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Abstract
This paper evaluates the photocatalytic degradation of malathion using titanium 
dioxide  (TiO2) nanoparticles supported on sodium alginate (SA), polyvinyl alcohol 
(PVA), polyvinyl pyrrolidone (PVP) polymer beads and ultraviolet light as irradia-
tion source with a wavelength of 254  nm. Six different types of beads were pre-
pared: SA, PVA, PVP, SA/TiO2, PVA/TiO2, and PVP/TiO2 to assess the effect of the 
adsorbent material on the photodegradation process by optimizing an experimental 
design using the Taguchi method. Four factors were considered:  TiO2 concentra-
tion, bead mass, polymer type, and initial malathion concentration. The response 
variables were the percentage of removal of the contaminant and the removal rate 
calculated from the first-order kinetic models. A malathion degradation of 99% was 
achieved after 180 min of operation when using 100 g and 200 g of SA/TiO2, PVA/
TiO2, and PVP/TiO2 beads. The best operating conditions were 1  g  L−1 of  TiO2, 
100 g of bead mass, SA polymer, and 5 mg  L−1 of malathion initial concentration. 
This study found that the adsorption process affected negatively the photodegrada-
tion process, reducing the removal efficiency and rate. Finally, the feasibility of the 
use of a biopolymer-enhanced photocatalytic treatment to degrade agro-industrial 
contaminants was demonstrated.
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Introduction

In recent years, the agricultural industry has shown accelerated growth worldwide 
due to the different intensive techniques applied and different uses of agrochemi-
cals and pesticides [1]. Organophosphorus compounds are the most used due to 
their high effectiveness in pest control [2]. However, due to their chemical stability, 
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resistance to biodegradation, and high solubility in water, they are easily transported 
to surface and underground water bodies and terrestrial ecosystems through precipi-
tation, irrigation, infiltration, erosion, and runoff [3].

The contamination of water resources by agricultural residues has become more 
important in recent years, due to its high toxicity and adverse effects on human 
health [4, 5], becoming a concern worldwide [6]. The current study focuses on the 
elimination of malathion, which is a highly used organophosphate pesticide, which 
is widely present in agricultural effluents and waterbodies, particularly in regions 
with high agricultural activity [7]. Malathion concentrations between 3.3 and 5 mg 
 L−1 can cause cytotoxicity to cells of the human central nervous system [3]. Hepato-
toxic effects have also been reported in marine species [8] and rats [9]. Despite this 
situation, agricultural effluents are treated through conventional techniques, such as 
physical and biological processes. These processes are inefficient in removing non-
biodegradable and chemically stable contaminants from contaminated effluents [10, 
11].

To reduce these impacts, photocatalysis emerged as a technologically viable, 
sustainable, and novel alternative in wastewater treatment [12–14], due to its main 
advantages such as its ability to degrade recalcitrant pollutants, and the oxidation 
of organic compounds to  CO2 and water. In addition, the catalysts commonly used 
in this process, such as  TiO2 and ZnO, are innocuous and can be reused [15–18]. 
ZnO has been widely used as a catalyst in the photodegradation of various pollut-
ants. Farzadkia et al. [19], evaluated the photodegradation efficiency of metronida-
zole in an aqueous solution. They reported a maximum photodegradation of 96.55% 
of metronidazole and 95.42% of COD by optimizing the pH, UV irradiation time, 
irradiation power, and nano-ZnO load in a hydraulic retention time of 3 h. Likewise, 
Rodriguez-Mata et al. [20] evaluated the photo degradation of the 2, 4-dichlorophe-
noxyacetic acid pesticide, when implementing ZnO and  SO2

−4/ZnO as catalysts. 
They obtained a removal efficiency of 38.4% when using ZnO and 82.3% with the 
doped catalyst  (SO2

−4/ZnO) in a hydraulic retention time of 6 h, showing that pho-
tocatalysis is an alternative for mitigation of pollution problems from agricultural 
activities.

