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Abstract
This study is on photocatalytic degradation of pharmaceutical residues of atenolol (ATL) and acetaminophen (ACT) present in
secondary effluent under visible light irradiation stimulated by Ag doped ZnO (Ag-ZnO) photocatalyst. Lawsonia inermis leaf
extract was used for reduction of Zinc sulphate to ZnO nanoparticles (NPs). Further, ZnO NPs were doped with Ag and
characterized by XRD, FT-IR, SEM-EDX, surface area analyzer, UV-Vis, and photoluminescence spectrometry to analyze
the structure, morphology, chemical composition, and optical property. FT-IR analysis revealed major functional groups such
as OH, C=O, and SEM analysis depicted the polyhedron shape of the NPs with size range of 100 nm. Ag-ZnO NPs were used in
the photocatalytic degradation of ATL and ACT, and its removal was evaluated by varying initial contaminant concentration,
catalyst dosage, and initial pH. Findings indicate that Ag-ZnO NPs demonstrated relative narrow bandgap and efficient charge
separation that resulted in enhanced photocatalytic activity under visible light illumination. The photocatalytic degradation of
ATL and ACT fitted well with pseudo-first-order kinetic model. Further, it was found that under optimal conditions of 5 mg/L of
contaminants, pH of 8.5, and catalyst dose of 1 g/L, degradation efficiency of 70.2% (ATL) and 90.8% (ACT) was achieved for a
reaction time of 120 min. More than 60% reduction in TOC was observed for both contaminants and OH• pathway was found to
be the major removal process. Ag-ZnO photocatalyst showed good recycling performance, and these findings indicate that it
could be cost effectively employed for removing emerging contaminants under visible light radiation.
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Introduction

India is the largest producer and exporter of generic
drugs, and in this COVID-19 pandemic condition, it is
strengthening its pharmaceutical production capacity and
is a strong contender for mass production of future
COVID-19 vaccination. But this huge production of
drugs leads to the exploitation of natural water sources
as untreated or partially treated wastewaters from

pharmaceutical industries are discharged into surface
and groundwater (Ankush et al. 2018; Larsson 2014).
Pharmaceutical occurrence review studies have reported
the occurrence of pharmaceuticals in wastewater efflu-
ents, surface, and groundwater sources globally (Patel
et al. 2019) and in India (Balakrishna et al. 2017).
Though the natural degradation processes and the vari-
ous wastewater treatment process remove the API to
some extent, majority of parent compounds and its me-
tabolites are not removed in the conventional wastewa-
ter treatment plant (WWTP) which could cause acute
and chronic toxicity to various organisms including hu-
man beings (Freitas et al. 2017; Schröder et al. 2016;
Aus der Beek et al. 2016; Grenni et al. 2018). Among
the various pharmaceutical contaminants (PCs), ATL
and ACT which are critical compound for Indian envi-
ronment are considered in this study (Chinnaiyan et al.
2018). ATL belongs to beta blocker group drug often
used to treat high blood pressure, migraine headache,
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and heart-related pains. ACT is classified under analge-
sic drug class which is a commonly prescribed pain
killer. Previous studies were reported about the occur-
rence of ATL and ACT in WWTP effluents and water
bodies worldwide and suggested the need for adopting
advanced treatment options (Khan et al. 2020; Tran
et al. 2018).

Heterogeneous photocatalysis is a promising technology
and can efficiently removemost of the emerging contaminants
and can be conveniently employed as tertiary treatment pro-
cess in the existing WWTPs (Moles et al. 2020, Chinnaiyan
et al. 2019). ZnO is one of widely used photocatalysts owing
to its high exciton-binding energy (~60 meV), wide bandgap
energy (~3.37 eV), availability at low cost, and high oxidative
ability. But the wide bandgap energy imposes limitation of its
usage as visible light-induced photocatalyst, and also, its pho-
tocatalytic efficiency is restricted due to swift recombination
rate of electron-hole pairs. These limitations can be improved
by various approaches such as doping, co-doping, and fabri-
cating composites (Mohd et al. 2016, Akir et al. 2017).
Doping of ZnO with noble metals such as Si, Cu, Pd, Ag,
and Au has shown improvement in its charge separation and
visible light optical absorption. Among these metals, silver
has gained importance by showing strong absorption of visi-
ble light and inhibition of electron-hole recombination
through surface plasmon resonance (Kaur et al. 2018).

