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Degradation of tetracycline using photocatalytic membrane reactor
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ABSTRACT

A photocatalytic membrane reactor was tested in the Degradation of Tetracycline from water using
photocatalyst clinoptilolite zeolite-silver. Photocatalyst clinoptilolite zeolite-silver synthesized using
a microwave energy technique. The prepared photocatalyst was authenticated by XRD, FESEM, BET
and DRS analysis methods. In this study, the influence of AgO in photocatalytic membrane reactor
has been investigated for Tetracycline treatment. The experiments were done to appraise the influ-
ence of various empirical factors i.e., pH, photocatalyst dosage and irradiation time on the degrada-
tion efficiency. The results showed that optimum conditions for tetracycline degradation were found
to be at pH of 9, photocatalyst dosage of 0.8 g/L and irradiation time of 120 min. The point of zero
charge (pzc) of photocatalyst clinoptilolite zeolite-silver, the point when the surface charge density is
zero, was identified be of 8. The photocatalytic treatment achieved between 50% and 94% of Tetracy-
cline degradation and up to 98% chemical oxygen demand (COD) removal.

Keywords: Membrane photocatalytic reactor; Tetracycline; Degradation; Microwave irradiation;
Silver-modified clinoptilolite

1. Introduction order to prevent bacterial infections and to treat them and
they are used more compared to other antibiotics. There are
some reports that TCs have toxic impacts on vegetarian life,

. . . bacteria from wastewater sludge and no target organisms
improve growth and restrain the spread of the disease and [6]. Fig. 1 shows the most conve%tional TCs wlg11ch a%e chlor-

a.lso i.mprov.e the fefficiency [1]. T}}e presence of pharmage W tetracycline (CTC), oxtetracycline (OTC), and doxycycline
tical ingredients in aqueous environment (pharmaceutical (DC) 7]

residues, from sewage effluents, hospital waste, animal
excrements, and improper disposal of unused drugs) has
raised increasing concerns in recent years [2]. It seems
probable that most urban wastewater is contaminated with
medicinal compounds which affects the water quality and
drinking water supplies and may constitute a potential risk
for the ecosystems and the human and animal welfare in
the long term [3-5]. TC which stands for Tetracycline have
been highly applied in medicine for humans and animals in

Antibiotics have a broad application in medicine for
animals and also in their feed stuff as an additive. They

Due to the foretold reasons, the act of eliminating or
reducing the pharmaceutical pollutants is a necessary
topic for research. There are outstanding endeavors to
develop a way to purify and demolish the bio-recalcitrant
organic contaminants properly [8]. It is not possible to
remove antibiotic residues in an effective manner by using
customary biological methods because their nature is anti-
bacterial. Various researches have revealed the fact that at
the time of wastewater treatment, there are low amounts
of biodegradation in case of certain antibiotics [9,10]. In
recent two decades, advanced oxidation processes (AOPs)
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Fig. 1. Chemical structures of the four tetracyclines.

such as photo-Fenton, photo-oxidation, photo-reduction
and photocatalytic technologies have been widely used
for the removal of different organic pollutants from water
[11,12]. Although common homogeneous Fenton systems
offer a cost-effective source of hydroxyl radicals, they
have following drawbacks which can limit its industrial
applications: (i) the tight working pH range, (ii) the need
for recovering the precipitated catalyst after treatment
and (iii) deactivation by some ion-complexing agents like
phosphate anions. The resulting sludge may also contain
organic substances as well as heavy metals and must be
treated further, thus increasing the overall costs. Hetero-
geneous photocatalysis has proven to be the most suitable
for the widespread environmental applications due to its
chemical inertness, strong oxidizing power, cost effective-
ness and long-term stability [13,14].

In the previous researches, there are various methods
that have been proposed in order to remove these pharma-
ceutical components from water or wastewater flows. Some
of these approaches are ultrasound and ozonation. Other
methods like Fenton or photo-Fenton systems can also be
found among the proposed techniques in order to purify
the water. The process of adsorbing the pollutants with the
activated carbon is among them and also the reverse osmo-
sis is an also reliable approach. In the previous researches it
has been proposed to utilize the method of photolysis with
hydrogen peroxide (UV/H,0,). AOP stands for advanced
oxidation process. The AOPs that has been developed in
recent times like photocatalytic process are considered to
be one of the best methods in case of efficiency for aqueous
environment treatment. These photocatalytic processes uti-
lize the hydroxyl radicals (OH) that are produced because
they are able to react with a wide range of pollutants in
water and wastewater flows. This results in their disinte-
gration into CO, and H,O [15-17].

