Reaction Kinetics, Mechanisms and Catalysis (2021) 132:529-546
https://doi.org/10.1007/s11144-021-01932-x

®

Check for
updates

The combined effectiveness of activated carbon (AC) /
ZnO for the adsorption of mebeverine hydrochloride /
photocatalytic degradation under sunlight

Assia Djebri' - Mohamed Belmedani? - Badreddine Belhamdi? -
Mohamed Trari* - Zahra Sadaoui’

Received: 28 November 2020 / Accepted: 7 January 2021 / Published online: 23 January 2021
© Akadémiai Kiad, Budapest, Hungary 2021

Abstract

The photocatalytic degradation of the Mebeverine hydrochloride (MEB) by ZnO
and the combined ZnO-Activated Carbon (ZnO-AC) under solar light has been
investigated in batch mode. The AC was prepared from dates stems using ZnCl,
as chemical activation agent. The effect of some operating parameters on the MEB
degradation efficiency such as: photocatalyst dose, solution pH and initial MEB
concentration has been examined. The results revealed that the surface reaction on
ZnO plays a crucial role in the MEB photo-degradation as confirmed by UV-Visible
spectrophotometry. The photocatalytic efficiency of the mixture ZnO-AC is depend-
ent on the mass ratio ZnO/AC, which was optimized for a value of 15 wt%. The
MEB degradation kinetics follows a pseudo first order model and the Langmuir-Hin-
selwood (L-H) model fit adequately the experimental data. Besides, our results show
that the combined system (adsorption/photocatalysis) is effective for the MEB deg-
radation than the photocatalysis process alone. A comparative study with the litera-
ture indicated the benefits of coupling ZnO-AC under the solar light (93 mW cm™2).

Keywords Dates Stems - Activated Carbon - Mebeverine Hydrochloride - ZnO -
Photocatalysis - Solar light

Supplementary Information The online version of this article (doi:https://doi.org/10.1007/s1114
4-021-01932-x) contains supplementary material, which is available to authorized users.

< Mohamed Trari
mtrari @usthb.dz

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-021-01932-x&domain=pdf
https://doi.org/10.1007/s11144-021-01932-x
https://doi.org/10.1007/s11144-021-01932-x

530 Reaction Kinetics, Mechanisms and Catalysis (2021) 132:529-546

Introduction

The extensive use of pharmaceutical drugs has resulted in frequent detection
of their residues in the aquatic medium through many sources. They have been
found in soil, surface and waste water and even in drinking water at levels up
to few pg L™!. Therefore, an increasing attention has been directed toward the
pharmaceutical industry as a source of the environmental pollution, with major
concerns about its harmful impact on the ecosystem and public health [1, 2]. A
lot of unused, expired and residual drugs have been discharged into the aquatic
environment during and after treatment [3, 4]and are often excreted into sewage
with metabolite as well as the unchanged parent compounds [5, 6]. In order to
limit this eco-toxicological risk, several projects are looking for strategies to
limit the water pollution by pharmaceutical products. In this study, Mebeverine
Hydrochloride (MEB) was chosen as pollutant; the chemical structure, molecu-
lar weight and formulae are given in Fig.1. It is a musculotropic anti-spasmodic
agent employed in a variety of conditions and affects the vascular system as well
as the gastro-intestinal and genitor-urinary tracts. Conventionally, the adsorption
reduces the pollution but not enough to reach the level required by the directives
of the water standards [7, 8]. At this level, the photocatalysis takes over and is
suggested as a clean and inexpensive strategy to be applied at the end of the
chain for the water treatment. In addition, coupling the adsorption with photo-
catalysis was tentatively attempted for the removal of hazardous compounds and
the combined methods have been found effective for the drugs degradation [9,
10]. To our knowledge, this contribution is among the first study that reports
the adsorption/photocatalysis coupling for the MEB elimination. Indeed, no
research works are currently known regarding the coupling processes, and the
oxidation of pharmaceuticals compounds using ZnO-AC under solar light which
constitutes the aim of this work. In addition, the kinetic study of the MEB deg-
radation as well as the involved mechanism induced upon solar irradiation, were
investigated. Indeed, the current research provides new data of the adsorption/
photocatalytic process of the MEB elimination from water.