There are several studies reporting various synthesis pro-
cedures to produce Ag-ZnO nanoparticles such as hydrother-
mal synthesis, sol-gel method, and coprecipitation. The draw-
back in the chemical route of synthesis involves release of
harmful byproducts arising from toxic reducing agents,
contamination of precursors, and undesired detrimental
impacts on the environment. To overcome these limita-
tions, there are studies utilize plants or microorganisms
as reducing and capping agent in the synthesis of NPs.
Recently, there are several studies report synthesis of
ZnO NPs from neem leaves (Elumalai and Velmurugan
2015), aloe vera (Ali et al. 2016), and sandal wood
leaves (Kavithaa et al. 2016).

In the present work, the Ag-ZnO photocatalyst was synthe-
sized, and characterization was performed to evaluate their
morphology, structure, crystalline phase, surface area, and op-
tical properties. The characterization techniques include XRD,
FT-IR, SEM-EDX, surface area analysis, UV-visible, and
photoluminescence spectrometry. The efficiency of Ag-ZnO
as a photocatalyst in the visible region was evaluated by the
degradation of two PCs, viz., ATL and ACT which were
spiked in the treated domestic wastewater effluent. The four
parameters that were considered in this study include initial
contaminant concentration, initial pH, catalyst dosage, and
reaction time, and the degradation of PCs was investigated.
PC degradation kinetic studies and photocatalyst recycling
performance analysis were also examined.

Materials and methods

Material

ATL and ACT of purity 99%, zinc sulphate (ZnSO4), and
silver nitrate (AgNO3) were received from Sigma-Aldrich
and used as received. Chemical structure and properties are
presented in Table 1 and Fig. 1. Hydrochloric acid and sodium
hydroxide were purchased from Merck. All other chemicals
used in this study were of analytical grade, and all solutions
were prepared using deionized water obtained from Milli-Q
water purification system. Lawsonia inermis leaves were col-
lected and washed before using it for further process.

Synthesis of Ag-ZnO photocatalyst

Lawsonia inermis leaves were collected and washed several
times in running tap water and distilled water and sun
dried to remove residual moisture. Fifty grams of these
leaves was added with 100 ml of deionized water and
boiled for 60 min to obtain the leaf extract. The extract
was cooled and filtered using Whatman Filter Paper No.
1, and the filtered extract was then stored at room tem-
perature. The functional groups present in the leaf extract
(Fig. 3) served as reducing agent which could reduce Zn2+

to Zn+ ions and finally to zinc nanoparticles. Ten millili-
ters of this leaf extract was boiled, and when temperature
reached 60°C, 1g of zinc sulphate was added and this
solution was boiled till it turned into paste. This paste
was dried at 80°C for 24 h and calcined at 450°C for
2 h to obtain zinc oxide nanoparticles. 0.01M solution
of silver nitrate was added drop by drop to as-prepared
zinc oxide nanoparticle under constant stirring, to obtain
slurry form. This slurry was washed using deionized water
and was dried at 80°C for 24 h and calcined at 300°C for
2 h. The resultant Ag-ZnO was used as photocatalyst in
this study. Simultaneously, a blank sample with only the
zinc sulphate solution without the plant extract was also
maintained at a similar experimental condition. Production
of nanoparticles was not observed in the blank sample.

Table 1 Properties of atenolol and acetaminophen

Property Atenolol Acetaminophen

Therapeutic group Beta blocker Analgesics and antipyretics

Molecular formula C14H22N2O3 C8H9NO2

Molecular weight 266.3 g/mol 151.16 g/mol

Log Kow 0.16 0.46

pKa 9.6 9.38
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Characterization techniques