MF and UF is being applied to a great extent in the
hybrid systems along with photocatalysis to remove

organic pollutants which include pharmaceuticals, nitro-
phenol, humic, and dyes [18,19]. Nonetheless, the impact of
removing virus in the PMR has not been fully researched.
Investigations have been done to analyze the impact of
various functioning parameters on PMRs like the pattern
of water feeding, hydraulic retention time and permeation
mode with the goal of achieving a discharge with good
quality [20-22].

Reactors using photocatalytic membranes can be cate-
gorized into two major types: (I) the type that has catalyst
suspended in feed solution and (II) the type that has cata-
lyst supported in/on the membrane. In the type that has
photocatalyst in suspension; a membrane filtration may be
applied as one step for the catalyst particles to be totally
recovered from the solution [23,24].

During the years, natural and synthetic zeolite mate-
rials have proven to have outstanding ionic, adsorption
and catalytic exchange properties [5-8,25]. Ion exchange
appears to be an interesting approach compared to the
various methods for removing heavy metal. This method
is efficient and it remains that way when the concentration
of contaminants are very low and the time that the cost is
low and plentiful ion-exchangers are applied, it is not cost
effective. Zeolites (particularly the natural zeolites) are
proper ion-exchangers and because they have significant
characteristics, they are frequently being used in various
industrial processes [26-28].

In this research the results gained in the time of pho-
tocatalysis accomplished in the PMR applying a-alumina
membrane are explained. The presence of photocatalyst
clinoptilolite zeolite-silver (CP/Ag) in a feed on the process
performance was investigated. In this work the photocata-
lyst CP/Ag synthesis was used by applying a microwave
energy technique. The particles of zeolite were used to
obtain clinoptilolite/Ag as a heterogeneous catalyst for
the degradation of Tetracycline (TC) in an aqueous solu-
tion under visible light via a simple method. Clinoptilolite
zeolite (CP) was the adsorbent of choice due to its good
adsorption property and availability at an affordable cost.
The research investigated the impacts that the initial Tet-
racycline concentration, photocatalyst amount, and pH
have on the efficiency of the degradation. The properties of
the as-prepared samples were determined by XRD which
stands for X-ray diffraction, FE-ESM which stands for
field emission scanning electron microscope (Mira 3-XMU,
TESCAN Company), BET which stands for Brunner-Em-
met-Teller method (belsorpmimill japan), UV-Vis spec-
trophotometer (Avantes, Avaspec-2048-TEC) and diffuse
reflection spectroscopy (DRS).

2. Experimental
2.1. Materials and method

Materialsusedinthisworkweresilvernitrate (AgNO,),
sodium hydroxides (NaOH), acetone ((CH,),CO) and
sulfuric acid (H,SO,) and all were obtained from Merck
Company. Tetracycline tablets (which are presented in
Table 1) were supplied from SinaDarou Laboratories.
In the research deionized water was applied and all the
other materials were applied without changing their ini-
tial condition.
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Table 1
Chemical structure and characteristics of Tetracycline
antibiotics[1]
Chemical structure
Molecular formula C,,H,,O,N,-HClI
M, (g/mol) 480.9
Ay (M) 360
Solubility in water (mol/L) 0.041
pK 32x03
pK, 7.78 £ 0.05
PK 9.6 £0.3
Trade name TC

2.2. Synthesis of photocatalyst clinoptilolite zeolite-silver

Silver (Ag) modification of clinoptilolite (CP) zeolite was
obtained by the ion exchange process with shaking 20 g of
clinoptilolite zeolite in 500 mL of 3% (w/v) AgNO, which
was kept under reflux at 60°C for 24 h with magnetic stir-
ring. In order to inhibit the precipitation of the silver ions, the
solution’s pH was set to 5. The solution was shaken for 12 h
without the presence of light (due to the light sensitivity of
silver) with the goal of obtaining the maximum exchange of
silver onto the zeolites. The silver modified clinoptilolite zeo-
lite (CP/Ag) was separated from the solution by filtration. It
was then washed with deionized water and dried at 100°C
for 24 h. It then calcined at 500°C for 3 h. After that the sam-
ples were transferred to small vials and stored in the dark.