Fig. 1 Chemical structure,
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Experimental
Preparation of the activated carbon (AC)

Dates stems were provided from the southern Algeria; the raw material was thor-
oughly washed with distilled water to remove dirt; it was cut into 1-2 mm particle
size, dried at 60 °C, milled and then screen-sieved. The chemical activation of the
precursor was performed by using ZnCl, as chemical agent. 20 g of ZnCl, were dis-
solved in 100 mL of distilled water and 10 g of raw material was impregnated with
ZnCl, solution (activating agent/ raw material: 1/1). The mixture was stirred during
4 h at 70 °C and the sample was dried at 110 °C (+ 2 °C) until complete evapo-
ration. Subsequently, the impregnated sample was activated in a tubular furnace at
500 °C at a heating rate of 10 °C/min for 2 h and cooled to room temperature. Then,
the material was removed, washed, with HCI solution (0.5 N) and hot distilled water
several times until reaching pH~7. Finally, the powder was heated in an oven at
105 °C (+ 2 °C) overnight and stored in hermetic bottles for further use.

Characterization techniques

A Fourier Transformed Infrared Red Spectrometer (FTIR, Perkin Elmer) was used
to identify the functional groups on the AC surface using dried KBr of spectro-
scopic quality. The FTIR spectrum was recorded at room temperature from 4000 to
400 cm™".

The point of zero charge (pzc) at which the charge of the adsorbent surface is
zero was determined by the method described in the literature [11].

Reagents and analysis

The Mebeverine Hydrochloride (MEB) was provided by SAIDAL Company
(Algiers) and all the chemicals were of an analytical grade quality. The pH of the
solutions was adjusted by addition of NaOH or HCI. The MEB concentration was
determined with a UV-Visible spectrophotometer (model Specord 200) at the maxi-
mum absorption (A, =265 nm), using 1 cm quartz cell. The MEB concentrations
from aqueous solutions were determined by linear interpolation of the calibration
curve.

Photocatalytic experiments
Photocatalytic and photolytic degradation
The tests were performed in a Pyrex reactor open to atmosphere. The catalyst was

suspended in MEB solution (200 mL) by magnetic stirring for 3 h in the dark to
reach the adsorption equilibrium. Then, the reactor was exposed to solar light
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(93 mW cm™) to perform the photodegradation tests. The aliquots (3 mL) were
collected at fixed time intervals, filtered off through a membrane filter (pore size
0.45 pm) and analyzed by spectrophotometry UV-Visible.

Coupling adsorption/photocatalysis processes

The activity of the combined processes (adsorption/photocatalysis) was assessed by
varying the proportion of ZnO (ZnO/AC referred by x=15, 35, 50 and 70 wt%).
First of all, AC and ZnO were prepared separately to obtain 1 g of the mixture. The
mixture (ZnO-AC) ratio was magnetically dispersed in MEB solutions at different
initial concentrations. The photocatalytic reactions were carried out in batch mode
under solar light; this allowed us to establish the experimental protocol and to real-
ize both processes (adsorption/photocatalysis) in the same time within 30 min of
irradiation. For the kinetic study, the samples (5 mL) were collected at regular times
for analysis.

Estimation of the analysis error

An error function assessment is required in order to evaluate the fit of the equations
to the experimental results. To determine the best fit model for the photocatalytic
degradation, the derived linear and non-linear equations of each model fitting by the
software Origine Pro 8.5, were employed to simulate and to confirm the fitting of
the photocatalytic degradation kinetic model to the experimental data. In the present
study, the statistical significance of variables was evaluated from the analysis of the
sum of errors squared (SSE) and average relative error deviation (ARED. The best
fit of the experimental data is indicated by the lower values of the SSE and ARED
functions.