Phase identification of Ag-ZnO was carried out by employing
X-ray diffractometer PANALYTICAL model X’Pert3 powder
diffractometer with CuKα radiation (λ = 1.5406 Å). Diffraction
studies were conducted in the 2θ scale between 30° and 80°.
Fourier transform infrared (FTIR) spectra were collected using
Perkin Elmer spectrum two FTIR spectrophotometer in the
range of 4000–400 cm−1 to identify the functional groups pres-
ent in the synthesized nanocatalyst. Morphology as well as
particle size of the as-prepared photocatalyst was examined
using SIGMAHV-CARL ZEISS field emission scanning elec-
tron microscope (FESEM) at an accelerating voltage of 10 kV
and energy dispersive X-ray (EDX). In addition, the Brunauer-
Emmett-Teller (BET) surface area characteristics were mea-
sured by surface area analyzer (BELSORP mini II). The
ultraviolet-visible absorption studies of the photocatalyst were
conducted on an UV-Vis spectrophotometer (PerkinElmer
Lambda 35) which is having continuous scan mode of scan
range 200–700 nm and scan speed of 480 nm with slit width
of 1nm. Room temperature photoluminescence spectra of the
photocatalyst were collected from Perkin-Elmer LS45 spec-
trometer using xenon flash lamp laser as the excitation source
within the range of 300 to 500 nm and excitation wavelength of
325 nm.

Photocatalytic activity evaluation

Photocatalytic activity of Ag-ZnO was evaluated by measur-
ing the degradation of ATL and ACT in aqueous solution.
Standard stock solution was prepared by dissolving 0.25 g
of ATL and ACT in 500 mL deionized water. From this stan-
dard stock solution, working solutions ranging from 5 to 20
mg/L were prepared following dilutions. To access the perfor-
mance of photocatalyst, the APIs were spiked in the treated
effluent (Table S1 supplementary material: characteristics of
secondary effluent) collected from WWTP at Coimbatore,
India, and the performance was recorded. Photocatalytic anal-
ysis was carried out using visible light photo reactor (Fig. S1)
consists of borosilicate immersion jacketed tube to hold the
300W Tungsten halogen lamp with inlet and outlet for water
circulation to cool the lamp surrounded by sample tubes. In a
typica l exper iment , d i lu ted solu t ion conta in ing

pharmaceutical contaminants was mixed with measured quan-
tity of photocatalyst and initial pH was adjusted using hydro-
chloric acid (HCl) and sodium hydroxide (NaOH). This solu-
tion was under constant stirring for a period of 30 min to attain
absorption desorption equilibrium between substrate and cat-
alyst. After this, the suspension was irradiated in visible reac-
tor for specified period of time. At regular time interval, sam-
ples were withdrawn, subjected to centrifugation (SIGMA, 2-
16KL) for 15 min at 1000 rpm for the separation of catalyst
particles which were filtered using 0.45μm filters, and the
filtrate was taken for further analysis. The ATL and ACT
concentrations were analyzed using HPLC (Shimadzu LC-
2010CHT) at an absorbance of 225 nm and 264 nm, respec-
tively. The mobile phase consisted of methanol and deionized
water mixture in the ratio 70:30 (v/v). All experiments were
conducted in triplicate, and mean value was reported. The
percent removal of contaminant was calculated using Eq. (1).

Contaminant removal %ð Þ ¼ Co−C
Co

� 100; ð1Þ

where Co is the initial contaminant concentration and C is the
final contaminant concentration after treatment.

The main reactive species responsible for degradation of
ATL and ACT was investigated further by conducting sepa-
rate set of characteristic experiments and analyzing the photo-
catalytic process.

Kinetic studies

The kinetics of ATL and ACT photocatalytic degradation rate
and mineralization was analyzed using pseudo-first-order re-
action model (Eq. (2)).

−
dC
dt

¼ kobsC: ð2Þ

Equation (2) can be rewritten as

ln
C
Co

� �
¼ −kobst; ð3Þ

where kobs is the pseudo-first-order degradation rate constant
(min−1).

robs ¼ −kobsCo: ð4Þ

Fig. 1 Chemical structure of a
atenolol and b acetaminophen
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The pseudo-first-order rate of ATL and ACT photocatalyt-
ic degradation was calculated from Eq. (4).

