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Abstract

Visible light mediated heterogeneous photocatalysis of the fungicide thiabendazole (TBZ; initial
concentration of 50 pmol/L) has been investigated using amorphous porous organic polymers (POPs). For
the first time, both reversible adsorption in the dark and photocatalytic degradation under light irradiation
are simultaneously monitored and kinetically modeled via coupled continuity equations for TBZ in both
liquid phase and on the catalyst surface during a sequence of dark/light periods. The final model takes
into account the effect of light intensity (28-120 W/mz) and pH (3-9) on the adsorption and photocatalytic
degradation processes. It is found that light intensity maintains a linear relation with both the degradation
rate in the solution and on the catalyst surface, while it does not significantly affect the
adsorption/desorption rates. The effect of pH was investigated in relation to the speciation of TBZ and its
impact on adsorption/desorption and degradation coefficients. It is shown that the different TBZ species
have distinct adsorption and desorption coefficients with their charge conditions. Furthermore, changes
in pH have a significant effect on the overall removal by adsorption (highest at pH 6.8) or actual

degradation (highest at pH 4.4).

The proposed model was satisfactory to describe the experimental data with a root-mean-square deviation

(RMSD) of 1.88 umol/L, corresponding to deviations below 4%. In addition, photocatalytic experiments

under natural sunlight with a variable visible light intensity of 10 to 125 W/m” and reusability of the

photocatalyst was successfully validated by the proposed model. Furthermore, the calculated quantum
yield for the used POP mounts up to 2.8x1 0° molecules/photon with the space time yield reaches 1.5x10

% molecules/ (photon mg_,,), which is an order of magnitude higher than earlier reported values.
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1. Introduction

Heterogeneous photocatalytic degradation of organic compounds in liquid or gas phase is one of the
most promising green technologies [1-5]. For the past half-century, a huge variety of semiconductor
materials have been investigated as a photocatalyst to remove hazardous compounds [6, 7]. In spite of
significant progress of the field, the advances of metal oxides or metal complexes has been confronted
with some challenges such as a huge bandgap between valence and conduction band for visible light
excitation, metal leaching, high price, and chemical instability [8-10]. Therefore, to help resolve such
disadvantages, a new class of materials named porous organic polymers (POPs) has been developed for
versatile applications such as photocatalyst, adsorbent, storage material, versatile reaction catalyst, and

solid catalytic support [11, 12]. These novel polymers are tailored n-conjugated organic networks with

nanoporous three-dimensional characteristics, providing a high surface area (200 to 1000 m’ g'l) and great

thermal/chemical stability [13, 14].

In this research, thiabendazole (TBZ) was used as a model compound for photocatalytic degradation.
It is widely used in agriculture as a fungicide for crops, e.g., tomatoes, tobacco, sugar cane, rice, and fruits.
In addition to crops, TBZ has also been applied in the treatment of hepatic diseases in goats and sheep.
Because of extensive usage, its residues are found in agricultural run-off and in wastewater of food
processing industries [15-18]. Not only because of its bio-activity and persistence [19], it can exert
harmful effects on the aquatic environment. Further, it was also reported to be carcinogenic for humans

in sufficiently high doses to interfere with the thyroid hormone balance [20, 21].

Kinetic modeling is one of the major approaches to assess the mechanism of photocatalytic
degradation process. The Langmuir-Hinshelwood equation is the most commonly used for modeling to

date [22-26]. If the concentration of model compound is sufficiently low, the Langmuir-Hinshelwood



equation can be simplified into an apparent first-order model [27-31]. Van Doorslaer et al. investigated
the relation between adsorption and degradation rate [32]. A model was also proposed by considering the

effect of intermediate compounds formed via photocatalytic degradation of dichlorophenol by TiO, [33].

Another kinetic study was performed by Rasoulifard et al. in visible light induced CdS nanocomposite by
taking into account the adsorption and degradation on photocatalyst surface [34]. Other kinetic models
have been proposed based on intrinsic element reactions [35], or the agglomerate diameter of the nano-
particle [36]. In most of the reported studies, the compound degradation is modeled after the solution
reaches adsorption equilibrium with the photocatalyst in the dark [37-41], although this dark period is
often not specified in the modelling. Further, as the photocatalytic degradation is initiated by light
irradiation, the reactions between electron holes and adsorbed compounds on the catalyst surface are not
considered separately from those between active radicals and dissolved compounds in the liquid phase
[22, 42]. Consequently, it is not possible to distinguish between the different degradation steps in the
liquid phase and on the catalyst surface in the given kinetic model and it makes it impossible to describe

the effect of variable experimental conditions such as pH and light intensity.

A reliable and detailed knowledge of the reaction kinetics is required to guarantee an optimal reactor
design, advanced process control strategies, and improvement in safety and economic aspects of the
process [43]. Therefore, the aim of this research is to develop a novel integrated model that considers the
following continuous processes for the first time: (i) the reversible adsorption-desorption process of TBZ
in the dark until the solution reaches equilibrium and (ii) its subsequent photocatalytic degradation both
in the liquid phase and on the catalyst surface. Porous organic polymers (POPs) are used as visible light
photocatalyst. In the computation of the kinetic model, the effects of experimental conditions, e.g., the
ratio of catalyst to TBZ concentrations, light intensity, and pH, are taken into account to provide valuable

insights into these stepwise processes. Furthermore, the feasibility of model has also been validated by



considering the changes in the intensity of natural sunlight, e.g., during different hours of the day. Finally,

the reusability of POPs for photocatalysis has also been investigated.

2. Materials and methods

2.1. Chemicals

TBZ is provided by Sigma-Aldrich (analytical standard). H,PO,, KH,PO,, K,HPO, and KOH
(provided by DAEJUNG, South Korea >99%) are used to adjust pH, using pure water (HPLC grade). The
information covering the detailed procedures for the synthesis of porous organic polymers (POP1) used
in this study has been provided along with their characterization results in our previous work [13]. The
schematic synthesis procedure of the POPs, together with the FE-SEM, TEM, and BET surface analysis

of the catalyst is shown in section S.1 of the Supplementary Information.