SEE = 2 (Ct,cal - Ct,exp)2 (1)

1 Ct,cal - Ct,exp
ARED = — ———— 1100
VI (=) @

cal
where the subscripts (exp) and (cal) are the experimental and the calculated values
of the residual MEB concentration C (mg/L) and N, is the measurements number.
Results and discussion
Photocatalytic MEB degradation
Tests of the dark adsorption and photolysis (without catalyst) under sunlight were
carried out in order to quantify the contribution of each process on the MEB

removal. The study was realized at pH 6.6 with MEB initial concentration of
21.45 mg/L and catalyst dose of 0.4 g/L.. As illustrated in Fig. 2, the MEB removal
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Fig.2 The MEB photo-degradability ((MEB]=21.45 mg/L, pH~ 6.6 ZnO dose =0.4 g/L)

by photolysis and adsorption is practically insignificant. Conversely, in the presence
of ZnO as sensitizer, a rapid degradation of MEB occurred under solar irradiation
and the significant change in the MEB removal is mainly due to the photocatalytic
process. The electrons are excited to ZnO-CB and a good performance is observed
under solar light (UVA) where 86% of MEB was removed after 40 min of irradiation
(Fig. 2). This result is due to light induced MEB mineralization. The possible reac-
tions occurring at the interface are the following:

ZnO +hv > ZnO (e” +h*) 3)
h*,, + H,0 - H* + "OH 4)
H,0" + H* - H,0, 5)

0, +2H" +2e;, — H,0, (6)
O, +2e5 = "0, @)
h*, + OH™ — "OH ®)
H,0, - "OH +' OH )
‘0, +2H* - H,0, + 0, (10)
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MEB +" OH + O," — Degradation of MEB — CO, + H,O (11)

0, + RhB +* OH — CO, + H,0 (12)

This indicates that the potential of the couple O,/O,* is above ZnO-CB (—1.5 V)
and contributes in the MEB oxidation. Concomitantly, the holes permit the oxida-
tion of water into oxygen, resulting in prolonged life-time of electron/hole (e /h*)
pairs since the level of the O,/H,0O couple is more anodic than ZnO-CB. The Mott-
Schottky (C~2 — E) characteristic of ZnO plotted in neutral solution (Fig. S1) gives a
flat band potential of —056 V:

cC?= 2

=——(E-E
880A2€ND( fb) an

The symbols have their usual significations. Therefore, the valence band (VB)
and conducion band (CB) are given by:

Ecg =4.75+¢Ey —E, (12)

Eyg = ECB_Eg (13)

Kinetic study of MEB degradation by solar light/ZnO system
Effect of initial MEB concentration

The effect of the initial MEB concentration (Co) on the photo degradation process
was investigated in the concentrations range of 2-30 mg/L for catalyst dose of 0.4 g/
Land pH 6.6. The kinetic results (Fig. 3) show the dependence of the MEB removal
with the initial concentration. The life time of *OH and O,® radicals is very short
(only few nanoseconds) and can react only near the catalyst surface where they are
formed. For high Co values, the number of MEB molecules, enhance the probability
of their collision with radicals, thus leading to an increased degradation rate [12].
The photodegradation of MEB is well described by a pseudo first order kinetics:

dc
_E = kapc (14)

Kyp (min~!) is the apparent rate constant. The integration of Eq. 14 (with the same
restriction of C=C at t=0) leads to the following relation:

CO
In <F> =kt (15)

This indicates that a plot of In(C,/C) versus t for different MEB concentrations
should be linear with slope equal to k,, which can be evaluated by linear least-
squares analysis.
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Fig.3 (a) The MEB photocatalytic degradation, (b) The MEB degradation rate, at different initial con-
centrations (ZnO dose=0.4 g/L, pH~6.6, T=25 °C)

@ Springer



536 Reaction Kinetics, Mechanisms and Catalysis (2021) 132:529-546

To evaluate k,, by linear least-squares analysis requires that C;, must be known
in advance. Small errors in C, can cause large errors in k,, value because of the
increasing error in the logarithm of the difference (C,—C,). The defect in apply-
ing Eq. 15 is that the values are not equally reliable. Consequently a more effec-
tive method for fitting all such data to first order kinetics is non-linear least-squares
analysis using Eq. 16 [13-15]:

A = Xe(~ka!) + E (16)