Recently, some studies have opted for the use of  TiO2 in the photocatalysis pro-
cess due to its high photocatalytic activity, large surface area, low cost, non-toxicity, 
and excellent stability under lighting [21–24]. Juang and Chen et al. [6], compared 
the photodegradation of two agricultural pollutants, Methomyl and Parathion, when 
using  TiO2 particles as catalyst and UV light as irradiation source. Both compounds 
were completely degraded in 90 and 120 min of operation. Kadam et al. [25] evalu-
ated the photocatalytic activity of nitrogen-doped titanium dioxide (N/TiO2) nano-
structures in malathion degradation. They studied the effect of pH, catalyst load, 
and irradiation sources. Under the best process conditions (pH 6; 1 g   dm−3 of N/
TiO2 and 150 min of UV light irradiation), they observed a maximum degradation 
of 97% of malathion. Besides, they demonstrated that the by-products resulting from 
the process were less toxic than malathion. Surendra et al. [10] studied the effect of 
malathion photocatalytic degradation as a function of contact time by using Ni/TiO2 
nanoparticles. They observed a maximum removal of 94% of malathion in 80 min. 
Akter et  al. [26] investigated the photodegradation of sulfamethoxazole (SMX), 
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metronidazole (MNZ), and ciprofloxacin (CIP) by commercial  TiO2, in a reactor 
with a 254 nm ultraviolet lamp as the irradiation source. They obtained a maximum 
removal efficiency of 97% of SMX in 360 min of operation with 5 mg  L−1 of initial 
concentration of the pollutant, 100% of MNZ in 600 min with an initial concentra-
tion of 80  mg  L−1, and 89% of CIP in 600  min. with an initial concentration of 
80 mg  L−1. The dose of the catalyst used in the process was 0.7 g  L−1. Finally, they 
concluded that the use of  TiO2 with UV radiation is a promising process for the 
efficient treatment of pharmaceutical wastewater. However, when using the catalyst 
in the form of nanoparticles, the catalyst recovery from the treated water is difficult 
and requires the use of various subsequent techniques, increasing the costs of the 
process.

To solve this inconvenience, some studies recommend the use of a support for 
the catalyst. Commonly, this support can be calcium alginate, sodium alginate, 
palm fiber, and polyvinyl alcohol [5, 24, 27–29]. The use of these polymers eases 
the separation of the catalyst after the photocatalysis process and could be reused 
[15, 30–36]. However, there are few studies where the photocatalysis process is 
conducted using supports since it is a complex process where the adsorption and 
photodegradation phenomena occur simultaneously. These works have so far omit-
ted the effect of the adsorption process on the photocatalysis process. The present 
study aims to describe the behavior of the adsorption–photocatalysis processes to 
figure out the effect of the adsorbent material on the photodegradation of a highly 
persistent pollutant such as malathion. Different supports were evaluated to perform 
a statistical comparison of the photodegradation efficiencies and their degradation 
and adsorption kinetics. The best treatment efficiency was obtained using the Tagu-
chi statistical method. In addition, the present study contributes to the mathematical 
modeling of the photocatalysis process and the adsorption process.

Materials and methods

Materials

All the reagents used in the work were of reagent-grade quality. Titanium isopropox-
ide  (C12H28O4Ti) brand Aldrich Chemistry, 97% purity. Hydrochloric Acid (HCl) 
Meyer brand, 38% purity. Ethanol  (C2H5OH) Meyer brand, purity 99.5%. Distilled 
water  (H2O). Malathion  (C10H19O6PS2) Velsimex 1000-E brand, 87.8% purity. 
Sodium alginate  (C6H7O6Na)n, Alquimia Brand. Polyvinyl alcohol  (C2H4O)n, 
Alquimia brand. Polyvinyl pyrrolidone  (C6H9NO)n Alquimia brand. Calcium chlo-
ride  (CaCl2), Faga Lab. brand, 96% purity.

TiO2 synthesis

Titanium dioxide  (TiO2) nanoparticles were obtained by the Sol–Gel synthesis 
method [37]. Initially, 15 mL of ethanol  (C2H5OH) was poured into a beaker and 
then 7.4 mL of titanium isopropoxide  (C12H28O4Ti) was added. The solution was 
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kept under constant stirring and then 10 mL of distilled water  (H2O) was added drop 
by drop until the solution was homogeneous. Stirring was continued for 10  min. 
Subsequently, 0.5 mL of hydrochloric acid (HCl) [0.1 M] was added. The system 
was heated to 70 °C until the excess water evaporated. Finally, a heat treatment 
was conducted in a muffle (Felisa) for 2  h at 500 °C. The catalyst obtained was 
 TiO2 in the anatase phase (Fig. S1). Fig. S1 shows the X-ray patterns recorded in 
the 2θ range between 10° and 100°, exhibiting an anatase phase at the diffraction 
peak 2θ = 25° [38, 39]. The presence of  TiO2 in the anatase phase is consistent with 
the diffraction pattern obtained in the X-ray diffractometer equipped with a copper 
objective of λ = 1.54184 Å.