2.2. Photocatalytic process

Table 1 gives the conditions for all conducted experiments. Dispersion of photocatalyst is an essential
preparation step in a photocatalytic process [44]. However, in order to prevent premature adsorption, the
catalyst and the contaminant should not be in contact during the sonication time. To this aim, POPs were
sonicated in 12.5 mL of deionized water in an ultrasonic bath (MUJIGAE model SD-D200H, 40 kHz
frequency) for 1 hour, while the required amount of TBZ was dissolved in a separate 12.5 mL deionized
water. The dispersed solution of POPs was mixed and stirred with the TBZ solution (total volume of 25
mL) in the dark phase for 90 minutes to reach the equilibrium. After the dark phase, the lamp was switched
on to initiate the degradation under visible light. The reaction was performed in a 100 mL beaker, while
a Xenon lamp of DY TECH Co, model DXP300 (170-410 W) was placed on top of the beaker at a distance

of 10 cm from the suspension surface (see section S.2 and Figure S.4 in the Supplementary Information).



To neutralize the effect of temperature, the beaker was placed in a water bath at room temperature (25
+1°C). Light produced by the Xe lamp was filtered by a UV-IR cut-off filter (486 MRC Schneider
Kreuznach) to ensure the photocatalytic process to proceed under visible light irradiation (420-670 nm).
A 200 pL sample was taken from the suspension after 0, 1, 5, 15, 30, 60, and 90 minutes in the dark and
after 15, 30, 60, 90, 120, 180, 240, 300, 360, and 420 minutes under exposure to visible light. Samples
were diluted to 2 mL to be separated instantly by a syringe driven 0.22 ym PES membrane (Biofil) filter.
The whole process of dilution and filtration was performed in less than 20 seconds to minimize TBZ
desorption due to a change in equilibrium conditions of the diluted sample. Liquid TBZ concentrations
were measured by HPLC-PDA as described in Section 2.3. Calibration curve data are mentioned in section

S.3 of the Supplementary Information.

Model validation experiments were performed under natural sunlight. To have a similar light condition
as during the lab experiments, the same UV-IR filter was placed on top of the beaker and its walls were

covered by aluminum foil to prevent any UV beams inside the beaker.

In order to investigate the reusability of the POPs, experiment 1 from Table 1 was repeated and the
catalyst was separated from the solution by centrifugation for 30 minutes with 10,000 rpm and dried under
vacuum for 12 hours. The separated catalysts were weighed before adding to the subsequent batch and

used under the given experimental conditions.

A control experiment (entry 1 in Table 1) was performed under visible light irradiation without POPs
for 6 hours. As there was no significant change in the TBZ concentration in liquid phase (below 2% of
the initial concentration), it was concluded that no significant photolysis took place in the overall TBZ

degradation.



2.3. Analytical methods and equipment

TBZ concentrations were measured by an HPLC (SHIMADZU LC 2030C), equipped with an ACE 3
AQ column (150 x 3 mm) using a PDA detector at a wavelength of 300 nm. The mobile phase (500
pL/min) was an isocratic (65/35) mixture of methanol and 20 mM aqueous ammonium acetate [15]. An
injection volume of 50 puL was applied. The calibration curve of the HPLC analysis is shown in Figure
S.5 in the Supplementary Information. The limit of detection (LOD) and limit of quantification (LOQ)
are calculated as 66.5 pug/L (or 0.33 umol/L) and 22.2 pug /L (or 1.10 umol/L) respectively; see section S.3
in Supplementary Information. Note that all TBZ concentrations in this work are quantified above the

LOQ.

The solar power meter TES 132 was used to measure the intensity of the natural sunlight inside the
same beaker used for the solution, while the UV-IR cut-off filter was placed on top of the beaker. The
sunlight simulator light intensity was measured at the same distance of 10 cm that the solution would be
placed. Additional aeration (air flow rate of 6 L/min) is done by Resun LiquidAir-4000 air pump and
dissolved oxygen was measured by a Hanna HI9146 DO meter. COD was analyzed by USEPA 410.4

method by Hanna HI93754A-25 reagent and HI83314 photometer.

2.4. Basic kinetic model
In order to gain a comprehensive understanding on the photocatalytic process of TBZ, its removal in
the solution phase has been monitored by considering reversible adsorption as well as degradation at the

same time. The continuity equations (CE) of the starting kinetic model, named as model 1, are given by

Egs. (1) and (2):
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Eq. (1) considers the adsorption from the bulk liquid to the catalyst surface as well as the degradation
via radicals in the bulk liquid phase, with parameters k, and k, representing the adsorption and desorption
rate coefficients, respectively. k; represents the apparent volumetric degradation rate coefficient in the
liquid phase that is caused by active radicals. Eq. (2) describes the CE for TBZ adsorbate, taking into
account the reversible adsorption and degradation by electron holes on the catalyst surface, while the
parameter k, represents the apparent volumetric degradation rate coefficient of adsorbed TBZ by electron
holes on the catalyst surface. The derivation of Egs. (1) and (2) is presented in section S.4 of the
Supplementary Information. Eq. (4) defines the light condition: for the first 90 minutes (t*), during which
the experiment is performed in the dark phase; thereafter, the light source is switched on. In the absence
of light, the removal of TBZ is only due to adsorption; and the second term of both Egs. (1) and (2) is

zero. By turning the light on, the degradation of TBZ starts in both CEs.

Eq. (3) shows the site balance between free (C.) and occupied (C,,) active sites. Parameter m describes
the average number of active sites that are occupied by one TBZ adsorbate molecule. The surface area of

TBZ is calculated to be 82.1 A® [45], while the surface area of the POPs is reported as 400 m’ g'1 [11] and



the amount of active sites is estimated as 1.24 x 10” mol g'] [46]. Hence, the average area for each active
site can be calculated as 54 A®. If m is equal to 1 (as commonly done), this would erroneously
underestimate the possible TBZ surface coverage since a TBZ molecule is larger than the area of an active

site (ratio 1.52).

Excel” software is used for the numerical integration of the CE with a time step of 1 minute and a GRG
nonlinear solving method by using an in-house written code. Kinetic parameters (k, to k,, m, and C,)
were estimated by minimizing the residual sum of squares (RSSQ), defined by Eq. (5), with n the number
of experiments as mentioned in Table 1 and N; the number of samples taken at each time point in each

experiment:

3. Results and discussion

As summarized in Table 1, a total of 15 experiments were conducted to construct and validate the best
fitting model for combined adsorption and photocatalytic degradation in a stepwise manner. The first set
of four experiments (entries of 1 to 4 in Table 1) was performed with a variable ratio of photocatalyst (40
and 80 mg/L) to TBZ concentration (10 and 15 mg/L). These data were used to estimate the parameters

of model 1.

In order to investigate the effect of a variable light intensity (LI; 4 conditions from 28 to 120 W/mz)

and pH (4 conditions from 3.3 to 9.0), six experiments (entries 5 to 10) were conducted. Model 2 expands
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model 1 and it includes the effect of LI on the TBZ degradation rate. Model 3 is designed to include the

effect of the solution’s pH on the adsorption and degradation coefficients.