Here A is the MEB calculated residual, X, is the amplitude of the process, kap,
is the pseudo-first order rate constant, and E, is the end point. The results from the
Fig. 4 prove that the MEB photodegradation kinetics follows adequately the pseudo-
first order kinetic model. In order to elucidate the involved mechanisms for the MEB
degradation; recent researches have reported the photooxidation of organic pollut-
ants, which obey the Langmuir—Hinshelwood (L-H) model [16-19]:

KL—H Ce

=k —LH e
=5 TYK,_,C, a7

Here, r, (mg/L.min), is the initial rate of the photocatalytic degradation, K; ; (L/
mg), the adsorption equilibrium constant and k,, a constant depending on the physi-
cal factors like the UV photons flux and catalyst dose. Eq. 17 can be modified as
follows [20]:

C, 1 1
— = +—C
ro kK g ok

e (18)

r

The applicability of the L-H model for the MEB degradation is confirmed by the
straight line of the plot C./r,=f (C,) (Fig. S2). The values of k, (3.07 mg/L min)
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Fig.4 The effect of ZnO dose on the MEB photodegradation ((MEB]=12.16 mg/L, T=25 °C, pH=6.5)
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and K; y; (0.575 L/mg) are deduced from the slope and intercept of the curve. These
results are of the same order of magnitude than those reported elsewhere [21, 22].
The L-H model based on the attack by the radicals *OH and O,* was developed to
interpret the experimental data, the good correlation coefficient (R?>=0.999) shows
that the MEB oxidation by *OH radicals, remains predominant. The results illus-
trated in Table 1, indicate an increase of the initial rate r, with the MEB initial con-
centration which is in agreement with the L.-H model.

Effect of ZnO dose

In this section, the experiments were performed by varying the ZnO dose in the
range of 0.1-1 g/L at pH (6.5). As expected, from the Fig. 4, the results show that
increasing the catalyst dose enhances the MEB removal efficiency. Such behavior is
due to the high number of active sites which leads to an increase in the number of
*OH radicals, leading to a greater interaction with the MEB molecules. An optimal
ZnO dose of 0.4 g/L is obtained for an initial MEB concentration of 12.16 mg/L
within 40 min of solar irradiation. However, further increase of ZnO saturates the
surface area and the number of photoactive sites remains almost constant. This can
also be due to the dispersion of light as well as the sedimentation and agglomeration
of ZnO [23, 24]. The light scattering also accounts for the constancy of the activity.

Effect of solution initial pH

Generally, the pH has a great influence of the solution and is crucial in photocataly-
sis; it affects the electrical charge of the photocatalyst which governs the ionization
state of its surface. The point of zero charge (pH,,.~9) indicates that the ZnO sur-
face is positively charged for pH <pH,_,. (Eq. 19), and negatively above pH

pzc pzc:

Zn — OH + H* > Zn-OH™*, (acidic environment) (19)

The experiments were conducted in the pH range of 3.4-7.5, maintaining the
other parameters constant. From Fig. 5, curiously and contrary to what it is expected,
the MEB oxidation is not affected by the solution pH. Therefore, such behavior can-
not be explained in terms of ZnO charge and ionization state of the MEB molecule.
Thus, the positive holes (h') in the valence band (VB) are among the major oxida-
tion species at low pH values, while at high pH, the *OH radicals are considered
the dominant species [25, 26]. So, the MEB degradation is controlled by the photo
holes rather than radicals. The best degradation was obtained at free pH (~ 6.5),

Table 1 Kinetic data obtained

) et Co(mg/L) k, (min~!) 1y (mg/L min) R? SEE  ARED
by the non-linear regression of

app

the pseudo-first order model 16,81 56x102 1.2 0967 464 6711

for the MEB photocatalytic _2

degradation by solar light /zn0 2145 46%10 1.48 0971 6.042 8558

system 25 54x102  1.54 0981 5375 5.99
30 46%x102  1.96 0977 737  6.061
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Fig.5 The effect of the solution initial pH on MEB photodegradation ([MEB],=10.74 mg/L, ZnO
dose=0.4 g/L, T=25 °C)

close to the natural environment. Let’ recall that the ZnO electronic bands vary from
—0.059 V pH !, this allowed us to locate them in a potential diagram at pH ~7.