TiO2 support in sodium alginate, polyvinyl alcohol, and polyvinyl pyrrolidone 
beads

TiO2 nanoparticles were supported on sodium alginate (SA), polyvinyl alcohol 
(PVA) and polyvinyl pyrrolidone (PVP) polymer beads. The method used was 
a modification to the proposal of Bustos-Terrones et  al. [40], and Basu et  al. [41] 
(Fig. 1). Three different solutions were prepared. The first solution was 2.5 (w  v−1) 
sodium alginate, adding 12.5 g of SA to 500 mL of distilled water with constant stir-
ring at room temperature. The second solution was 2.5 (w  v−1) polyvinyl alcohol, 
adding 12.5 g of PVA to 500 mL of distilled water with constant stirring at 80 °C. 
The third solution was 4% (w  v−1) of polyvinyl pyrrolidone, adding 20 g of PVP in 
500 mL of distilled water with constant stirring at 80 °C. Subsequently, the catalyst 
nanoparticles  (TiO2) with a concentration of 1 g  L−1 were added to each solution. To 
homogenize the catalyst, magnetic stirring (HP-3100) and radiofrequency (Brason 
5800) were alternated for 30 min. Then, the homogeneous mixtures were transferred 
drop by drop to a 2.5 w  v−1 calcium chloride  (CaCl2) solution with a peristaltic 
pump (INTLLAB) to form small beads. Finally, the beads were kept in the  CaCl2 
solution for 24 h to reinforce their solidification.

Fig. 1  Preparation scheme for SA, PVA, and PVP beads supported with  TiO2 nanoparticles.  TiO2 con-
centration = 1 g  L−1; 2.5 w  v−1 of SA; 2.5 w  v−1 of PVA; 4 w  v−1 of PVP; 2.5 w  v−1 of  CaCl2
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Characterization of SA/TiO2, PVA/TiO2 and PVP/TiO2 beads

SA/TiO2, PVA/TiO2, and PVP/TiO2 beads were characterized by Scanning Electron 
Microscopy (SEM). The characterization study of the beads was conducted before 
and after the photocatalysis process to make a morphological and surface compari-
son of them. In addition, the size of the polymer beads was measured using a Ver-
nier caliper.

Evaluation of adsorption and photocatalytic activity

The photocatalytic activity in the degradation of malathion was evaluated using 
 TiO2 in suspension and  TiO2 supported on polymer beads (SA, PVA, and PVP) in 
a batch-type glass reactor (13 cm in diameter and 15 cm in height) with a volume 
capacity of 1 L (Fig. S2). The reactor was on a stirring plate (HP-3100), allowing 
the fluidization of the sample. Inside, it featured a quartz lamp irradiating UV light 
with a wavelength of 254  nm. The photodegradation process was studied using a 
UV–Vis spectrophotometer (Hach DR6000). The absorbance wavelength for this 
contaminant was 330 nm. Preliminary tests were carried out to determine the detec-
tion limits of the spectrophotometer. These tests involved preparing a series of stand-
ard solutions with known concentrations of malathion and measuring their absorb-
ance. The calibration curve was used to determine the detection limit by identifying 
the concentration at which the signal-to-noise ratio (S/N) reached a 10:1 value [42]. 
Based on these tests, synthetic samples of agricultural wastewater were prepared 
with malathion in a concentration of 6  mg  L−1. Subsequently, the photocatalysis 
process was evaluated with different masses of beads (50, 100, and 200 g) of the 
polymers with catalyst (SA/TiO2, PVA/TiO2, and PVP/TiO2), beads without catalyst 
(SA, PVA, and PVP) and  TiO2 in suspension. Samples of 7 mL were taken every 
15 min for around 3 h during malathion degradation. Samples in All experiments 
were performed at room temperature (25 °C). The removal efficiency was calculated 
using Eq. (1) [43].

Here % R = Removal efficiency, (%);  C0 = initial concentration, (mg  L−1);  Ce = steady 
state concentration, (mg  L−1).

Mathematical modeling

Three different processes for the elimination of malathion were evaluated: adsorp-
tion, direct photocatalysis, and the effect of adsorption–photocatalysis. First, the 
malathion adsorption process with the different support polymers was evaluated 
independently. This process was conducted with a hydraulic retention time of 1 h. 
In parallel, the malathion photodegradation process was evaluated without the 

(1)%R =
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c
0
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influence of the adsorption process. UV light was irradiated right at the start of the 
process (time = 0) to ensure that the photocatalysis takes place at once without the 
adsorption process influencing the removal of malathion. The hydraulic retention 
time of the photocatalysis process was 3 h. In addition, the adsorption–photocatal-
ysis process was evaluated. In this process, the adsorption process took place for 
60 min. After this time, the system was irradiated with UV light for 3 h to start the 
photocatalysis process and identify if the contaminant adsorbed on the surface inter-
feres with the malathion photodegradation process. Therefore, the hydraulic reten-
tion time of the adsorption–photocatalysis process was 4 h. These processes were 
described mathematically using the equations given below.