2.3. Photocatalytic degradation experiments

A photocatalytic reactor with two lamps (Philips, 120
W) was used as the visible irradiation source to degrade
the TC. With the purpose of producing the TC solution, the
contents of an effective material was dissolved in water and
shaken for 45 min; then it was filtered in a 1000 mL volu-
metric flask and diluted with water. The photoreactor was
filled with 300 ml of 25 mg/L pollutant and 0.5 g/L of pho-
tocatalyst at an irradiation time of 120 min. The whole reac-
tor was cooled with a water cooled jacket on its outside. The
temperature was maintained at 26°C. With the purpose of
allowing the TC molecules to adsorb on the CP/Ag surface,
before photodecomposition the solution which contained a
fixed amount of the photocatalyst was blended for 30 min
in the absence of any light. In order to set the adsorption/
desorption equilibrium of the pollutant on a heterogeneous
catalysts surface, the reactor was kept under dark condi-
tions for 45 min. An aliquot suspension was withdrawn
and centrifuged at 6000 rpm to remove the solid particles.
The UV-Vis absorption spectra of the TC solution which
was scanned and showed an optimum band centered at
360 nm. It can be utilized as the absorbance wavelength for
the formation of the TC standard curve based on the Lam-
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Fig. 2. Schematic diagram of the laboratory-scale photocatalyt-
ic membrane reactor used in the experiments and top view of
reactor.

bert-Beer law. The standard curve can be utilized in order
to quantify the concentrations of different TC samples.

The degree of degradation was calculated by the follow-
ing formula which is based on the absorbance of the solu-
tion (at A__ =360 nm) before and after irradiation.

TC degradation % = [w} x100 = [M} x100 (1)
Cu AO

where C and C,stand for the initial and final concentration
of TC at time t and A  and A, represent the initial and final
absorbance of the samples. The absorbance values were
used to calculate the percentage of degradation.

After a defined time of irradiation, the samples of feed
solution were filtered through a 50-100 nm membrane filter
and analyzed.

2.4. Model virus removal in PMR

Fig. 2 shows that the experiments were done in the reac-
tor which has the volume of 10.5 L (m) and was fitted, with
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two lamps (Philips, 120W). The disc o- alumina membrane
(provided by Danesh Pajhohan Sanate Nano Company of
Iran, pore size of 50-100 nm, membrane area of 0.002826
m?, radius 3 cm, Thickness 5 mm and flux of pure water at
P = 2,4 bar respectively 50.4, 116.2 L/h-m?) was gathered in
the bigger part of the reactor. By measuring the volume of
the permeated current that passes through the membrane
in a specific time, its flux is estimated. In order to approve
the reproducibility of the results, the experiments were
repeated at least twice.

SEM or scanning electron microscope was utilized in
order to determine the characteristics of the surface mor-
phology and cross section. The images obtained from
the SEM were presented in supporting materials (Fig. 3).
NaOH and H,SO, solutions were used to chemically clean
the brand new membranes before the experiments and it is
done in accordance with the protocol that was proposed by
the manufacturer.
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3. Results and discussion
3.1. Characterization of products by XRD

Fig. 4 shows the XRD pattern of CP zeolite collected at
the bottom of the autoclave. The XRD data of natural used
clinoptilolite and those of reference [29,30] are shown in
Table 2. XRD analyses were performed for each mixture
and peak intensity summation was calculated for 3 charac-
teristic peaks (20 = 9.84, 11.17, 22.35) of clinoptilolite. One
of the products, BC 4, which was synthesized in this study
and has the highest intensity summation, was selected as
100% clinoptilolite. The comparative XRD spectra of CP
zeolite synthesize and Ag-doped zeolite (CP/Ag) are pre-
sented in Fig. 4. The thermal treatment of Ag-doped zeolite
caused the intensities of reflection observed at about 8.7°,
10.45°, and 21.95° relating to the quantity of clinoptilolite
to reduce [12,31]. The presence of low amount of silver in
zeolite showed no important difference in the patterns of

DET: SE Defector
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Fig. 3. SEM images of: (a), (b) cross section and (c), (d) the surface morphology o- alumina membrane.
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Fig. 4: X-ray Diffraction Data of Synthetic Clinoptilolite zeolite
and Ag-doped Clinoptilolite zeolite.

Table 2
XRD data of natural clinoptilolite and reference [36]

Aexp drer RE% Lexp leer

8.93 8.96 0.31 133 100.0
7.92 7.91 0.13 200 40.1
6.78 6.77 0.12 143 15.8
5.79 5.78 015 a.0 15.8
523 5.24 019 154 17.6
512 5.11 0.22 6.7 32
5.07 5.06 0.20 19.8 17.2
3.97 3.98 015 100.0 55.4
395 3.96 0.05 18.0 20,5
3.535 356 0.14 15.5 16.8
3.42 342 0.05 69.2 36.7
331 3.32 0.15 43 11.3
317 317 0.03 324 311
297 297 0.10 42.8 30.7
2.97 2.96 0.10 9.6 204
278 2.78 0.07 25.7 26.7
2,78 277 0.29 47.5 26.7
273 2.74 0.22 125 5.5
272 273 0.33 2.7 11.1
253 253 0.20 1.8 22
245 244 0.37 19.6 7.1
213 213 0.19 18 24
2.08 2.00 0.24 3.2 39
1.92 1.91 0.31 15 1.2
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Fig. 5. FE-SEM images of Ag-doped Synthetic Clinoptilolite zeolite.

diffraction. Nevertheless, traces of AgAlQO, (26.19°; 31.58°)
were identified.