The fourth (hereafter called ‘final’) model is developed based on all previous modeling insights and it
considers the effect of both a variable LI and pH. The results of models 1, 2, and 3 (dashed lines) are
compared with the final model (continuous lines) in Figures 1, 2, and 3, respectively. In this work,
temperature effect is not investigated as the reaction rate of a photocatalytic process does not have a
significant relationship with the minor temperature changes [47, 48]. The maximum value of visible light
intensity of the sunlight in the validation experiments is about 125 W/m” and this is in the range of the

performed experiments to evaluate model 2.

3.1. POPs to TBZ concentration ratio

During adsorption in the dark phase, the TBZ liquid concentration at equilibrium is determined by the
amount of catalyst, the initial compound’s concentration, and the adsorption coefficient, K,,, see Eq. (6).
At this point, the rates of adsorption and desorption are equal [49, 50] and the equilibrium liquid

concentration can be obtained as solution of Eq. (6), see Section S.5 of the Supplementary Information:

) 1 m, C
Ceq+Ceq(K_ad+7tCtot_Co)_K_;:O (6)

By changing the ratio of catalyst to TBZ concentration (q), as given in experiments 1 to 4 in Table 1,

values of parameters k;, k,, ks, k,, C,,and m in Eq. (1) to (3) can be estimated with model 1 as described

tot
in section 2.4, see Table 2. Figure 1 shows the experimental data and the calculated data for different q
values. As can be observed, the concentration of TBZ reaches equilibrium at the end of the dark period

and by increasing q from 2.7 to 8.0, the percentage of removal by adsorption of TBZ on the catalyst
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surface in the dark increases from 34% to 81%. Higher TBZ removal by adsorption can be explained by

the availability of more active sites at higher catalyst concentrations [51].

3.2. Light intensity

To investigate the effect of light intensity (LI), four different LI in the range 28-120 W/m” are applied,
see entries 1, 5, 6, and 7 in Table 1. The dots in Figure 2 represent the experimental data, showing
comparable results (48+5% removal) after the first 90 minute adsorption in the dark phase. By increasing
the LI from 28 W/m” to 120 W/m’, the total removal of TBZ also increased from 71% to 95% during
degradation under visible light. A higher LI increases the production of electron-hole pairs to induce

subsequent increases in the degradation rate [23, 52].

In order to consider the effect of LI in the kinetic modeling, k; and k, parameters were considered as
an individual variable (k;; and k, ;) for each LI in model 2, and Egs. (1) and (2) were rewritten as Egs. (7)
and (8):

d(VC“")— V(kC,C.—k,C,)-Vk;,C 7
T__ (l ag =~ 2 ad)_ 3,i aq'é ()

d (mcatcad)
T = V(klcaqc* - kzcad) - mcatk4,iCad ) é: (8)

The values of k; ; and k, ; were estimated for a LI of 28, 53, 85 and120 W/m? by integration of Egs. (7)
and (8) for experiments 1-7 of Table 1. The estimated values of the parameters of model 2 are listed in
Table 2. The lines in Figure 2 are plotted by the calculated concentrations of TBZ in the solution for

different LIs. From Figure S.6 in the Supplementary Information, showing the estimated values for
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parameters k; ; and k, ; versus LI, it can be concluded that linear relations, given in Egs. (9) and (10), can

be proposed to correlate the degradation coefficients with the experimental LI:
ky=a-LI (9)
k,=b-LI (10)

When Egs. (9) and (10) are modelled with an intercept, the latter was shown to be statistically not
different from zero. This observation corresponds to the fact that there is no degradation of TBZ without

light supply (LI = 0), as there are no radicals formed [53]. The obtained values for a and b are (3.45 *

0.55) 10 and (1.16 £ 0.31) 107 respectively.

3.3. Effect of pH

In order to investigate the effect of pH on the TBZ degradation, the experimental conditions are
extended with different pH values, ranging from 3.3 to 9 (entry 3, 8, 9, and 10 in Table 1). Figure 3 shows
the results of adsorption and degradation of TBZ at different initial pH conditions. By increasing the pH
from 3.3 to 6.8, the adsorptive removal of TBZ in the dark increased from 52% to 81%. However, a further
increase to pH 9 decreased the adsorption removal to about 60%. The findings of such distinctive pH
effect on the performance may be accounted for by changes in TBZ speciation across varying pH
conditions. Inspection of the molecular structure of TBZ in Figure 4 suggests that the free electron pair
on the second N atom of the central ring can receive a proton at acidic pH to impart a positive charge to
the TBZ molecule. Also, the hydrogen atom at the first nitrogen of the central ring can be released into

the solution at basic conditions, giving it a negative charge.
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TBZ is an aromatic compound with several & bonds all around. In the structure of POPs (Figure S.1),
the carbonaceous polymers are connected by © bonds. Although the POPs surface is without any charge,
the adsorption of all species of TBZ on its surface can happen by n-w interactions [54]. However, because
of electrical repulsion between positive adsorbates in acidic conditions and negative adsorbates in basic
conditions, the adsorption coefficient is expected to be higher in neutral conditions. For the same reason,
desorption coefficients are lower in neutral pH conditions than those of positive and negatively charged
TBZ adsorbates due to an electrostatic repulsion force [55]. This discussion can be confirmed by
considering the value for m, representing the average number of active sites that are occupied by one TBZ
adsorbate molecule, see Eq. (3). As can be observed in Table 2, the value is estimated to be 1.24. This
means that each of the TBZ molecules will occupy more than 1 active site of the catalyst, so that they will
be placed at a close distance to each other during adsorption. If the majority of them have the same positive
or negative charge, the consequent repulsion force will suppress the adsorption of TBZ (i.e., lower
adsorption coefficient and higher desorption coefficient). However, in the case of the majority of neutral
species around neutral pH conditions, the TBZ molecules can be bound on the surface without this

repulsion force.