Adsorption kinetics

The adsorption kinetics by Lagergren’s pseudo-first-order model was evaluated in 
this study using Eq. (2) [21, 44].

Here qe = amount of malathion at equilibrium per unit mass of adsorbent, (mg  g−1); 
qt = amount of malathion adsorbed per unit mass of adsorbent at time t, (mg  g−1); 
k1 = pseudo-first-order rate constant,  (min−1). This mathematical model predicts 
malathion pesticide adsorption through time.

First‑order photodegradation kinetics

The data obtained through the malathion photodegradation process were fitted to the 
first-order exponential model. The kinetics of photodegradation was described fol-
lowing the following equation [45]:

Here: C = malathion concentration, (mg  L−1); k = is the first order constant,  (min−1). 
This mathematical model predicts the photodegradation of the pesticide malathion 
through time.

Adsorption isotherms

The Langmuir and Freundlich isotherms were studied because they are adsorp-
tion models adopted to study the distribution of malathion in an aqueous solution 
through the adsorbent phase [5, 21, 27, 43, 46]. Equation  (4) describes the Lang-
muir isotherm model used and the Freundlich isotherm model used corresponds to 
Eq. (5).

(2)qt = qe ∗
(

1 − e
−k

1
t
)

(3)Ct = C
0
∗ e

−kt

(4)qe =
qmaxKLCe

1 + KLCe
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Here: qe = Amount of adsorption per unit mass of adsorbent in equilibrium, (mg 
 g−1);  Ce = equilibrium concentration of the pollutant in the solution, (mg  L−1); 
 qmax = adsorption capacity per unit mass of adsorbent, (mg  g−1);  KL = Langmuir’s 
constant based on the affinity of the adsorbate binding site per adsorbent (L  g−1). 
By plotting the experimental data of adsorption capacity  (qe) against the equilibrium 
concentration  (Ce) and fitting the data to the Langmuir isotherm equation, the values 
of  qmax and  KL were obtained;  KF and n = Freundlich constants that are related to 
adsorption capacity and adsorption intensity.

Experimental design

The study of the malathion photodegradation process was conducted using a 
Taguchi L9 orthogonal array. The Taguchi method reduces the number of execu-
tions of experiments using orthogonal matrices and has been applied in different 
areas to establish parameters of interest [36, 47]. According to Suresh et al. [48], 
biopolymer-based photocatalysis is influenced by some crucial operating vari-
ables, such as biopolymer composition and mass, the wavelength and energy of 
light source, irradiation time, catalyst type and concentration, temperature, pH 
and the initial concentration of the pollutant. In this investigation, the study vari-
ables were the  TiO2 concentration, the number of beads, the type of polymer, and 
the initial concentration of malathion. These variables have been often used to 
optimize the photodegradation process using biopolymers, leading to more effi-
cient and effective degradation of targeted compounds [48]. The design matrix 
shows the experiments carried out in the L9 orthogonal arrangement and the 
operating levels for each of the control variables (Table 1).

(5)qe = KFC
1∕n
e

Table 1  Experimental 
conditions for the L9 Taguchi 
design

Treatment Factor A Factor B Factor C Factor D
[TiO2] Pearl mass (g) Polymer [Malathion]

1 0.5 0 SA 5
2 0.5 50 PVA 10
3 0.5 100 PVP 15
4 1 0 PVA 15
5 1 50 PVP 5
6 1 100 SA 10
7 1.5 0 PVP 10
8 1.5 50 SA 15
9 1.5 100 PVA 5
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Statistical analysis

The treatments were conducted through 9 experimental runs according to the 
Taguchi orthogonal arrangement. In addition, 3 replicates were performed to 
evaluate the adsorption process, the photodegradation process, and the adsorp-
tion–photo degradation process. The statistical analysis was performed using the 
removal efficiency and the removal rate as response variables. An analysis of var-
iance (ANOVA) was carried out to compare the different processes in the removal 
of malathion. The software used for statistical analysis was Statgraphics.

