to the mass

330
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transfer of Pb(Il) to the photocatalyst active sites
embedded in the titania PVA-alginate beads. Upon
comparing Fig. 5((a) and (b)) most of the pores were
still visible, although some small pore areas (Fig. 5(b))
were seen slightly covered mainly due to the adsorp-
tion of Pb(II) ions.

Fig. 5((c) and (d)) illustrates the surface structure
of titania PVA-alginate beads at 2,500x magnification
before and after photoreduction under sunlight irradi-
ation, respectively. It is observed that although some
of the surfaces are covered with Pb(Il) ions, a majority
of them are still accessible for further adsorption of Pb
(I ions. The surfaces of the titania PVA-alginate
beads are observed to be porous and rough. EDX anal-
ysis was done in conjunction with the FESEM analysis
to determine the elemental composition of selected
spots on the titania PVA-alginate beads surface.
Table 1 displays the EDX analysis of the various
elements on the surface and cross-section of titania
PVA-alginate beads before and after photoreduction
under sunlight irradiation. It was observed that
besides Ti, Ca and O, there were large amounts of
residual carbon in the initial organic components. The
results in Table 1 indicate that the amount of Pb(II)
ions on the surface of the titania PVA-alginate beads
is only 0.15% compared to the cross-section, where the
iodine ions concentration was found to be very much
higher at 0.83% after photoreduction. This could be
attributed to the porous structure of the titania PVA-
alginate beads which allows the diffusion of lead ions

112091
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/
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Fig. 3. FTIR analysis of titanium oxide nanoparticles.
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Fig. 4. (a) and (b) are the FESEM images; (c) and (d) are the FESEM images for different magnification of TiO,

nanoparticles.

Table 1

EDX analysis of the various elements on the surface of titania PVA-alginate beads before and after process under

sunlight (initial concentration = 50 mg/L)

Mass percentage (%)

Surface of PVA-alginate

Cross section of PVA-alginate

Component Before process After process Before process After process
Carbon (C) 27.50 53.21 28.24 45.12
Oxygen (O) 49.77 33.1 39.62 31.82
Sodium (Na) 0.59 0 0.53 0

Calcium (Ca) 6.4 0.89 17.41 4.92

Lead (Pb) 0.00 0.15 0 0.81
Titanium (Ti) 16.08 13.41 13.11 11.29
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Fig. 5. FESEM images of cross section of titania PVA-alginate beads (a) before and (b) after removal of Pb(Il) at 1,000x
magnification; surface FESEM images of beads at 2,500x magnification (c) before and (d) after the process reaction.

into the interior of the beads, thus, resulting in higher
concentrations of Pb(II) ions observed in the cross-sec-
tion of the beads. This supported the hypothesis that
the porous surface structure contributed well to mass
transfer of the lead ions into the interior sections of
the beads. The BET surface area, pore volume and
pore diameter of the titania PVA-alginate beads were
found to be 24.48 mz/g, 9.12x1072 cm3/g and 2.1 nm,
respectively.

3.2. Photocatalytic activity

As shown in Fig. 6, in the absence of titania PVA-
alginate beads, no appreciable photoreduction occurs
during the 150 min of irradiation as Pb(Il) is stable
and cannot be decomposed. However, in the presence
of titania PVA-alginate beads, the Pb(Il) photoreduc-
tion occurred after 150 min under sunlight irradiation
with 99.1% reduction. The Pb(II) reduction rate was
only 10% when the system was not exposed to sun-
light, which shows that Pb(Il) removal was due to
adsorption. The results confirmed that the illumination
energy is essential and is significant in the degrada-
tion of Pb(l) ions. In the system with alginate beads

without titanium oxide nanoparticles and PVA under
sunlight irradiation, the rate of Pb(Il) reduction is only
about 11% and the rate of Pb(I) removal using PVA-
alginate beads without titanium oxide beads was 14%.
The percentage reduction in the Pb(Il) is due to the
adsorption by the alginate and PVA; also, the alginate
and PVA-alginate beads were protonated and the Pb
species would be bonded to the alginate and PVA-
alginate beads surface.

100
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Fig. 6. Adsorption of Pb(Il) on 50 mg/L concentration of
Pb(Il) at pH 7.
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Fig. 7. Adsorption of Pb(II) ions by titania alginate beads
at pH 3, 7 and 10 [experimental conditions: Pb(II) solution
concentration = 50 mg/L].

3.3. Effect of pH on adsorption capacity

Fig. 7 shows Pb(Il) removal at three different pH
values (3, 7 and 10). Maximum Pb(I) removal
occurred at pH 7. Pb(Il) removal rates improved as
the pH increased from 3.0 to 7.0, while a further
increase in pH to 10 did not improve the Pb(II)
removal.