In order to consider the effect of pH in the kinetic model, TBZ speciation and the corresponding value

for K, ; and K, , have been taken into account, see Egs. (11) to (13):

gy Al ] an
(4] [H']+K, [H']+K, K,
1 _[AH]_ Ka,l[H+] (12)

4] [H'T+K,[H'1+K,K,,
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[A_] Ka lKa 2

a, = = +12 . +’ (13)
(4] [HT+K,[H ]+K,,K,,

The refined model 3 considers positive, neutral and negative species of TBZ, and each specimen has
individual adsorption and desorption rate coefficients. The latter are shown as k, ; and k, ; in Egs. (14) and
(15) with 1 = 0, 1 or 2, representing the positive, neutral, and negative species, respectively. However,
because of the high reactivity of radicals in the solution and electron holes on the surface, k; and k, are

considered equal for all TBZ species. Hence, Egs. (1) and (2) are updated and new CE for each specimen

a; can be presented as Eqs. (14) and (15):

dC.
g dlt)aq :_V(kl,iaicaqc*_k2,iCi,ad)_k3Clﬁ“qv§ (14)

dCi,ad
mcat 7 = +V(kl,iaicaqc* - k2,ici,ad) - k4Ci,admcat§ (15)

Based on Egs. (14) and (15), the CE for the total TBZ liquid and adsorbate concentrations are given by

Egs. (16) to (18):

dc, 2
s =V (k,a,C,,C.—ky Cot)-VCoié (16)
i=0

V

1,i 7% aqg —*

dC 2
mcat d;d = +VZ (k aC C* - kZ,iCi,ad) - mcatk4Cad§ (17)
i=0

i7" aq

2
C.+my.C,=C, (18)

i=0

Dashed lines in Figure 3 represent the kinetic model, obtained by integration of Eqgs. (16) to (18) and

minimization of the RSSQ, see Eq. (5), using the experimental data corresponding to entry (1-4) and (8-
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10) in Table 1. In this model, each specimen of TBZ has a specific k, and k, parameter and individual k;
and k, parameters are considered per pH value, see Table 2 (model 3). In order to evaluate the o; values,
two additional parameters pK, ; and pK, , are estimated. By integration of Egs. (16) to (18), pK,; and
pK,, are estimated as 5.09 and 7.96, respectively. The only experimental pK, reported for TBZ is about

4.7 [45, 56] which is fairly close to the one estimated by the model. As expected, at pH 6.8 where TBZ
has the maximum neutral speciation, adsorption in the dark stage shows the highest removal efficiency,
as observed in Figure 4. A significant drop has been observed at pH 9 and 4.8, where the negative and
positive species of TBZ become the majority, respectively. The estimated parameters in Table 2 for model

3 indicate that the adsorption rate coefficient of the positive and negative species of TBZ (k, , and k; ,)
are smaller than that of the neutral specimen (k; ;). The desorption rate coefficient k, , and k, , are higher

than k, ; which results into a higher removal by adsorption at pH 6.8.

Figure 5 shows the individually estimated k; and k, for each pH in model 3. As it can be observed, k;
has a reverse relationship with k,. Basic pH values correspond to higher k; values, while the acidic pH
values yield higher k, values. In basic solutions where the hydroxyl anion concentration is high enough,

they can react with the electron holes on the catalyst surface to produce hydroxyl radicals that can
favorably degrade TBZ in the solution, see Egs. (19) to (22). On the contrary, as shown in Eq. (23), the
electron holes at acidic condition, i.e., at negligible hydroxyl ion concentration, react directly with TBZ
to cause its degradation [57-59]. The schematic representation of reaction mechanism is shown in Figure

S.7 of the Supplementary Information.

POP+hv—e,+hy, (19

HO +h,, > HO" (0)
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(HO& H +HO ) +h, > HO'+H™  (21)
TBZ, +HO,, — products  (22)

TBZ , +hy, > products  (23)

The dashed lines in Figure 5 show that estimated values for k; and k, can be considered to follow a

hyperbolic function of pH, with the equations shown in section S.6 in the Supplementary Information. As

a hyperbolic function, k; and k, cannot have negative values (they approach zero as their minimum). The
maximal values for k; and k, are 4.4% 10” min™ at high basic pH values and 6.9x10” min™ at low acidic

pH values, respectively.

The combined effect of light intensity and pH on parameters k; and k,, as given in Egs. (9) and (10)

and Figure 5 respectively, is represented via Egs. (24) and (25):

ae’
C
T lde” H @)

All experiments, with corresponding conditions mentioned in entry (1-10) in Table 1, can be modeled
by integration of CE (16) to (18), where the values of k3 and k4 are obtained by Eqgs. (24) and (25). All
continuous lines in Figures 1, 2, and 3 are calculated by the final model, i.e., all previous modeling insights
with respect to the LI and pH are combined into one model. In this final model, by having fewer
parameters than in model 3, a wider range of different conditions can be modeled with an error of less

than 2% on the calculated removal efficiency.
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In addition, the refinement of model 1 to become the final model is statistically investigated by (1) the
evaluation of the F test for comparing nested models, as model 1 can be considered to be a simpler form
of the final model [60] and (2) the RMSD value; see section S.8 of the Supplementary Information. The
calculated F value (338.4) is higher than the tabulated F value (1.59), which confirms the statistical
significance of the final model over the basic model 1. Also, it is shown that the RMSD value for the TBZ
liquid concentration, obtained with the final model, is the lowest among all applied models (1.88 pmol/L
corresponds to less than 4% of the initial TBZ concentration). Furthermore, the statistical adequacy of the
final model is investigated by using the of lack-of-fit sum of squares [61]. For the final model, the pure
error sum of squares is calculated as 3.31 10719 with 157 degrees of freedom, as described in section S.8
of the Supplementary Information. The lack-of-fit sum of squares of the final model is calculated as 3.65
1019 with 145 degrees of freedom to yield F, =1.19, see Eq. (S-26) in Supplementary Information. The
tabulated F value with the corresponding degrees of freedom and 0=0.05 is given as 1.31, which is higher

than F_ and this result confirms the statistical adequacy of the final model.

The final model gives the opportunity to describe the photocatalytic degradation process with a variable
pH and/or light intensity. For instance, for some degradation experiments, a pH drop of around 0.5 was
observed during the degradation under visible light. In contrast, no significant pH drop was recorded
during adsorption in the dark period. This can be explained by the presence of sulfur atoms in the TBZ
structure and its presence in corresponding degradation products. In addition, as described in Eq. (21), in
the process of hydroxyl radical production, some H' can be released into the solution to cause a slight
drop in pH. The final model was used to consider this minor change in pH of the liquid solution with an
increased accuracy. Practically, the experimental change in H' concentration was considered to be

proportional to the degradation rate and a variable pH was implemented for every single minute of the
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experiments. In conclusion, the final model is integrated by Egs. (16) to (18), while individual pH and its

corresponding o values were used for the calculation of k, and k, using Eqs. (24) and (25), respectively.