Results and discussion

Morphology and crystal structure

X-ray diffraction patterns of pure ZnO and Ag-ZnO are present-
ed in Figs. 2a, b, respectively. Analyzing the XRD pattern of
pure ZnO, it can be attributed to hexagonal wurtzite structure
of ZnO without phase modifications and impurities. The peak
positions are in good agreement with JCPDS file No. 36-1451.
The diffraction peaks of single-phase ZnO are exhibiting superior
quality crystalline characteristics which can be attributed to
strong and sharp peaks. Analyzing the XRD pattern of Ag-
ZnO, additional peaks (marked with symbol #) other than that
of pure ZnO are observed which is due to the result of doping of
ZnO with Ag ions. The diffraction peaks of (111), (200), and
(220) represent crystal planes of face-centered metallic Ag in
agreement with JCPDS file No. 04-0783 (Liu et al. 2018).

The development of nanocrystalline ZnO wurtzite configura-
tion and the outcome of silver addition were confirmed by FT-IR
spectral studies. The IR spectra of Lawsonia inermis leaf extract,
pure ZnO, and Ag-ZnO are presented in Fig. 3. As discussed
earlier, the leaves of Lawsonia inermis were acting as reducing
agent and it contain various chemical elements such as lawsone,
flavonoids, and tannin which aided in formation of ZnO nano-
particles. The Henna leaf extract consists of lawsone (2-hydroxy-
1,4-naphthaquinone) as its main constituents that contain p-
benzoquinone unit, benzene unit, and phenolic group. Also, it
contains flavonoids and coumarins. Hydroxyl (OH) and carbonyl
(C=O) groups are the two major frequency regions denoting the
presence of lawsone and tannin of Lawsonia inermis (Zulkifli
et al. 2017). The broad absorption peak from 3200 to 3450 cm−1

indicates O-H stretch corresponding to alcoholic hydraulic
group. The band at 1362 cm−1 indicates the presence of C-O-H
bending mode (Sundrarajan et al. 2015). The stretching vibration

of carbonyl group characteristic of the secondary amides and
other compounds containing C=O group gave rise to band
around 1640 cm−1 (Yadav et al. 2018, Sajan et al. 2017).
Strong spectral peak at 3430 cm−1 in Fig. 3b indicates the pres-
ence of O-H bond which eventually denotes the availability of
adequate amount of hydroxyl groups on surface of prepared ZnO
(Zare et al. 2019). Also, the stretching frequency at 480 cm−1

denotes the ZnO bond (Fig. 3b) which had emerged as weak
bond in Fig. 3c with addition of Ag.

Observing the spectra of Ag-ZnO, slight change in peak
and their intensities can be noted in comparison to pure ZnO.
This could be ascribed to interaction of Ag with ZnO nano-
particles in the formation of Ag-ZnO NPs. The hydroxyl
groups were notably shifted to 3200 cm−1. Also, spectral peak
at 538 cm−1 can be attributed to characteristic stretching mode
of Ag-O (Sajan et al. 2017).

SEM analysis (Fig. 4) revealed the presence of rod and spher-
ical shaped nanoparticles in the size range of 100 nm, and it also
revealed the presence of Ag NPs which are dispersed in ZnO
NPs. The corresponding EDX spectrometer pattern was evaluat-
ed (Fig. 5) which confirms the presence of Zn, O, and Ag ele-
ments with weight percentage of 10.6, 41.4, and 4.6, respective-
ly. The weight percentage of Ag was found matching with the
actual metal addition in the synthesis process. In addition to the
above elements, C was the only major impurity observed which
possibly could have occurred due to the green synthesis process.

Surface area characteristics

The BET surface area and pore structure of the Ag-ZnO were
investigated by the Brunauer-Emmett-Teller N2 adsorption-
desorption isotherms at adsorption temperature of 77 K (Fig.
6). The adsorption-desorption isotherm of Ag-ZnO confirmsFig. 2 XRD pattern of a pure ZnO and b Ag-ZnO

Fig. 3 FTIR spectrum of aHenna leaf extract, b pure ZnO, and cAg-ZnO
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the type IV isotherm because of formation of hysteresis loop
conforming to IUPAC classification of mesoporous materials
(Kadam et al. 2018). From the nitrogen desorption, BJH
mesopore sizes were obtained and pore volumes were deter-
mined from cumulative volume of pores. The ZnO nanoparticle
had a surface area, pore volume, and pore diameter of 7.58 m2/g,
0.06 cm3/g, and 32.56 nm, respectively, while the corresponding
values of Ag-ZnOwere found to be 35.3 m2/g, 0.082 cm3/g, and
26.57 nm, respectively. An increase of 365% in the surface area,
36.6% rise in pore volume, and 18.4% reduction in pore diameter
for Ag-ZnOwere observed in comparison to ZnO indicating that
all these parameters were improved due to the addition of Ag
with ZnO. Literature confirms that the higher specific surface
area is the photocatalytic activity resulting in improved perfor-
mance of Ag-ZnO as a photocatalyst in comparison to ZnO.