As pH increases, the Pb(Il) sorption capacity stea-
dily increases until it reaches to pH 7 which can be
explained by the fact that at lower pH more protons
(H*) are available to the carboxyl groups, thus, reduc-
ing the available binding sites in the alginate and PVA
molecules.

The findings suggested that at pH 3, metal sorp-
tion was low due to the competition between Pb(II)
ions and hydrogen ions (H") for the protonated active
sites. Saeed et al. [22] made similar observations,
where the heavy metal cations competed with high
level of hydrogen ions available in acidic media to
occupy the negative binding sites which was not a
favourable condition for metal binding [23]. In alkaline
media, the number of OH™ would dominate in the
solution leading to less competition with the Pb(II)
cations to bind at the active sites [24]. In addition to
the competition binding of Pb(Il) ions and hydrogen
ions, the metal ions adsorption occurred through an
ion-exchange mechanism by replacement of calcium
for chelating of functional groups in titania PVA-algi-
nate beads [23]. In the ionic exchange process, one cal-
cium ion is replaced by one Pb(Il) ion. Chen and Li
[25] have shown that the affinity of alginate to Pb(II)
is much higher than that of Ca(Il) causing the ion-
exchange process to occur, which Ca(Il) ions petite
molecule was released with simultaneous binding to
the Pb(II) ions.
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Fig. 8. Adsorption of Pb(II) ions by titania alginate beads
at different initial concentrations of Pb(Il) at pH 7.

3.4. Effect of initial concentration solution on adsorption
capacity

Fig. 8 depicts the percentage reduction of Pb(Il) as
a function of illumination time at pH 7 at different ini-
tial concentrations of Pb(Il). The Pb(Il) ions uptake
with respect to contact time occurred in two stages
under all pH conditions. In the first hour of sorbent-
sorbent contact, a rapid metal uptake occurred which
is known as the first stage [9]. This was followed by a
slower metal uptake rate and an equilibrium spread-
ing over a considerably lower period of time known
as the second stage. Such an adsorption pattern has
been documented in several literature reviews for
research on other metal ions or adsorbents. The rapid
phase may be due to the abundant availability of
active sites on the biosorbent initially. Upon gradual
occupancy of these sites, sorption occurs less
efficiently as demonstrated by the slower phase.

3.5. Desorption and regeneration

The desorption and regeneration potential of PVA-
alginate titania beads is considered to be very impor-
tant because it determines the cost associated with the
adsorption system. In the present study, the Pb(II)
desorption from the metal-loaded titania PVA-alginate
beads occurred at pH 7 and at initial concentration of
50 mg/L. Pb(l) desorption from the metal-loaded on
titania PVA-alginate beads for the first cycle led to
85.60% metal recovery. Fig. 9 shows that the percent-
ages of desorption for the metals do not decrease
remarkably during the five sorption—desorption cycles.
During the first cycle, the metal-removing efficiency of
Pb(Il) on titania PVA-alginate beads was 85.6% while
in the second cycle, it was observed as 3.7% decrease
in desorption capacity of titania PVA-alginate beads.
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Fig. 9. Desorption capacities on recycling titanium oxide
beads [experimental conditions: Pb(II) solution concentra-
tion = 50 mg/L and pH 7].
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After the second cycle, only a small decrease in the
sorption capacity of titania PVA-alginate beads was
observed to the seventh cycle. Therefore, titania PVA-
alginate beads can be recycled a minimum of 7-8
times without significantly losing their photacatalyst
activities.

3.6. Kinetic modelling

Many researchers [25-27] suggest that the reduc-
tion rates of photocatalytic reduction and degradation
of various inorganics over illuminated catalyst-based
metal oxide fitted the Langmuir-Hinshelwood (L-H)
kinetics model. The L-H kinetics relates the rate of
surface catalysed reactions to the surface covered by
the substrate. According to the L-H model, the unimo-
lecular surface reaction rate is proportional to the sur-
face coverage. The titanium oxide surfaces are covered
with hydroxyl groups whose forms vary at different
pH. The surface charge is neutral at pH,,.. Below the
pH_p., the adsorbent surface is positively charged and
anion adsorption takes place. Since the surface of TiO,
particles in aqueous solutions is covered with hydro-
xyl groups and water molecules, both Pb(Il) and the
water molecule (H,O) can, in principle, be adsorbed
on this surface via hydrogen bonds. Considering the
competition for the same active sites, the L-H model
can be expressed by the following equation [26]:

A. Idris et al. | Desalination and Water Treatment 57 (2016) 5035-5044

dcC

a*r

- kKiiC
1 + KpuC + Ki,oCryo

)

where r is the photoreduction rate of the reactant
(mg/Lmin), C is the concentration of the reactant
(mg/L), t is the illumination time, k, is the reaction
rate constant (mg/L min), Ky is the adsorption coeffi-
cient of the reactant (L/mg), Ky,0 the solvent adsorp-
tion constant and Cy,o the concentration of the water
(Eq. 2)). As Cy,0 >>C and Cy,o remains practically
constant for all concentrations, the part of the catalyst
covered by water is fixed. In this section, all experi-
mental conditions, ie. pH and catalyst dosage
remained constant. Thus, C is the only variable in the
initial reactions which can be expressed as follows
[26]:

dt 1+ KiuC
During photocatalytic reduction, due to the formation
of intermediates, interference in the determination of
kinetics may occur because of competitive adsorption
and reduction. As a result, calculations were per-
formed at the beginning of the illuminated conversion.
During this period, any changes for example, the
effect of intermediates or pH changes can be
discounted and the photocatalytic reduction rate can
be expressed as a function of concentration:

roz—d—c k( 4)

dt - 1+ KiaGCo

kiKiuCo >
where 7y is the initial photocatalytic reduction rate
(mg/L min) of Pb(Il) and Cy is the initial concentration
of Pb(Il) (mg/L) and Ky y is the adsorption equilib-
rium constant (L/mg). For very low values of chemi-
cal concentration C; (Cy small) the equation takes the
form of a first-order equation [27]:

Ln <&> = ert = kappt

c, %)

Table 2

Pseudo-first-order apparent constant values for Pb(II) reduction

Initial Pb(II) concentration, Cy (mg/L) Reaction rate, kapp (min™ 1) R? Initial reaction rate, ry (mg/L min"?)
50 0.018 0.98 0.9

100 0.0167 0.99 1.67

200 0.0172 0.9931 3.44
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Fig. 10. Linear transform Ln C,/C; = f(t) of the reduction
of Pb(l).
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Fig. 11. The relationship between 1/ry and 1/Cy at differ-
ent initial concentrations of Pb(II).

where kK = kapp, C; is the concentration of the Pb(II)
at time f and Cj is the initial concentration of the Pb
(II). In general, the initial reduction rate can be
obtained using the following expression:

o = kapp CO (6)

A straight line is obtained when Ln (Cy/C,) is plotted
against time (Fig. 10). The apparent pseudo-first-order
rate constant k,p,, represents the slope. Table 1 outlines
the values obtained for various initial concentrations.

The following relationship holds when Eq. (3) is
linearized:

1 1 1 1
oo (—krkm) (c—) * (k—) @
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The data obtained are tabulated in Table 2 and the
values of 1/ry were plotted against 1/Cy. As shown in
Fig. 11, 1/ry is highly correlated with 1/C,. Therefore,
the reduction of Pb(II) by magnetic beads fitted the
L-H kinetics model. In accordance with the L-H kinet-
ics model Eq. (7), a straight line with an intercept of
1/k, and a slope of 1/k.Kyy is obtained, where k, and
Kiy are determined and the values are calculated to
be 10.764 (mg/L min) and 0.0014 (L/mg), respectively.

The correlation coefficient (R?) for the regression
line is 0.9931. From the results obtained, it was clear
that k.> K;y, which showed that a surface reaction,
where the Pb(II) was absorbed was the controlling step
in the process. These findings are in line with the results
of other researchers on TiO, photocatalyst [26,28].

4. Conclusion

TiO, nanoparticles were successfully immobilized
in PVA-alginate and the titania PVA-alginate beads
produced can remove 99.1% of Pb(Il) in less than 3 h.
The titania PVA-alginate beads are superior in terms
of performance, robustness and regenerative proper-
ties. They can be reused and recycled easily at least
seven times without losing their initial properties
throughout the process. Under sunlight irradiation, Pb
(I) was almost entirely reduced within 150 min. The
results show that photoreduction equilibrium can be
achieved in less than 3 h within pH range of 6-10 and
maximum removal occurs at neutral pH 7. The L-H
kinetics model appeared to describe the photoreduc-
tion of Pb(Il) on titania PVA-alginate beads rather
well with k; and K;y values of 10.764 (mg/L min) and
0.0014 (L/mg), respectively, indicating that the domi-
neering step of the process was the surface reaction
where the Pb(II) was absorbed.

Symbols

Ey — band gap energy

DI — deionized water

A — radiation of wavelength

r — photoreduction rate of the reactant (mg/L min)
C — concentration of the reactant (mg/L)

t — illumination time

k. — reaction rate constant (mg/L min)

Kig — adsorption coefficient of the reactant (L/mg)
Ku,o — solvent adsorption constant

Cy,0 — concentration of the water

Co — initial concentration of lead(Il) (mg/L)

kazpp pseudo-first-order rate constant

R — correlation coefficient
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