Results and discussion

Characterization of polymer beads

The morphology of the polymer bead surface with  TiO2 nanoparticles supported 
was studied through scanning electron microscope (SEM) before and after treat-
ment to identify their structure (Fig. S3). The surface of SA/TiO2, PVA/TiO2, 
and PVP/TiO2 beads showed irregular and rough shapes, with the presence of 
micropores that allow the adequate and diffusive transport of contaminants pre-
sent in wastewater [49]. The mean size of SA/TiO2, PVA/TiO2, and PVP/TiO2 
beads was 3.27  mm. SEM images detected the presence of malathion in the 
micropores of the polymers, represented by the white spots of the images, which 
is characteristic of malathion when it is in contact with water. Likewise,  TiO2 was 
successfully supported on the SA, PVA, and PVP polymer beads. According to 
SEM results, the catalyst adheres to the beads to remain suspended, preventing 
them from settling into the bottom of the reactor.

Photocatalytic activity of  TiO2 in suspension

The photodegradation efficiency of the catalyst  (TiO2) in suspension was evalu-
ated to figure out its ability to photodegrade malathion. The initial concentration 
of the pollutant was 6 mg  L−1 and the hydraulic retention time was 180 min. A 
maximum photodegradation of 75% was obtained in 180 min of treatment (Fig. 
S4). In addition, the experimental data was adjusted to a first-order linear kinetic 
model, which shows that the mean photodegradation rate of  TiO2 in suspension is 
0.068  min−1, with a coefficient of determination  (R2) of 0.9553. These results are 
like those reported by Kumar et al. [50], who evaluated the photodegradation of 
organophosphate pesticides (dichlorvos and malathion) by graphene oxide-TiO2 
nanocomposites under ultraviolet radiation. They obtained 80% degradation of 
fichlorvos and 90% degradation of malathion in 80 min of treatment, for an initial 
pesticide concentration of 0.5 mg  L−1.
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Polymer adsorption efficiency

The adsorption capacity of malathion was studied using different polymers (SA, 
PVA, and PVP) for 180 min. Different polymer masses were evaluated: 50, 100, and 
200 g. The behavior of the adsorption process for each of the treatments with differ-
ent masses of beads of all the polymers is presented in Fig. 2. This Fig. shows the 
percentage of malathion removed by adsorption through time.

The adsorption of the contaminant when using 50  g of polymer beads with 
a hydraulic retention time of 3 h is shown in Fig. 2a. Under this condition, the 

Fig. 2  Malathion adsorption 
efficiencies by different masses 
(g) of SA, PVA, and PVP 
polymer beads versus time; a) 
50 g, b) 100 g and c) 200 g of 
beads. Initial conditions: Initial 
malathion concentration = 6 mg 
 L−1; contact time = 180 min; 
room temperature = 25 °C



532 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:523–545

1 3

removal efficiencies were similar for the different polymers used; however, 
sodium alginate resulted in the highest efficiency with a removal percentage of 
30% after 160 min of treatment. Polyvinyl alcohol (PVA) achieved a maximum 
removal of 20% in 180  min of treatment, while polyvinyl pyrrolidone (PVP) 
adsorbed 15% of malathion after 180 min of treatment.

When using 100 g of beads in the treatments, the adsorption efficiencies dou-
bled, obtaining almost a removal efficiency of 50% for the SA and PVA poly-
mers (Fig. 2b). In the case of the PVP polymer, the highest efficiency obtained 
was close to 30%. In this case, an unsteady variation occurred during the pro-
cess, which could be attributed to the adsorption–desorption of the pollutant. 
This variation could be associated with the saturation of the polymer beads and 
their later desorption and coincides with reports by Chakhtouna et al. [44], who 
suggest that adsorption occurs spontaneously at the beginning due to the high 
availability of sites or pores in the surface of the material. The adsorbent mate-
rial reaches the largest adsorption, but the desorption process takes place imme-
diately because the pollutant molecules find it difficult to occupy the vacant 
pores due to the barrier between them, generating repulsive forces between the 
adsorbate and the adsorbent.

Fig.  2c shows the behavior of the removal efficiency of malathion through 
time using 200 g of polymer beads. An increase in the adsorption efficiency was 
noticed, where the SA was the one that presented the highest removal average 
efficiency, 67.86%, (p < 0.05). In the case of PVA and PVP, a similar trend was 
observed in both treatments, with a maximum efficiency of 40%. The adsorp-
tion–desorption processes are depicted in Fig. 2c. These results are like those by 
Han et al. [21], who reported a maximum removal of 98.4% of methylene blue 
using polyacrylonitrile (PAN) beads, coated with polyvinyl alcohol (PVA) with 
encapsulation of  TiO2 nanoparticles.