The crystalline size is determined by applying
Debye-Scherrer formula [32,33]:

D=k\/B cosb

where D is the crystalline size, B is the full width half maxi-
mum (FWHM) of the 26 peak, K is the shape of particle fac-
tors (it equals to 0.78), 8 and A are the incident of angle and
wavelength of the X-rays, respectively. The average crystal-
line size of CP/Ag NPs associated with all the diffraction
peaks was estimated about 24.6 nm, respectively.

3.2 Morphology of products by FE-SEM

Fig. 5 presents the FE-SEM images of clinoptilolite zeo-
lite that is thermally treated and Ag-doped. Fig. 5 shows
the considerable changes of the morphology of Ag-doped
zeolite in correlation with the synthesized clinoptilolite zeo-
lite. Some small particles which were agglomerated on the
zeolitic material were noticed [34]. The metallic Ag parti-
cles were noticed to distribute homogenously on the zeolite
clusters’ surface. The agglomeration of more silver particles
on the Ag-zeolite composites’ surface may have caused the
composite cluster size to become larger. Moreover, another
reason for the cluster size of the CP/Ag composites getting
larger could be the nucleation and growth of the metallic
Ag inside the zeolite internal pores [35].

3.3. BET surface area analysis

The surface area (S,;;) of the samples was determined
from the N, adsorption-desorption isotherms using the
Brunner-Emmet-Teller method. The surface area of BET for
the prepared photocatalysts is shown in Table 3. In a differ-
ent research, the surface area and average pore diameter of
different percentages of AgO on the zeolite were observed.
The surface texture properties of the raw clinoptilolite
(CP), Ag supported clinoptilolite (CP/Ag) samples were

= Ca

wWD: 4.88 mm
Det: SE

View feld: 2.08 pm | Date{m/d/y): 07/31/16

SEM HV: 15.0 kV
SEM MAG: 100 kx

MIRA3 TESCAN
500 nm
RMRC



116 M. Hallajigomi et al. / Desalination and Water Treatment 139 (2019) 111-122

Table 3
BET surface area results for various prepared samples
Sample S (m*/g) V (cm’/g) d (nm) Constant C
AgO 23.81 242 28 32.8
(CP) 23593 595 26.74 1011.8
CP/Ag 16724 4.05 45.88 253.85
2.5
2
f 15
& 1
=
0.5

0

250 300 350 400 450 500 550 600 650 700 750 800 B850 900

Wavelength (nun)

Fig. 6. UV-Vis diffuse reflectance spectra of commercial Ag-
doped Clinoptilolite zeolite sample.

determined by N, adsorption and the obtained results are
summarized in Table 3. As shown, because of the possible
blocking of some zeolite pores by Ag, Ag semiconductor by
clinoptilolite reduces the surface area and also the total pore
volume. The formation of Ag in the zeolite channels and
surface causes the solid particle size to go higher and the
surface area and pore volume to become smaller [36,37].

3.4. DRS studies

The UV-vis diffuse reflectance spectroscopy (DRS) was
applied in order to investigate the optical characteristics of
catalyst and is presented in Fig. 6. Clearly, the CP/Ag cat-
alyst was able to absorb both the UV and visible light well.
It can be seen that the CP/Ag sample, showed absorbance
in the visible range which suggested its potential to be acti-
vated by visible light. Using UV-vis spectra to determine
the band gap was an alternative approach to investigate the
modification of the electronic property of the synthesized
species. The energy band structure was a key factor affect-
ing the photocatalytic activity of catalysts [38]. By using the
definitions in physics, if there is an energy range in the solid
that at that range none of the electrons can have an exist-
ing state, that range can be called a band gap. For exam-
ple in semi-conductors, if the energy difference that exists
from the valence’s top to the conduction band’s bottom be
measured, this amount can be related to the band gap. This
energy actually is the exact amount of energy that is suf-
ficient in order to take a valence electron bound higher in
an atom and therefore the so-called electron will be a con-
duction electron after that. This electron can then transfer
inside the crystal lattice very freely. Thus these transfer-
ring electrons can be the charge carriers which mean they
can transfer electricity. But in some situations the so-called
electrons are not able to transfer. These situations consist of
two conditions. One is that the valence band is totally full
and the other is that the conduction band be totally empty.

On the other hand, in the situation that there are electrons
which are able to move from the valence to the conduction
band, electric current can occur. Thus, the band gap is the
main parameter for determining the electrical conductivity
of a solid [38—41].