Table 2 shows the parameter estimates for the final model. In order to assess the adsorption parameters,
the equilibrium coefficient for the TBZ species is calculated using the individual adsorption and
desorption coefficients. For the positive, neutral, and negative TBZ species, the values are calculated as
2.1410™,5.36 10", and 2.23 10" L mol”, respectively. These values are in line with the experimental
observations in Figure 4, where the neutral TBZ specimen shows the highest adsorption (at neutral pH
condition). Compared to results for methylene blue (also containing 3 rings with sulphur and nitrogen
atoms), values ranging from 4.70 107 L mol™ t0 2.69 10 L mol™ were reported in the literature [27, 62-
64]. It can be concluded that the values, obtained in this work, are within the same range. Note that the

calculated equilibrium coefticient for models 1 and 2 is identically 4.62 10" L mol™, which falls between
the values for the different species. This is explained by the fact that these models did not take into account

the effect of pH and, as a consequence, all TBZ species was considered to be neutral.

According to Egs. (24) and (25), the values for k, range from 1.65 10* min™ (pH=3,L1I=28 W/mz)
t0 4.69 10~ min™ (pPH=9,LI=120 W/m?). The values of k, vary from 3.12 10 min™ (pH=9, LI =28

W/mz) t06.82 10~ min™' (pH=3,LI=120 W/mz). This is in line with previously reported apparent kinetic
parameters for methylene blue, ranging from 2.72 10” min™ to 5.86 10” min™' [63, 65-68]. Note that these
parameters were obtained by using an apparent first order reaction. In this case, one reaction coefficient
can be held responsible for the adsorption (accounting for apparent removal) as well as the degradation
(by radicals in the liquid and by holes on the catalyst surface), which coincides with the given slightly

higher value.
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In this work, a value for the concentration of active sites is obtained as 8.73 10™ mol g'l. Typical values

for this parameter are around 10” mol g'1 in line with the literature reports [69, 70].

The proposed model clearly shows that the adsorption equilibrium of TBZ with the catalyst is
established by starting each experiment in the dark period. The adsorption has initially a higher rate than
the desorption, but eventually the solution reaches equilibrium (no net adsorption/desorption). By the start
of the light period, the equilibrium will shift in one direction, depending on the pH of the solution and its

effect on the degradation rates in the solution and on the catalyst surface.

Lastly, the applicability of the proposed model and the necessary conditions for its application in other
photocatalytic degradation studies are discussed in section S.13 of the Supplementary Information and the

mineralization of TBZ during the photocatalytic degradation has been investigated in section S.14.

3.4. Dissolved oxygen

The experiments, with conditions corresponding to entry 1 to 10 in Table 1, were performed without
additional aeration. In order to investigate the effect of dissolved oxygen and the possible production of
superoxide radicals as a result of the reaction between oxygen and electrons, additional experiments (entry

11-13 in Table 1 at pH 3.3, 6.8, and 9.0) were performed with specific aeration.

It is proven that the main free radicals that affect photocatalytic degradation are hydroxyl radicals [71].
The latter can be produced by direct reaction of hydroxyl anions and electron holes, as described in Egs.
(20) and (21). Another possibility for the hydroxyl radical formation is the reaction of dissolved oxygen
and electron holes, producing hydrogen peroxide that further decomposes as shown in Egs. (26) to (29)

[27, 72-74]:
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Oytey =0, (6)
0; +H" - HO, 27)
2HO, - H,0,+0,  (28)

H,0,+e¢ > HO +HO’ (29)

As it is shown in Figure S.8 in the Supplementary Information, no significant difference was observed
in the results between the experiments with and without aeration. It is reported that oxygen transfer into
the solution can take place through the interaction between the liquid and air by continuous stirring in an
open reactor [75]. The oxygen transfer rate into the reactor during the experiment is calculated, as
previously reported by Ollis et al. [76], see section S.9 in the Supplementary Information. Since the reactor
volume is 25 ml and the liquid depth is less than 2 cm, the solution for the experiments without aeration
can be considered to be saturated with oxygen. This assumption was checked and confirmed by the
experimental measurement of the dissolved oxygen concentration before and after the reaction, which was

about 8 mg/I at room temperature.

In conclusion, the k, parameter already reflects the effect of major active radicals (hydroxyl and

superoxide radicals) in the presence of visible light source, as shown in Eq. (30):
b=k, Cp +h,C (30)

It should be noted that k; in Eq. (9) or (24) is dependent on the light intensity as no active radicals can

be produced at LI = 0.
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3.5. Model validation under natural sunlight

Since the sunlight intensity continuously changes during the day, it is very important to properly
simulate the complicated conditions for a continuous photocatalytic degradation process, especially under
varying conditions of pH and LI. For this purpose, three experiments (entry 14 in Table 1) are performed
at an initial pH of 4.8, 6.8, and 9.0 under real and variable sunlight conditions (LI between 10 and 125
W/mz). The experiments were performed in the dark for the first 90 minutes, so that the solution reaches
equilibrium. The dots in Figure 6 show the experimental data, which indicate that the highest removal by
adsorption (47%) is obtained at pH 6.8. Since the experiments were performed on different days and
different hours of the day, the degradation of TBZ in each experiment started under different irradiation
conditions. Hence, the changes in light intensity for each experiment were modeled by a polynomial curve,
which was plugged into in Eqgs. (24) and (25) to estimate k; and k,, respectively at every 1 minute time
span (see section S.10 and Figure S.9 in the Supplementary Information). The continuous lines in Figure
6a correspond to the calculated data by the final model using Eqs. (16) to (18) and their corresponding k;,
and k, calculated by Eqs. (24) and (25). Figure 6b shows the parity plot of the experimental and calculated

data, which shows a high accuracy in the final model’s results.

3.6. Simulation of TBZ removal

In the final model, Eqgs. (16) to (18) are used to simulate the adsorbed TBZ on the catalyst surface in
order to offer insight into the contribution of different variables in specific adsorption and degradation
processes in the overall TBZ removal. As an outcome of Eq. (17), Figure 7a illustrates the total moles of
TBZ adsorbed on the catalyst surface. The highest adsorption of TBZ is achieved at pH 6.8, in agreement

with what has been described in Section 3.3. As can be observed, after 20 hours, still a considerable
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amount of TBZ remains on the catalyst surface in pH 6.8 and 9.0, while almost all adsorbed TBZ
molecules are degraded at pH 3.3 and 4.8. Such relationship is also supported by the higher desorption

coefficients on the catalyst surface (k,) at lower pH values.