According to the proposed mechanism diagram of MEB photocatalysis presented
previously, the oxidation of organic matter in solution is initiated by the photoex-
citation of ZnO, with the formation of an electron-hole (¢™-h*) pairs (Eq. 3). The
high oxidative potential of the holes (h*y) permits the direct oxidation of MEB to
reactive intermediates. The *OH radicals can be formed either by the water decom-
position (Eq. 4) or by oxidation of *OH (Eq. 8). Concomitantly, the electrons in
the conduction band (™) can reduce molecular oxygen to superoxide anion O,°
(Eq. 7) which in presence of organic scavengers may form organic peroxides (Eq. 6)
or H,0, (Eq. 10). *OH species have been indicated as the first responsible of the
mineralization of organics [27, 28].

FT-IR spectra of ZnO

MEB can be mineralized or transformed to a metabolite. In order to clarify the deg-
radation mechanism, the structure of ZnO before and after MEB degradation was
analyzed by the FT-IR spectroscopy. Apparently, no significant change was noticed
in the absorption spectrum after degradation (Fig. S3). The absence of new bands
clearly indicates that the MEB is mineralized into H,O and CO,. Metal oxides give
absorption bands below 1000 cm~'. Therefore, the peaks at 428, 440, 447 cm™! are
assigned to Zn-O.

Coupling of adsorption/ photocatalysis processes

The photocatalysis can be improved by exploiting the physical properties of acti-
vated carbons, because of their large specific surface area, which is usually attributed
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to the increased contact AC/MEB which is favored by the porous nature of the acti-
vated carbons [29-32]. However, some carbons play more than just a supporting
role, as shown by recent studies [33, 34] where 80% of the phenol mineralization
was achieved by photooxidation under UV radiation in the presence of the activated
carbon. The specific objective of this section was to study the MEB degradation by
the photo-system (solar light/ZnO-AC) and to elucidate the role of the AC physical
and chemical properties.

MEB degradation by the (solar light/AC-ZnO) system
Effect of the (ZnO/AC) ratio

The heterogeneous solar photocatalys is an emergent alternative to remove inor-
ganic pollutants and further mineralize the organic molecules. In order to determine
whether the AC truly maintains the photoactive properties, we studied its capacity
for the MEB oxidation. For this purpose, the experiments were performed by var-
ying the mass ratio m,c/my,o=x, with x=15, 35, 50 and 70 wt% for MEB ini-
tial concentration of 30 mg/L and pH 6.5.The experiments focus on the combined
adsorption/photocatalysis and the results from Fig. 6, showed an enhancement of
the MEB removal efficiency with decreasing the (ZnO/AC) mass ratio suggesting
the activated carbon contribution to the overall MEB removal. These results are con-
sistent with the ability of the activated carbon to promote photocatalysis in which
the AC itself acts as a porous support [26, 28]. Indeed, the activated carbon acts
as templating agent by monitoring both the AC surface area and the ZnO particles
morphology which are directly related to the surface electrons of the AC. The role
of AC in the degradation was quantified in terms of the synergy factor (SF) i.e. the

R
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T 1
*ﬂ N
9 §T B mZnO/m CA=15%
< eod Y ® mZnO/ m CA=35%
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n 408
=
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Fig.6 The influence of (ZnO-AC) ratio on the MEB photo-degradation efficiency ((MEB];,=29,6 mg/L,
T=25°C, pH=6.5)
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ratio of the photocatalytic rate constant in the presence of the AC (k,0.4c) to that
without the AC (ko) [35, 36]:

SF = kzuo-ac/kzm0 (20)

The synergy factor SF, which is derived from the apparent first order rate con-
stant is equal to 7.5 (SF>> 1), indicating that AC exerts a high synergic effect on
the MEB degradation by the solar light/ZnO-AC system because of the large interfa-
cial contact ZnO-AC which has advantages over simple mixtures [37]. The optimal
value of the ZnO/AC mass ratio is found to be 15% for a MEB initial concentration
of 30 mg/L under solar light irradiation of 930 mW cm~2