Photocatalytic activity of SA/TiO2, PVA/TiO2 and PVP/TiO2

Table 2 and Fig. S5 show a comparison of the malathion photodegradation pro-
cess when the catalyst  (TiO2) was supported on polymer beads (SA, PVA, and 
PVP). The results showed the removal efficiencies through time by varying the 
mass of beads used in the treatments. The maximum efficiency using 50  g of 
beads was achieved with SA polymer, with a removal close to 90% during a 
hydraulic retention time of 180  min. The catalyst supported on PVA and PVP 
beads allowed removals below 53% during 180 min of treatment.

When a mass of 100 g of bead was used, a similar trend was observed for the 
different polymer beads since the same removal efficiencies (100%) in 180 min 
of treatment were achieved. No significant difference (p > 0.05) was found when 
using 100 g and 200 g of bead. The behavior of malathion degradation through 
time was similar to the one observed using 100 g of bead and a maximum mala-
thion degradation (100%) was reached after 180 min of treatment.
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Comparison of the photocatalytic activity of  TiO2 in suspension and supported 
 TiO2

Fig.  3 shows the comparison of the photocatalysis treatments when the catalyst 
 (TiO2) was used in suspension and supported on polymer beads  (TiO2/SA,  TiO2/
PVA, and  TiO2/PVP). Fig.  3a shows the photocatalytic degradation of malathion 
when using 50 g of beads for each polymer. Greater efficiency was obtained using 

Fig. 3  Comparison of malathion 
photodegradation process 
through  TiO2 nanoparticles in 
suspension and  TiO2 nanopar-
ticles supported on different 
masses of polymer beads: a) 
50 g, b) 100 g and c) 200 g 
of beads. Initial conditions: 
Contact time = 180 min; room 
temperature = 25 °C
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 TiO2 supported on SA beads than the photocatalysis treatment with the catalyst in 
suspension during 180 min of treatment, even though the concentration of  TiO2 in 
suspension used was 1  g  L−1. The malathion degradation efficiency obtained was 
lower when the PVA and PVP beads were used. The degradation efficiencies were 
lower than the efficiency obtained with the SA beads and the catalyst in suspen-
sion. Fig. 3b demonstrates that the photocatalytic degradation was improved when 
a larger amount of bead mass (100 g) was used. Malathion degradation efficiencies 
above 99% were achieved after 120 min of the process. The degradation efficien-
cies were higher than the photocatalysis degradation using the catalyst in suspension 
since this treatment achieved only a 75% removal efficiency after 180 min.

Fig. 3c shows that despite increasing the mass of the polymer beads. similar effi-
ciencies were obtained than those shown in Fig. 3b. However, the removal efficien-
cies obtained by using 200 g of beads showed efficiencies above 99% after 90 min 
of treatment. These results suggested higher degradation rates when using a larger 
amount of polymer mass. These results are like those reported by Mehmood et al. 
[18], who studied the photodegradation of triclosan and diclofenac using  TiO2 
supported on poly-sulfone beads. In the first five min of treatment, they identified 
a rapid photodegradation of the contaminants, obtaining a degradation efficiency 
of 60% for diclofenac and 87% for triclosan. The removal rates doubled for both 
contaminants, needing only 120 min and 40 min of treatment. Table 3 summarizes 
the most relevant photocatalysis studies with  TiO2 supported in different matrices, 
including the present study.

Statistical analysis

A Taguchi L9 design was used to determine the optimum operating conditions of 
the biopolymer-based photocatalysis. The study factors in this research were  TiO2 
concentration, pearl mass, type of polymer, and initial concentration of malathion. 
Each of the factors had three levels of operation. Two response variables were used: 
the removal rate and efficiency of malathion. The adsorption and photocatalysis pro-
cesses were evaluated separately, and then the effect of biopolymer adsorption on 
the photocatalysis process was also assessed. The experimental times varied accord-
ing to the process: the adsorption process was evaluated for 60 min, while the pho-
tocatalysis process lasted 180  min. Finally, the biopolymer-based photocatalysis 
was evaluated for 240 min (60 min for adsorption and 180 min for photocatalysis). 
Table 4 shows the results of the removal coefficient rates and efficiencies obtained 
through the experiments of each process.

According to the data shown in Table 4, low adsorption rates were observed for 
the treatments that used initial malathion concentration of 10 mg  L−1 and 15 mg  L−1. 
This may be because the adsorbent material was quickly saturated when exposed to 
high concentrations of the pesticide. This situation affected the removal adsorption 
rates. Adsorption efficiencies of up to 20% were achieved when an initial malathion 
concentration of 5 mg  L−1 was used (treatments 5 and 9).