Tauc’s equation estimates the band gap of the composite
by applying the absorption data [39]:

o= o, (hv - Eg)”/hv

o represents the coefficient of absorption,  and o, are
the constants, hv represents the energy of the photon, E
pertains the material’s optical band gap and n is dependent
on the electronic transition type and its value is between
0.5 and 3. Extrapolation of the linear portion of the plots of
(0hv) 0.5 against /v to the energy axis was done to recognize
the sample’s energy gap (Eg).

The following formula can determine the valence band
(VB) and conduction band (CB) potentials of the semicon-
ductor at the point of zero charge:

E,=X-E+05E

E,, or E_, represent the VB or CB edge potentials of
semiconductor, X pertains the absolute electronegativity of
its constituent atoms, E_stands for the free electrons’ energy
on the hydrogen scale (ca. 4.5 eV), and E_ represents the
band gap of semiconductor The CB position can be calcu-
lated by E ., = E,— E_[39]. Since zeolites generally do not
absorb any light in U&—VIS regions, they are one of the most
suitable supports for photocatalysis. The results revealed a
clear trend in decreasing the band gap of commercial AgO
to 2.47 eV for Ag supported on CP. This suggested that the
particle size of AgO supported on zeolite was larger than
that of commercial AgO which was used in the present
study (quantum size effect) [40,41]. Furthermore, zeolite
delocalizes the band-gap excited electrons of Ag and there-
fore minimizes the electron/hole recombination.

3.5. Photodegradation mechanism

The proposed mechanism of photocatalytic perfor-
mance, photoexcitation, and charge transfer in CP/AgO
under visible light irradiation is shown in Fig. 7. Under
visible light irradiation AgO shows no photoelectronic
response due to the wide band gap (2.47 eV), while both Ag
and AgO nanoparticles were excited and produced h* and
e as mentioned in formula:

Ag +hv— Ag™ +e @)
2430+ hv —2Ag +0, @3)

We proposed that trapped electrons could be trans-
ferred to oxygen on the nanocomposite surface and pro-
duce superoxide radical, or could further react with AgO
and reduced it to Ag.

O,+e -0~ 4)

2Ag0+e —2Ag+0, (5)
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The generated anion superoxide and holes in AgO react
with adsorbed H,O on the surface of nanocomposite and
produce active *OH species. It is assumed that the gener-
ated hydrogen peroxide converts to *OH species with three

possible reactions.

O,+H,0 - HO,+0OH" (6)
H,0+h* —-OH+H" @)
Oy HO, +H" — H,0, +0, )
H,0,+e —-OH+OH" 9
H,0, + hv —-OH (10)
H,0,+0; - OH+OH +0, (11)

TC can be oxidized by the trapped holes on AgO
nanoparticles or free reactive *OH species in the solution
and decomposed to carbon dioxide, water and other inor-
ganic components.

TC + ~OH(h*) — H,0+CO, +degradation _ products  (12)
Based on Fig. 8 it can be concluded that the decrease in

absorption at 360 nm band is related to a low degree absorp-
tion in the visible region which is because of the formation

Photo-reduction

conduction band 0,

Visible(hv) [izz,)>

CP/Ag

charges
recombination

valence band

Photo-oxidation

Fig. 7. Schematic view of proposed charge transfer mechanism
of CP/Ag photocatalyst under visible light radiation.
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of 4a, 12a-anhydro-4-oxo-4-dedimethylaminote-tracycline
[42]: Photodegradation of TC happens in an easy way and
a high number of degradation compounds has been trans-
formed by it. In most photolysis processes, side-chain deg-
radation by desulfurization, deamination and dealkylation
is a common phenomenon. Photo deamination happens
after the TC exposure to UV irradiation. Based on the 22
atoms of tetracycline,removing volatile dimethylamine
requires the loss of just 2 carbon atoms [42].

3.6. Effect of pH on permeation flux and the degradation efficiency

The aqueous solution’s pH is a major factor to control
the process of degradation. With the aim to investigate the
impact that pH has on the efficiency of the TC degradation,
50 mL of TC solution which had the initial concentration
of 25 ppm in distilled water was treated with 500 mg of
CP/Ag nanophotocatalyst and 500 mg of CP at different
pH values. The results are summarized in Table 4. It was
concluded that the degradation of TC by applying CP/Ag
nanophotocatalyst is highly dependent to pH. In aqueous
media, the surface of photocatalyst is positively charged
in acidic solution and negatively in alkaline solution and
TC is a cationic/basic. As a result, it is not surprising that
the adsorption of TC of the solution is high. The number
of the molecules on the surface of photocatalyst in alkaline
solutions\increases, causing the increase in degradation
efficiency of TC [43]. On the other hand, higher pH values