Effect of the initial MEB concentration

The real effluents contain pollutants at different concentrations ranging up to
30 mg L™! or more and it is instructive to study the effect of the MEB initial con-
centration (C,) on the photo activity which affects directly the coverage of the cata-
lyst surface. The MEB photo-oxidation by the ZnO-AC system is higher than by
Zn0O. Indeed, from the results illustrated on the Fig. 7, high degradation rates of
MEB were observed during the first 5 min of irradiation. This is due to the free
surface of the AC at early stage, which led to a higher adsorption capacity of the
catalyst and the abundance of *OH radicals near the surface. This shows that ZnO-
AC system does not only attain a higher MEB degradation efficiency but also accel-
erates the photocatalytic process. Apparently, the combined process enhances the
reaction between *OH and MEB molecules because of the MEB molecules attrac-
tion to the active sites on the catalyst surface at pH 6.5. Moreover, the degradation
efficiency is attributed to the affinity to the binding sites for the ZnO-AC system.
The MEB degradation increases with initial concentration and no inhibition of the
catalyst is observed. In addition, ZnO is able to absorb more light without provok-
ing great light scattering effect [39], which can be proved by the enhanced removal
efficiency with raising MEB initial concentration. After only 5 min, the degrada-
tion reached 97% for MEB initial concentration of 30 mg/L, showing the perfor-
mance and synergy of the activated carbon. For high concentrations, the ZnO-AC
surface is saturated by the MEB molecules and the kinetic model obeys zeroth order
kinetics, which implies that the rate does not depend on the external mass transfer.
On the contrary, for low MEB initial concentrations, the kinetics follows a pseudo-
first order model and the overall rate is concentration independent in the range of
2-30 mg/L. It depends on the mass transfer [38] on the ZnO-AC system ratio (15%)
as shown in Fig. 6. Moreover, the high correlation coefficient (R?=0.99) revealed
that the photodegradation follows the L-H model. The parameters of this photocata-
lytic reaction are confirmed by the linear plot of C /r,=f (C,) (Fig. S4) with the con-
stants k,=12.5 mg/L.min and K; ;=0.01224 L/mg. Similar results were reported
by Cordero-Garcia et al. [40] and Rojas et al. [41]. The results of the application of
the non linear relationship (Eq. 16) are illustrated in Flg 7 (b).The constant k,, 1ni-
tial degradation rate (r,,) and correlation coefficient R? are gathered in Table 2
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Fig.7 (a) The Photocatalytic MEB degradation, (b) The MEB degradation rate, at different initial con-
centrations ((ZnO-AC) ratio=50%, pH~ 6.6, T=25 °C)
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Table 2 Kinetic data obtained

Cy(mg/L) k in~! /L min) R? SEE  ARED
by the non-linear regression of o (mg/L) (min™) o (mg/L min)