The photocatalysis process was then evaluated independently, avoiding the 
influence of the adsorption process on the removal of malathion. In this process, 
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it was observed that the concentrations decreased significantly over time, obtaining 
a maximum removal efficiency of 93.78% in 180  min of operation (treatment 9). 
In the adsorption/photocatalysis process, no synergistic effect was found as it was 
expected. If a comparison is carried out between the photocatalysis and adsorption/
photocatalysis processes, it can be observed that the malathion degradation effi-
ciency decreased within the treatments. For instance, a mean removal efficiency of 
83.85% was obtained in treatment 1 when the photocatalysis was used solely, and a 
mean removal efficiency of 65.91% was observed in the same treatment when using 
the adsorption/photocatalysis process. This situation can be observed in several 
treatments of the Taguchi L9 design.

Fig. 4 shows the experimental data fit to the first-order exponential model. Fig. 4a 
shows the adsorption kinetics. The adsorption rate constant (k) varied between 
0.0076 and 0.0557   min−1. Treatment 8 showed the highest malathion adsorption 
rate, with a value of k = 0.0557   min−1. This value is higher than the one reported 
by Hermosillo-Nevarez et  al. [7], who found a maximum adsorption rate of 
0.0347  min−1 for malathion adsorption using recycled PVC polymers. Fig. 4b shows 
that treatments 1, 2, 6, and 9 adjusted well to the first-order exponential model 
 (r2 > 0.95). The degradation rate constant (k) varied from 0.0009 to 0.013   min−1. 
The treatments that presented the highest photodegradation rates were 6 and 9, with 
values of k = 0.011   min−1 and k = 0.013   min−1. In Fig. 4c the adsorption/photoca-
talysis treatments 1, 2, 5, 6, and 9 showed a good degree of fit to the first-order 
exponential model  (r2 > 0.90). The degradation rate (k) was lower than the photo-
catalysis process solely, with a range of 0.00009   min−1 to 0.011   min−1. The treat-
ments with the highest malathion photodegradation rates were 5 and 9, with values 
of k = 0.009  min−1 and k = 0.011  min−1. These values are higher than those reported 
by Rodriguez-Mata et al. [20], who found a value of k = 0.0051  min−1 for the pho-
todegradation of the pesticide 2, 4-D and Fazal et al. [43], who reported a value of 
k = 0.0050  min−1 for the photodegradation of methylene blue.

Li et  al. [2] achieved a removal efficiency of 90% of malathion with an initial 
concentration of 15 μM through a photocatalysis treatment with a retention time of 
30  min. The removal efficiencies reported by Li et  al. [2] are like those obtained 
in this study, however, the malathion concentrations were lower. Kralj et  al. [51] 
reported a malathion removal efficiency of about 90% and a degradation rate of 
0.083  min−1 with a photocatalytic process with  TiO2. Surendra et al. [8] achieved a 
removal efficiency of 95% for malathion degradation by optimizing a Box–Behnken 
response surface experimental design. The optimum operational conditions were pH 
10, temperature = 70 °C, a degradation time of 60 min, and a weight ratio of 1.5% 
Ni/TiO2/volume. Yu et al. [52] reported removal efficiencies of 96% and a degrada-
tion rate of 0.0058  min−1 for the removal of malathion using  TiO2 as a catalyst dur-
ing 240 min of photocatalysis.

Likewise, treatment 9 showed the highest removal efficiencies in the differ-
ent processes: 93.78% for photocatalysis and 95.03% for adsorption/photocatal-
ysis. The highest rates also occurred in treatment 9, where k = 0.0127   min−1 and 
k = 0.0111   min−1 were obtained for the photocatalysis and adsorption–photoca-
talysis processes, respectively. On the contrary, treatment 8 presented the lowest 
removal efficiencies in the different processes: 13.41% for photocatalysis and 5.80% 
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Fig. 4  Kinetic modeling of malathion removal under different processes: a) adsorption, b) photocatalysis 
and c) adsorption–photocatalysis. The experimental conditions of these processes are shown in Table 1 
according to the Taguchi methodology
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for adsorption–photocatalysis. These results coincided with the lowest degradation 
rates obtained in this study, with k values of 0.0009  min−1 and 0.0002  min−1 for the 
photocatalysis and adsorption–photocatalysis processes, respectively.