Table 4
Effect of pH in TC degradation: photocatalyst dosage, 0.5 g/1;
irradiation time, 2 h at 26°C

Type of pH Initial conc. ~ Degradation
photocatalyst (ppm) efficiency (%)
5 25 38
6 25 56
CP/Ag 7 25 79
8 25 86
9 25 94
cp 5 25 4
6 25 1
7 25 17
8 25 21
9 25 26
CH;0H o
OH CH,
/
“ N
CONH CH;

OH O oH ©

Fig. 8. Photodegradation of TC into 4a, 12a-anhydro-4-oxo-4-dedimethylaminotetracycline.
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Fig. 9. pH,,,-of Photocatalyst Clinoptilolite Zeolite-Silver.

can provide higher concentration of hydroxide ions to react
with the holes to form hydroxyl radicals. The deactivation
of *OH is also more important when pH of the solution is
high.

s The point of zero charge (pzc) of photocatalyst clinop-
tilolite zeolite-silver, the point in which the density of the
charge in the surface becomes null, was identified to be 8
and is shown in Fig. 9. This value is corresponded to the pH
at which the straight line (pH, ., = pH, ) crossed the sig-
moid curve passing through the experimental points [44].
The characteristics of the electric charge for the catalyst and
also for the substrate had a significant impact on the pro-
cess of adsorption. At pH < pH | the catalyst’s surface was
positively charged at pH > pH_ it was negatively charged,
and at pH = pH_ it stayed neutral. This reaction highly
affected the adsorption-desorption properties of the sur-
face of the catalyst and it also had effect on the alterations
in the structure of the pollutant at different pH values. In
addition, the pKa,, pKa, and pKa, values of the TC mole-
cule are 3.3, 7.68, and 9.7, respectively, which are related to
equilibriums (TCH,* — TCH,, TCH, — TCH", and TCH —
TC,"). The adsorption mode and the concentration of OH
were two key factors influencing the photocatalytic degra-
dation efficiencies of TC at different pH values [8,45]. The
pH,,. of the synthesized catalyst was found to be about 8.
The adsorption of TC on the catalyst might be inhibited by
the enhanced electrostatic repulsion between H,TC* and the
positively charged catalyst at a pH of 5 as well as between
HTC /TC, and a negatively charged catalyst at a pH of 9
and 11, respectively. Also, in a pH = 9, the TCH and TC,
species were dominant and the surface of the nano compos-
ite particles had a positive charge. Thus, the TC molecule
seemed to be attracted to the positively charged CP/Ag
surface.

Accordion to Fig. 10, although the observed increase
in the experiment that was done at pH 13, at all of the pH
values that were researched, the normalized permeability
flux stayed constant. This behavior showed that the fouling
that was seen in the alkaline medium was just a physical
process.

3.7. Effect of photocatalyst dosage on permeation flux and the
degradation efficiency

Catalyst loading is an important factor which cans
significantly influence the photocatalytic degradation rate
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Fig. 10. The effect of pH on permeation flux.
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Fig. 11. The effect of photocatalyst dosage on degradation
efficiency of TC: pH, 8; initial concentration, 25 mg/L; irradia-
tion time, 2 h at 26°C.

[46]. The effect of photocatalyst clinoptilolite zeolite-sil-
ver and clinoptilolite zeolite on the pollutant degrada-
tion was analyzed when their concentration was between
0.2-1 g/L through the constant initial TC concentration
of 25. As shown in Fig. 11, increasing the concentration of
the catalyst enhanced the efficiency of degradation. The
increase in surface area or sites that are activated caused
it. Nevertheless, its worth of attention that adding more
amounts of catalyst can change the process of degradation
in a way that it is less efficient. The increase in scattering
and turbidity effects was actually related to that because
it inhibits the penetration of light into all particles” sur-
faces [46-49]. The increase in the catalyst amount actually
increases the number of active sites on the surface of the
photocatalyst, thus causing an increase in the number of
produced *OH radicals [50]. But, due to an increase in tur-
bidity of the suspension because of the high dose of the
catalyst, penetration of photons decreases which in turn
decreases the photoactivated volume of the suspended
catalyst [50]. Thus, it can be concluded that higher dose
of the catalyst may not be useful due to negative effects of
aggregation and light scattering.
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The values of apparent degradation rate constants (k) of
TC with initial concentration of 25 in presence of varying
amount of CP/Ag are calculated and collected in Table 5.
For real life applications the optimum amount of catalyst
has to be determined in order to avoid excess catalyst and to
ensure a total absorption of efficient photons [50].