Influence of Ag-ZnO on optical absorption

The UV-visible absorption spectra of ZnO and Ag-ZnO sam-
ples are presented in Fig. 7. The sharp peak at 357 nm in ZnO

is the result of absorption in pure ZnO due to exciton forma-
tion. Assynthesized Ag-ZnO improved the absorption in the
visible region of wavelength range 400–500 nm towards red
shift due to localized surface plasmon–exciton coupling. This
could be possible from low intrinsic losses of Ag NPs which
causes narrow SP resonances with prominent optical field
augmentation (Achermann 2010). Also, transfer of electrons
from higher fermi energy (Ag) state to lower fermi energy
(ZnO) results in spectra shift towards visible light region.
The bandgap energy values of pure ZnO and Ag-ZnO calcu-
lated from UV-Vis absorption spectra were 3.31 eV and 3.02
eV, respectively. The red shift signifies that bandgap energy
of Ag-ZnO is less than that of pure ZnO.

In order to quantify the structural defects and energy bands
in materials, photoluminescence spectra of ZnO and Ag-ZnO
were recorded at an excitation wavelength of 325 nm and are
presented in Fig. 8. PL spectra can be able to provide infor-
mation about the recombination of photoinduced electrons
and holes, and low PL intensity indicates low recombination
rate. PL spectra were showing strong UV emission peak cen-
tered at 393 nmwhich could be assigned to the near band edge
emission of ZnO. The peaks at 461 and 547 nm could have

Fig. 4 SEM images of a pure
ZnO and b Ag-ZnO

Fig. 5 SEM EDX spectra of Ag-ZnO
Fig. 6 BET surface area nitrogen adsorption-desorption isotherm of Ag-
ZnO. Inset is the distribution of pore diameter
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been resulted from bound excitons and structural defects on
ZnO surface. Also, the PL spectra of Ag-ZnO show a decrease
in emission intensity which positively correlates with low
electron-hole recombination rate which eventually increases
the lifespan of photo-generated charge carriers. The results
obtained from optical studies show the improvement in the
visible light absorption and subsequent enhancement in visi-
ble light photocatalytic activity resulting from incorporation
of Ag into ZnO.

Photocatalytic degradation of ATL and ACT

The as-synthesized Ag-ZnO was used as photocatalyst, and
degradation studies of ATL and ACT were performed.

Effect of initial contaminant concentration

To evaluate the effect of initial ATL and ACT concentration,
in the photocatalytic degradation process, experiments were

carried out by varying the contaminant concentration in the
range of 5–20 mg/L with Ag-ZnO loading of 1 g/L, and the
results are presented in Fig. 9. The logarithmic plot of con-
taminant concentration against irradiation time (inset of Fig.
9) confirms that degradation of ATL and ACT follows the
pseudo-first-order kinetics, and the rate constants are present-
ed in Table 2. The kobs decreased from 0.01 to 0.008 min−1

when initial ATL concentration ([ATL]int) increased from 5 to
20mg/L. Increase in [ACT]int also exhibited the same decreas-
ing trend (from 0.02 to 0.009 min−1). This could be explained
that at higher concentrations, more active sites of Ag-ZnO
could be occupied by contaminants, and as a result, the gen-
eration of oxidants could be hindered. There is ample possi-
bility for reaction intermediates formed in due course to occu-
py the active sites and also intercept the photons generated by
visible light. Therefore, insufficient availability of OH• leads
to a decrease in degradation of ATL and ACT at higher con-
centrations. Similar observations were reported in earlier stud-
ies involving OH• and visible light irradiance.