Adsorption isotherms

The Langmuir and Freundlich isotherms describe the adsorption process. The Lang-
muir adsorption isotherm is a theoretical representation of the mass of malathion 
adsorbed on a given mass of adsorbent. This isotherm corresponds to a distribu-
tion of the pollutant molecules on the surface of the adsorbent material as a mon-
olayer. This means that when the pollutant molecules bind to the active site of the 
adsorbent, no further adsorption occurs. The Freundlich adsorption isotherm is an 
empirical representation that considers the multilayer adsorption of the pollutant [5]. 
The Langmuir and Freundlich isothermal constants were calculated using non-linear 
least squares fitting to the untransformed original equations according to the meth-
odology proposed by Lente [53]. These constants are shown in Table 5. The value of 
 R2 close to 1 indicates that the adsorption process was favorable. The results show 
that the SA polymer better fits the Langmuir isotherm since a higher coefficient 
of determination value was found  (R2 = 0.9992). This result indicates a monolayer 
adsorption process when using SA polymer in the biopolymer-based photocatalysis 
process. Under these conditions, malathion is adsorbed uniformly on the superficial 
layer of the beads of the polymer, limiting the adsorption efficiency. These results 
are similar to those reported by Han et al. [21] who reported the adsorption of meth-
ylene blue by polyacrylonitrile (PAN) beads, coated with polyvinylalcohol (PVA).

The adsorption kinetic study also revealed that the PVP polymer better fitted 
the Freundlich isotherm with an  R2 value of 0.9519, which indicates a multilayer 
adsorption process occurs when this polymer is used. These results are similar to 
those reported by Hosseini et al. [5] who also reported that the adsorption of mala-
thion using a sodium alginate/biosilicate/magnetite (SABM) nanocomposite as 
adsorbent showed a good fit by Freundlich isotherm  (R2 = 0.9959).

In Table 5, it is noteworthy that low  R2 values were obtained for the PVA polymer 
when fitting experimental data to the Langmuir and Freundlich isotherm equations 
 (R2 = 0.0698 and  R2 = 0.0105, respectively). Since the fitting parameters obtained 
from the isotherm equations were not satisfactory, it can be inferred that a low 
adsorption strength or affinity was found for the PVA polymer. This situation could 
be desirable in the biopolymer-based photocatalysis process. Previously, this study 

Table 5  Kinetic parameters of the Langmuir and Freundlich adsorption isotherms

Polymer Langmuir Freundlich

qmax (mg  g−1) KL (L  g−1) R2 KF n R2

SA 0.046210 455.042476 0.9992 0.0167764 2.4545901 0.989
PVA 0.031031 425.704774 0.0698 3.6450207 − 22.675737 0.0105
PVP 0.096246 43.1084557 0.4745 498.08103 0.8845644 0.9519
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evidenced an interference in the photocatalytic activity because of the presence of 
an adsorbed multilayer on the surface beads, which resulted in a lower degradation 
efficiency. Since the PVA biopolymer showed a low affinity for malathion, it will 
be less likely to form unwanted interferences, improving the degradation efficiency 
with a longer useful life of the polymer. This situation coincides with the results 
obtained in this study, where treatment 9 (using PVA biopolymer) showed the maxi-
mum degradation rate and efficiency in the L9 Taguchi experimental design.

Conclusions

This study proved the feasibility of using polymer beads (SA, PVA, and PVP) to 
immobilize a catalyst  (TiO2) in a UV oxidation process for malathion removal. The 
characterization of the beads by Scanning Electron Microscopy demonstrated the 
presence of malathion on the surface of the polymers. In a biopolymer-based pho-
tocatalysis process, the effect of adsorption and photocatalysis were evaluated inde-
pendently, but also the synergistic effect of adsorption–photocatalysis, by using the 
removal rate and efficiency. These processes were also compared with the photoca-
talysis process using  TiO2 nanoparticles in suspension. The  TiO2 supported on the 
polymer beads (SA/TiO2, PVA/TiO2, PVP/TiO2) achieved removal efficiencies of 
99% after 180 min of treatment. The best operating conditions were obtained using a 
Taguchi L9 experimental design. The adsorption process when using SA adjusted to 
the Langmuir mathematical model, suggesting that a monolayer adsorption process 
occurs. The adsorption process when using PVP fitted the Freundlich mathematical 
model, suggesting that a multilayer adsorption process occurs. The statistical analy-
sis showed that the multilayer adsorption interfered with the photocatalysis process 
since a higher degradation efficiency was observed when the direct photocatalysis 
was conducted in comparison with the adsorption–photocatalysis process. There-
fore, this study suggests carrying out the photocatalysis process without waiting for 
the beads to adsorb malathion and/or using an adsorbent with low adsorption affin-
ity. The results also demonstrated that the use of catalyst support  (TiO2) increased 
the efficiency of the photocatalysis process in comparison with the photodegradation 
of malathion using the catalyst in suspension.
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