The degradation result and membrane flux decline
behavior (Table 6) obviously revealed that 0.8 g/L was the
optimum CP/Ag loading.

The membrane flux decline behavior (Fig. 12) that clearly
revealed in the range of 0.2-1 g/L was the optimum CP/
Ag and CP loading. With regard to Fig. 12, it is seen that
by increasing the amount of photocatalyst to 0.6 g/L, the
amount of flux increases, but by increasing the amount of
photocatalyst to 1 g/L, the amount of flux decreases that is
due to the fouling of the membrane surface. Also, the amount
of photocatalytic CP from CP/Ag is higher at all concentra-
tions due to the absence of silver particles in its structure,
which makes it easier to pass and has less membrane fouling.

The photocatalytic efficiency which has been improved
regarding the TC fouling was approved by comparing the
elimination of TOC in the photocatalytic membrane reactor
as shown in Fig. 13. By applying only the UF membrane, the
elimination of TOC was approximately 25% when there is
no photocatalyst. Nevertheless, approximately 95% of elim-
ination of the TOC was gained as the visible irradiation was
combined with photocatalytic CP/Ag.

3.8. Effect of irradiation time

Generally, the kinetic behavior of photocatalytic reac-
tion can be described by Langmuir-Hinshelwood equation
confirming the heterogeneous catalytic character of the sys-

Table 5

Degradation rate constant values (k) of TC as a function of
various parameters. pH, 8; Initial conc. 25 (ppm), irradiation
time, 2 h at 26°C

Amount of catalyst (g/L) Value k x 100 (min™)

0.2 2.3

0.4 4.7

0.6 6.2

0.8 7.6

1 10.7
Table 6

Percentage of TC removal after photodegradation and UF
filtration in PMR withvarious photocatalyst loading. pH, §;
Initial conc. 25 (ppm), irradiation time, 2 h at 26°C

CP/Ag loading TC degraded after ~ TC removal after
(g/L) Photocatalysis (%)  UF Filtration (%)
0.2 43 £1 99+0.5
0.4 78+1 99+0.5
0.6 9241 99+0.5
0.8 9541 99+0.5
1 96+1 99+0.5

tem. In this system, the rate r varying proportionally with
the coverage 0 as:

dc—ke:k( KC )
1+ KC

T

where r is the rate of reaction in (mg/L min), k the rate con-
stant for photocatalysis in (mg/L min), K the rate constant
for adsorption in (L/mg) (Langmuir constant related to the
energy of adsorption), C the concentration of dye solution
in (mg/L), ¢ the concentration of dye solution at any time,
and f the time in minutes. For concentrations > 5.0 mM,
(KC >> 1), the reaction rate levels off and becomes inde-
pendent of C and this leads to zero-order kinetics (r = k,
where k is the zero-order rate constant). This is due to the
occupying all of the catalytic sites on the catalyst surface
by adsorbed reactant molecules at high concentration. For
diluted solutions <1.0 mM, KC is <<1 and the reaction rate
mcP
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Fig. 12. Flux decline during the constant pressure ultrafiltration
of 25 mg/L and pH 8 of TC solutions at 3 bars, in the presence of
CP and CP/Ag with various photocatalyst loading.
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Fig. 13. TOC removal in photocatalytic membrane reactor: pho-
tocatalyst dosage, 0.5 g/1; pH, §; initial concentration, 25 mg/L;
irradiation time, 2 h at 26°C.
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Table 7
Effect of irradiation time in TC degradation photocatalyst
dosage, 0.5 g/1; pH, 8; at 26°C

Type of Irradiation Initial conc. Degradation
photocatalyst ~ time (min) (ppm) efficiency (%)
30 25 37
CP/Ag 60 25 63
90 25 84
120 25 92
cp 30 25 3
60 25 13
90 25 19
120 25 24

is proportional to the initial concentration and the reaction
is of the apparent first order (r =—dc/dt =kKC =k,CorInC,/
C,=—k,t, wherek, is a first-order rate constant in (min)). At
low concentrations, the number of catalytic sites will not be
a limiting factor and the rate of degradation is proportional
to the concentration of the TC [50-52].

As illustrated in Table 7, time is a major factor that
impacts the efficiency of the degradation straightly. The
experimental runs measuring the effect of irradiation time
of 50 mL of TC solution with an initial concentration of 25
ppm in distilled water was treated with 500 mg of CP/Ag
nanophotocatalyst and 500 mg of CP with irradiation time
increment from 30 min to 120 min and is shown in Table 7.
The outcome showed that degradation of TC is quick and
only after 120 min of irradiation; the condition of equilib-
rium was reached. The apparent degradation rate constants
(k values) as a function of the TC concentration are also cal-
culated and collected in Table 5.