To compare the net degradation of TBZ at different pH values, the total amount of remaining TBZ (T)
in the system was calculated on every time step by Eq. (31), where Caq and Cag were obtained via

integration of Egs. (16) and (17), respectively:
T - VCaq + mcalCad (3 1)

Figure 7b shows the total moles of TBZ, i.e., the sum of both TBZ in solution and on the catalyst surface,
as a function of time and at different pH. During the adsorption in the dark, the total moles of TBZ in the
process are constant. At the start of photocatalytic degradation, the curves at acidic pH values 3.3 and 4.8
show comparable total degradation, which is higher than the degradation at pH values 6.8 and 9. On the
other hand, Figure 3 shows that the experimental and calculated concentrations of TBZ in solution are
lower at pHs 6.8 and 9, compared to the acidic pHs of 4.8 and 3.3. The reason for these observations is

that the highest removal by adsorption (~ 81%) is reached at pH 6.8, and because of a low k, value at this

pH, the adsorbed TBZ on the catalyst surface slowly reacts with electron holes. As a result, even after 20

hours a large portion of adsorbed TBZ remains unreacted.

To find the optimum pH for total TBZ removal, both degradation in the solution and on the catalyst

surface should be taken into account. Hence, the total degradation rate (P, in mol min™) of TBZ can be

written as Eq. (32):

P = VkSCaq + mcatk4cad (32)
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Figure 8a shows the values of P, simulated for every 1 minute time increment of experiments with pH
ranging between 3 and 11. Similar to the discussion in Figure 7b, at the beginning of the photocatalytic
degradation (t < 7 hrs), the maximum degradation rates are found under acidic pH between 3 and 5, while
the minimum values of P occur at around neutral pH. With the passage of time, the sum of TBZ
concentration, i.e., in the solution plus on the catalyst surface, will change. After 10 hours of degradation
under visible light irradiation, the interaction of the TBZ in the solution and on the catalyst surface with

degradation coefficients k; and k,, causes the maximum P values to occur at neutral pH values.

Figure 8b plots X, which is defined by the ratio of the TBZ degradation rate in the liquid phase to the
total degradation rate (P), see Eq. (33), as a function of reaction time for pH values ranging from 3 to 11:

Vk,C,

= 33
Vk,C,, +m 33)

k4 Cad

cat

At pH values higher than 9, where higher values of k; are expected, the majority of degradation takes
place by reactions in solution phase during the whole experiment. On the other hand, at the acidic pHs, X
displays a low value due to a higher value for k,. At the beginning of the degradation process (t <1 hr),
most of the degradation take place in the solution for neutral pH values. By the decrease of TBZ
concentration in solution and the consequent drop in degradation rate in the liquid, X shows lower values

as the reaction progressed.

In order to describe the specific interplay between adsorption and degradation, the ratio of adsorption

rate versus total degradation rate (P) is defined by Eq. (34):

2
VZ (kl,iaicaqc* - kz,iCi,ad )
i=0

7 = (34)

Vk,C,, +m.k,C,,

cat
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Note that the solution has reached equilibrium in the first 90 minutes of the dark phase and the catalyst
has no additional capacity to host more TBZ molecules. However, it is observed that the Z ratio still has
a large value at acidic pH (see Figure 8c). This is because k, is greater than k; at these acidic pH values
and the degradation proceeds faster on the catalyst surface than in the solution. Consequently, the
concentration of TBZ adsorbate molecules is decreasing faster, compared to the liquid TBZ concentration
decrease. This causes a shift in the adsorption equilibrium and the overall TBZ net adsorption rate

increases.

On the other hand, at pH higher than 7, the degradation rate in the solution is higher than on the catalyst
surface, which is in line with a higher value of k;. As a result, the decrease of TBZ concentration in the
solution is faster and, in order to maintain the equilibrium, negative values for Z are found at basic pH
conditions, as some TBZ should be desorbed from the catalyst surface (Figure 8c). At pH 9 the maximum
negative value for Z is observed, whereas a neutral pH shows less negative values. The reason is that most
of the TBZ molecules at this pH are in neutral speciation (AH) which has a higher adsorption coefficient

and a lower desorption coefficient than other species (see Table 2).

When the adsorption has a significant contribution to the contaminant’s removal from the solution, it
is vital to consider both adsorption and degradation separately in the overall TBZ removal. If the goal for
treatment is rapid water purification, a neutral pH can be considered as the optimum pH. However, if the
goal is being set as total TBZ removal by photocatalytic degradation, both reactions in the solution and
on the catalyst surface should be taken into account. As can be observed in Figure 8a, the highest
degradation rate of P is found in the beginning of photocatalytic degradation at pH 4.4, which is the

optimum pH for total TBZ degradation.
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3.7. Quantum yield

The energy consumption of a photocatalyst plays an important role in the selection of a photocatalytic
system. The quantum yield (QY) can be defined as the ratio of the total amount of TBZ molecules
degraded per second to the total number of photons entering the solution per second [77]. Details of its

calculation can be found in section S.11 in the Supplementary Information. In Figure S.10a, QY values

are found to increase with changes in LI from 28 to 85 W/m’. A further increase in LI decreases the QY
and, hence, this is considered not to be energy efficient. Figure S.10b indicates that pH 4.8 has the highest
QY due to the highest TBZ degradation. The experiments at neutral and basic pH values have a somewhat

lower QY values, since the removal for these pH values is mostly by adsorption rather than by degradation.

The calculated QY for the POP ranges from 1.2x 10° to 2.8x10° molecules/photon. The used catalyst

shows a good performance when the QY values, computed in this work, are compared with those reported

from different photocatalysts (in methylene blue degradation), ranging from 6.7x10° to 3.8x10°

molecules/photon [77].

To account for the efficiency per net mass of photocatalyst in the QY calculations, the space time yield

(SY) can be computed in terms of the ratio between the QY and the used catalyst mass. On average, the
SY for used POP is about 1.5%10° molecules/photon mg_,,. This value also supports the superiority of the
POP system over others, reported to have SY values in the range of 2.8x1 0"%t01.0x107 molecules/photon
mg_,, [77]. This indicates an excellent (one order of magnitude increase) performance of the POP catalysts,

when SY is taken as comparison basis. Major reason is that (on average) ~10 times less catalyst is used

in this work, compared to the other aforementioned studies, to achieve a similar level of catalytic activity.
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3.8. Reusability of POP photocatalyst

In order to investigate the reusability of the photocatalyst for TBZ degradation, 6 cycles of the process
are simulated, and the calculated data are shown in Figure 9a. The conditions for the first run was set
identically as experiment 1 in Table 1, i.e., 90 minutes of adsorption in the dark and 7 hours of degradation
under visible light irradiation. Afterwards, another 7 hours of photodegradation is simulated under visible
light over additional five cycles by maintaining the TBZ concentration to 5 mg/l to match the initial
conditions for the photodegradation in the first run. The photocatalytic removal of TBZ from the solution
for each simulated cycle is shown in Figure 9b. The percentage removal of TBZ is calculated by

considering its liquid concentration before and after the light irradiation of each cycle.