app

the pseudo-first order model 16.54 0.469 6314 0.996 0.558 5989

for the MEB photocatalytic

degradation by solar light / 21 0.445 8.055 0996 0793 3261

ZnO-CA system 25 0510 9.017 0.998 0,396 3084
30 0.472 9.744 0997 0836 2979

Proposed MEB photocatalytic mechanism by solar light/Zn0O-AC system

Activated carbon possesses a high number of active adsorption sites owing to its
well-developed porous structure with a very large surface area and a high adsorp-
tion capacity. Thus, MEB is adsorbed onto the AC before being transferred to the
photocatalytic sites of ZnO [43, 44]. ZnO particles are hydrophilic when exposed
to solar light whereas the MEB molecules are hydrophobic. The AC provides active
sites for an effective photodegradation onto ZnO. The MEB concentration is high
on ZnO and the reaction rate is faster. Additionally, the activated carbon functional
groups are hypothesized to interact coordinatively with photocatalytic sites located
on ZnO surfaces. Coordination of ZnO sites with oxygen-containing activated car-
bon-functional surface groups enables the transfer of electrons between photocata-
lyst and adsorbent [42]. Ania al [43] assumed that photo-induced mobile electrons
in the photocatalyst can be transferred to the neighbouring activated carbon surface
in this way. The surface chemistry (and therefore the source material and the acti-
vation process) of the activated carbon affects both the photocatalyst/activated car-
bon interfacial area and the charge (electron or hole) transfer between the two sol-
ids [43]. Therefore, only particular activated carbons cause synergetic effects in the
ZnO/activated carbon combination process. Combined ZnO-AC, as sensitizer is an
approach to develop photocatalyst responsive to UV light and the MEB degradation
by ZnO-AC system is determined by the support AC. Thus, the system absorbs the
UV, photons, and the excited electrons from ZnO-VB to ZnO-CB, generate elec-
tron-hole (¢/ h'*) pairs. The holes in the VB can form *OH radicals through the oxi-
dative reactions (See Sect. 3.1.), while the electrons in CB can generate super oxide
0,* (Egs. 7-9). Both *OH and O,*" are powerful oxidants for organic compounds.
0,°*" has sufficient anodic potential (1.3 V) to oxidize organic species with electron-
donating groups such as -N=N- bond while *OH (2 V) tends to adsorb hydrogen or
attack unsaturated C=C bonds [44]. In the presence of *OH species, the degradation
of MEB occurred quickly.

Compared FT-IR spectra of ZnO and ZnO-AC system

The modification of the surface was highlighted by the FT-IR spectroscopy, a powerful
technique to identify the presence of functional groups and their coordination between
the activated carbon functional groups and ZnO. Generally, the absorption of inorganic
oxides occurs at wave numbers below 1000 cm™!. Fig. S5 displays the spectra of ZnO
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and ZnO-AC system before MEB degradation. From the Fig. S5a, the peaks below
700 cm™! are assigned to ZnO [45]. No significant peaks were observed between the
ranges (1200-1990 cm™?), (20002900 cm™") and (3000-3390 cm™"). However, from
the Fig. S5b, for the ZnO-AC system, some peaks were observed in these regions. The
broad bands in the range (3000-3390 cm™!) are assigned to -OH group [46].These
peaks are absent in ZnO suggesting the presence of the AC as it can absorb water
unlike pure ZnO and this shows a good interaction between AC and ZnO. In order to
clarify more the degradation mechanism, the structure of ZnO-AC system before and
after MEB degradation was analyzed by the FT-IR spectroscopy, the obtained results
are reported in the Fig. S6. From the FTIR spectrum of (ZnO-AC) system (Fig. S6),
it could be seen that there is practically no change in the spectral pattern before and
after MEB degradation. The spectra are similar, indicating that the functional groups
were remained for the (ZnO-AC) system after MEB degradation and confirm clearly
the MEB degradation.

Conclusion

The photocatalytic MEB degradation has been studied under solar light by using ZnO
and ZnO-AC catalyst systems. The effect of the catalyst dose, MEB initial concentra-
tion, solution pH, has been investigated. The results revealed maximum MEB degrada-
tion of 94% degradation under solar light/ZnO system has been achieved in a relatively
short time (40 min) for the catalyst dose of 0.4 g/L. and for MEB initial concentration
of 30 mg/L. The results indicated that the degree of degradation was affected by the
MEB concentration and ZnO dose, however, the elimination rate is not influenced by
the solution pH. Otherwise, the MEB degradation results under solar light/ZnO-AC
system demonstrate an improvement of MEB removal (97%) which was achieved after
a very short time (5 min) relatively to the ZnO system. Indeed, the results indicated that
the combined ZnO-AC system may be a viable alternative and a new way to increase
the MEB photodégradation. The Langmuir—Hinshelwood model fits adequately the
experimental data for the two systems investigated. The kinetic degradation follows a
pseudo-first order model. The presence of the activated carbon during the MEB photo-
degradation process markedly increases the degradation rate. The results indicated that
activated carbon exerts a greatest synergy on MEB removal by the ZnO-AC system.
The MEB oxidation onto ZnO-AC system shows high reaction rates compared to ZnO
and this confirms the enhanced performance of the combined system.
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