3.9. Effect of TC initial concentration

In order to utilize the photocatalytic oxidation in an effi-
cient way, some research should be done to show that the
rate of degradation actually is related and gets affected by
the concentration of the substrate. The change in the inlet
concentrations of the contaminant causes the rates of the
reaction to change. According to Fig. 14, at the time that the
initial TC’s concentration becomes greater, the efficiency
of the degradation reduces and this behavior has some
causes. The quantity of the TC particles that are attracted
to the active surface of the photocatalyst goes high at the
time that the initial concentration of the pollutant goes high.
In this situation, the pH, the catalyst dosage and the time
of the reaction are maintained at the same value thus the
quantity of the reactive species ("OH and *O,) does not
change. As a result the current reactive radicals are not suf-
ficient for the concentrations of TC that are high. Moreover,
at the time that the concentration of the substrate reduces,
the intermediates” production can happen and lead to dif-
fuse in the surface of the photocatalyst which leads to deac-
tivation of the reaction sites [53-55]. Therefore, the results
show that by the increase in the initial concentration of the
TC, the amount of catalyst surface that is sufficient for the
degradation goes higher. It is possible that this is because of

degradation efficiency %

TC initial concentration (ppm)

Fig. 14. The effect of TC initial concentration on degradation
efficiency of TC: pH, 8; photocatalyst concentration, 0.5 g/L; ir-
radiation time, 2 h at 26°C.

the shifting in the regime. The initial situation of the change
is the condition in low concentrations that there is kinetic
control regime. Then the system changes to some limitations
at high concentrations. When photocatalytic oxidation hap-
pens, the concentration of organic substrate gets affected
by the photonic efficiency. When the concentrations of the
substrate are increased, there is a decrease in the photonic
efficiency. Also the surface of the photocatalyst is filled and
this results in the deactivation of the catalyst [56]. Moreover,
if the concentration of the substrate gets high, this causes the
intermediate materials to produce. Then those materials can
be able to be absorbed on the catalyst’s surface. This diffu-
sion of the intermediate materials which has a slow rate can
gradually cause the active sites to deactivate. This causes the
rate of the degradation to decrease. When the concentrations
are increases,the increasing concentrations of intermediate
materials cause the radicals of hydroxyl to act as the limiting
reactant which leads to the decrease in the degradation rate
constants. As mentioned in the literature [57,58] *OH can be
formed by the reaction between hydroxide ion and positive
hole. An alkaline condition would thus favor *OH formation
and enhance degradation efficiency [59-61]. Authors sug-
gest that at high concentration of —-OH, two processes may
take place leading to the deactivation of *OH. First, theH,0",
and HO*, radicals may be formed due to the reaction of “OH
with—OH. The reactivity of these radicals with organic dye
is very low compared to that of *OH [67]. Second, due to the
presence of high amounts of *OH radicals, the radical-rad-
ical reactions take place at higher pH values. This reaction
was reported in the literature [61]. Generally, the deactiva-
tion of *OH in high pH values was previously reported [58].

3.10. The effect of transmembrane pressure on permeate flux in
the PMR

Fig. 15 shows the fact that the pressure of the transmem-
brane has effect on the permeate flux that is quantified for
both UF membranes at the time of the PMR operation. In
spite of applying the lowest cross flow velocity from all the
examined values, TMP going up at the time of the exper-
iments in the PMR caused the permeate flux to increase
linearly in both UF membranes [22]. The fluxes measured
during the experiments with CP slightly higher from CP/
Ag was for all of the pressures that were examined. As it
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Fig. 15. The effect of operating pressure on the permeate flux.

is said before, the abrasion of the membranes’ skin layer
describes the detected increase in the flux.

4. Conclusions

In this research, zeolite clinoptilolite and its nanocom-
posite clinoptilolite zeolite-silver were synthesized by
microwave irradiation prosperously and utilized as photo-
catalyst for the degradation of TC from synthesis wastewa-
ter. Diffuse reflectance spectroscopy illustrated an obvious
trend of reduction in the band gap to the value of 2.47 eV
when AgO was supported on CP. The specific surface area
for the composited material reached 167 m?/g, which was
eight times larger than the unmodified AgO. Degradation
of TC by using CP/Ag nanophotocatalyst was found to be
a strongly pH dependent process. The increase in the con-
centration of the catalyst enhanced the efficiency of the deg-
radation. This behavior is caused by the fact that the surface
area or activated sites has increased. That outcome showed
that degradation of TC is a quick process and only after 120
min of irradiation, the condition of equilibrium was also,
results showed that optimum conditions for tetracycline
degradation were found to be at pH of 9, photocatalyst dos-
age of 0.8 g/L and irradiation time of 120 min.
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