Next to data simulation, laboratory experiments are performed to investigate the reusability of the
photocatalyst at the same conditions as described for the simulations. Figure 9b shows the normalized
experimental TBZ removal efficiency at each run by taking its aqueous concentration at the beginning
and at the end of the degradation process. The first use of catalyst resulted in an experimental efficiency
of 87%, which is almost the same as the simulated data. After 5 times of reuse, the experimental
degradation efficiency decreased to 80%, while the simulated data still show an efficiency of about 90%.
This reduction in experimental removal efficiency may reflect the loss of catalyst during the separation
process after each run as it decreased from 1.0 to 0.9 mg after 5 cycles (a loss of about 10%). As the
overall experimental degradation efficiency shows about 12% of reduction relative to the simulated data,
the activity loss is suspected to be caused mainly by the loss of catalyst, rather than the decrease in the

catalytic activity of the POP itself.

In order to consider the effect of pH on photocatalyst reuse, the same simulation is performed at the

optimum pH of 4.4 for the total degradation of TBZ in liquid and on the catalyst surface. Figure S.12 in
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the Supplementary Information illustrates the results of this simulation. Due to a lower adsorption in the
dark phase for the first cycle, the degradation begins with a higher aqueous concentration of TBZ that
results in a lower removal of about 90% under visible light irradiation. However, after a few cycles, the
aqueous TBZ removal reaches its maximum of about 94% in each reuse cycle. This observation indicates
a slight increase in the aqueous TBZ removal comparing to pH 6.8, while the adsorbed TBZ remaining
on the catalyst surface at the end of each cycle is decreased from 0.45 umol at pH 6.8 to 0.11 umol at pH

4.4.

4. Conclusions

Porous organic polymers (POP) have shown great practicality as photocatalyst for thiabendazole (TBZ)
degradation under visible light irradiation. This system was found to achieve a total of 96% removal of
TBZ under the optimal conditions, e.g., after 90 minutes of adsorption in the dark and 7 hours of
degradation under visible light. The optimum pH for adsorption is pH 6.8, while the optimum pH for the
maximal photocatalytic degradation is 4.4. It was shown that natural sunlight could be used as a green

source of energy for this process while POPs are reusable in new batches several times.

A new kinetic model is developed to address the various aspects of the target TBZ removal by
considering the combined features of adsorption and photocatalytic degradation processes in a stepwise
manner as follows: (1) the reversible adsorption-desorption reactions are simultaneously described with
the degradation process, (2) TBZ concentrations are tracked separately in the liquid and on the catalyst
surface, and (3) degradation of aqueous TBZ by radicals and of adsorbed TBZ by electron holes are

individually taken into account.
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Based on a systematic evaluation of all controlling factors that interact for the removal of TBZ
adsorption/desorption, catalytic reaction coefficients are determined as a function of key variables
including light intensity and pH of the solution. Furthermore, it was shown that at higher pH values, the
degradation is mostly by active radicals in the liquid, while it is by the electron holes on the catalyst

surface at lower pH values. In addition, the estimated pK, values for TBZ are found to be accurate and,

as such, this approach can be recommended as an indirect method for the calculation and prediction of

pK, values for other compounds.
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List of symbols

Roman symbols
C Concentration of total species of thiabendazole mol L

C. Concentration of available active sites on catalyst surface mol g'1

C.: Concentration of total active sites on catalyst surface mol g



cat

Test statistic for lack-of-fit model evaluation

Adsorption rate coefficient

Desorption rate coefficient

Degradation rate coefficient by active radicals in solution

Degradation rate coefficient by electron holes at catalyst surface

Adsorption coefficient

Acid dissociation constant

Occupied active sites to adsorbed thiabendazole molecules ratio

Catalyst mass

Number of each experiment

Number of samples at different retention times in an experiment

Ratio of POPs (mg/L) over thiabendazole (mg/L)

Volume of the solution

Residual sum of squares

Total photocatalytic degradation rate

Ratio of aqueous degradation rate over total degradation rate

Ratio of total adsorption rate over total degradation rate

29

g mol"! min™
g L' min”

min’
min’
L mol™
mol L™

mol mol™

L
mol® L

.-l
mol min



Greek symbols

Qo Partition ratio of species i mol mol™
& Light switch (= 0 for the dark zone; = 1 for the light zone, see Eq. (4)) -
Subscripts

ad Adsorbed

aq Aqueous

i Specimen of thiabendazole

exp  Experimental data

a Calculated value

Abbreviations and acronyms

A Negative thiabendazole specimen
AH  Neutral thiabendazole molecule
AH, Positive thiabendazole specimen
At Total thiabendazole specimen
CE  Continuity equation

COD Chemical oxygen demand

LI Light intensity Wm?

LOD Limit of detection mg L' ormol L
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LOQ Limit of quantification

POP  Porous organic polymer

RMSD Root-mean-square deviation

RSSQ Residual sum of squares

QY  Quantum yield

SY  Space time yield

TBZ Thiabendazole
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mg L' ormol L

mol® L™
molecules photon'1

molecules photon'1 mgcat-l
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Table 1: Experimental conditions. All experiments 1-10 are performed in duplicate and the

error bars are shown in corresponding graphs. V =25 mL for all experiments.

Experiment Contribution TBZ POPs q= Initial pH Light  Aeration

inmodel (mg/L) (mg/L) POPs/thiabendazole intensity

(W/m’)
1 1,2, 3, final 10 40 4 6.8 120 No
2 1,2, 3, final 15 40 2.66 6.8 120 No
3 1,2, 3, final 10 80 8 6.8 120 No
4 1,2, 3, final 15 80 533 6.8 120 No
5 2, final 10 40 4 6.8 85 No
6 2, final 10 40 4 6.8 53 No
7 2, final 10 40 4 6.8 28 No
8 3, final 10 80 8 9.0 120 No
9 3, final 10 80 8 4.8 120 No
10 3, final 10 80 8 33 120 No
11 @ 10 40 4 6.8 120 Yes
12 @ 10 80 8 9.0 120 Yes
13 @ 10 80 8 3.3 120 Yes
14 (®) 10 40 4 4.8,6.8,9.0 10-125 No
15 © 5 40 4 6.8 120 No

)

@ Aeration experiments; ® natural sunlight experiment; ' reusability experiment.



Table 2 Estimated model parameters.
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Parameter (unit) Eq. No Model 1 Model 2 Model 3 Final model
k, (gmol™ min™) (1)-(2) 1.95 107 1.95 107

k, (gL min™) (1-(2) 422 10" 422 10"

kio (gmol” min")  (16)<(17) 1.08 107 1.08 107
ki) (gmol’ min")  (16)-(17) 221107 221 10
k, (gmol'min™)  (16)-(17) 1.10 10 1.10 10°
kyo (gL min™) (16)-(17) 5.06 10 5.06 107
ky i (gL min) (16)-(17) 4.1210™ 4.1210™
K, (gL min™) (16)-(17) 4.93 10° 4.93 107
k; (min™) (1) 423107

k, (min™) ) 132107

ks, (min™) (7) or (16) 423107 (L1120) 4.16 10° (pH 6.8)

ks, (min™") (7) or (16) 2.50 107 (LI85)  4.38 107 (pH 9)

ks 3 (min™") (7) or (16) 2.1910° (LI53)  2.65 107 (pH 4.8)

ks, (min™) (7) or (16) 122107 (L128)  8.14 107 (pH 3.3)

k,, (min™) (8) or (17) 1.3210° (L1 120)  1.68 10™ (pH 6.8)

ky, (min™) (8) or (17) 12710° (L185)  4.2110° (pH9)

ky 5 (min™) (8) or (17) 456 10* (L153)  5.30 107 (pH 4.8)

Ky (min”) (8) or (17) 5.5510° (LI128)  6.3310” (pH 3.3)

a (24) 3.45107
b (24) 8.71 10”
c (25) 6.49 10”
d (25) 7.07 10°
C,, (mol g (3)or(18)  8.7310™ 8.7310™ 8.73 10" 8.73 10"
m (B3)or(18)  1.24 1.24 1.24 1.24
pKa, (11)-(13) 5.09 5.09
pKa, (11)-(13) 7.96 7.96
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Figure 1. Effect of the POPs/TBZ ratio (q) on the measured TBZ concentration as a
function of time at LI 120 W/m’ and pH 6.8: (m) TBZ 10 mg/L. & POPs 40 mg/L, (A) TBZ
10 mg/LL & POPs 80 mg/L, (V) TBZ 15 mg/L. & POPs 80 mg/L, (¢) TBZ 15 mg/L. & POPs
40 mg/L (experiments 1 to 4 in Table 1). Dashed lines correspond to model 1 calculated
values by integration of Eqs. (1) to (3), while full lines illustrate the calculated data with the

final model by integration of Egs. (16) to (18) and k; and k, calculated by Eqs. (24) and

25).
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Figure 2. Effect of light intensity on the experimental TBZ concentration versus time at
TBZ 10 mg/L, POPs 40 mg/L and pH 6.8: (V) LI 28 W/mz, (e) LIS3 W/mz, (A)LIS8S

W/m’, (w) LI 120 W/m” (experiments 1, 5, 6, and 7 in Table 1). Dashed lines correspond to

model 2 calculated values by integration of Eqs. (1) to (3) and individual k; and k,

mentioned in Table 2 for each light intensity. Full lines illustrate the calculated data with

final model by integration of Eqgs. (16) to (18) and k; and k, calculated by Eqs (24) and (25).
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Figure 3. Effect of pH on the experimental TBZ concentration versus time at TBZ 10

mg/L , POPs 80 mg/L and LI 120 W/m*: (A)pH3.3,(e) pH 4.8, (m) pH 6.8, (V) pH 9.0
(experiments 3, 8, 9, and 10 in Table 1). Dashed lines correspond to model 3 calculated
values by integration of Eqs. (16) to (18) and individual k,; and k, mentioned in Table 2 for
each pH. Full lines illustrate the calculated data with final model by integration of Eqs. (16)

to (18), and k, and k, calculated by Eqs. (24) and (25).
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Figure 4. TBZ speciation and liquid phase removal by adsorption as a function of pH. Full

lines are calculated by Egs. (11) to (13) having pKa,=5.09 and pKa, = 7.96: (a) positive

specimen (—) [AH2+], (b) neutral specimen (—) [AH], (c¢) negative specimen (—) [A'], (m)

TBZ removal (%) in the dark phase. TBZ 10 mg/L, POPs 80 mg/L, LI 120 W/m®

(experiments 3, 8, 9, and 10 in Table 1).
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Figure S. Individual k,; (w) and Kk, (®) at different pH values, calculated by model 3 via
integration of Eqs. (16) to (18). (- --) k; trend line Eq. (24), (- - - ) k, trend line Eq. (25).

TBZ 10 mg/L, POPs 80 mg/L, LI 120 W/m? (experiments 3, 8, 9, and 10 in Table 1).
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Figure 6. Model validation experiments (TBZ 10 mg/L, POPs 40 mg/L) under natural

sunlight at (m) pH 6.8, () pH 4.8, (A) pH 9. Full lines illustrate the calculated data with

the final model by integration of Egs. (16) to (18) and k; and Kk, calculated by Eqs. (24) and

(25). b) Parity plot of experimental versus calculated data of the model validation

experiments. TBZ 10 mg/L, POPs 40 mg/L.
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Figure 7. a) Simulated total amount of adsorbed TBZ molecules on the catalyst surface
versus time calculated by Eq. (17), b) Simulated total amount of unreacted TBZ molecules

in the process, calculated by Eq. (31). (—) pH 3.3, (—) pH 4.8, (—) pH 6.8, (—) pH 9.0; TBZ

10 mg/L, POPs 80 mg/L, LI 120 W/m’.
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Figure 8. a) Total TBZ degradation rate (P) calculated by Eq. (32) as a function of pH and
time, b) Ratio of the aqueous TBZ degradation over its total degradation (X) calculated by
Eq. (33) as a function of pH and time, c) Ratio of the TBZ total adsorption over its total

degradation (Z) calculated by Eq. (34) as a function of pH and time. TBZ 10 mg/L, POPs

80 mg/L, LI 120 W/m’.
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Figure 9. Simulated and experimental data of photocatalytic TBZ degradation on POPs. a)

Simulation of total moles of (—) aqueous and (—) adsorbed TBZ as a function of time. b) (m)
simulated and (m) experimental TBZ removal from the solution. Initial TBZ concentration

10 mg/L and aqueous TBZ concentration at the beginning of each reuse cycle S mg/L, LI

120 W/m?2, POPs 40 mg/L, pH 6.8.