Effect of pH

Most metal oxides including ZnO show amphoteric be-
havior due to which it can influence the surface reac-
tions taking place on the catalyst surfaces. Since the pH
of wastewater effluent may not be neutral and photocat-
alytic process is controlled by pH, the influence of pH
on the rate of degradation of ATL and ACT was ana-
lyzed. The pH value of solution was varied from 4 to
12, and the variation of rate constants is presented in
Fig. 10. The degradation rate of both contaminants in-
creases as the pH increase from 4 to 8.5. With further
increase in pH, a reduction in rate constant was ob-
served. Maximum rate constant of 0.01 min−1 for ATL
(corresponding to 70.2% removal) and 0.02 min−1 for
ACT (90.8%) was observed at pH of 8.5.

This can be explained using electrostatic forces between
the contaminants and catalyst. At pH values more than point
of zero charge (pHzpc), catalyst surface is negatively charged
and vice versa. From literature, the pHzpc of Ag-ZnO has the
same pHzpc of ZnO which is equal to 9.0 (Sushma and Girish
Kumar 2017). The acid-ionization constant (pKa) of ATL and
ACT is 9.6 and 9.5, respectively. Hence, increase in pH (> 9)
steadily accelerates the electrostatic repulsion between Ag-
ZnO surface and contaminants which negatively influ-
ence the mineralization and thereby decrease in kobs.
For ACT, the maximum kobs of 0.02 min−1 was ob-
served at pH 8.5, and when pH decreased or increased
from 8.5, a reduction in kobs was observed. ATL degra-
dation also showed similar trend with pH variation.
Similar findings were reported from previous studies
(Wang et al. 2019; Tammaro et al. 2017).

Fig. 7 UV-Vis absorption spectra of ZnO and Ag-ZnO

Fig. 8 PL spectra of ZnO and Ag-ZnO
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Effect of type of catalyst and catalyst concentration

The performance of ZnO and Ag-ZnO in the degradation of
ATL and ACT was evaluated (Fig. 11). The results show an
increase in photodegradation efficiency of Ag-ZnO towards
ATL and ACT in comparison to ZnO. Photocatalytic efficien-
cy of Ag-ZnO is dictated by crystal structure, particle size
distribution, surface area, and bandgap energy. These results
indicate that addition of Ag enhances the visible light absorp-
tion capacity of ZnO. Accordingly, more photons can be
absorbed which improves the photocatalytic efficiency.

Also, it was observed that when catalyst dosage was in-
creased gradually from 1g/L to 1.7 g/L, the degradation effi-
ciency declined from 90.8% to 75% in the case of ACT and
similar trend was observed with ATL. Escalating the catalyst
loading results in an increased number of catalyst active sites
which are available for efficient photocatalyst operation, and
this phenomenon continues till all catalyst particles are
completely irradiated. After this point, increase in catalyst
load led to shading of photoreactive surface which retarded
the incident light and thereby flattening the conversion rate of
pollutant (Hapeshi et al. 2010).

Characterization of photocatalytic degradation
experiments

To evaluate the characterization of photocatalytic degradation
of ATL and ACT, further experiments were performed to
assess the removal through adsorption, photolytic, and photo-
catalytic processes (Fig. 12). Experimental conditions for all

the characteristic experiments considered were the optimum
conditions where maximum removal of both contaminants
was achieved. This includes initial contaminant concentration
of 5 mg/L, pH of 8.5, catalyst dosage of 1 g/L, and reaction
time of 120 min. Adsorption removal was found to be about
4.8% and 3.9% for ATL and ACT, respectively. Experiments
performed to evaluate the photolytic removal of contaminants
in the presence of a visible light source without the addition of
photocatalyst Ag-ZnO resulted in 15.1% removal of ATL and
13% removal of ACT. Lesser adsorption and photolytic re-
moval of ATL and ACT indicate that Ag-ZnO plays a key role
as a photocatalyst (in the visible region) for the removal of
contaminants. Earlier studies indicate that the removal of
pharmaceutical contaminants is dominated by the OH• oxida-
tion pathway rather than by photolysis (Liu et al. 2018;
Cheshme Khavar et al. 2019). Removal through OH• genera-
tion pathway can be confirmed by employing a nonaqueous
solvent like acetonitrile, which eliminates OH• generation in
the reaction mechanism. Results of photocatalytic experi-
ments employing acetonitrile as solvent show that ATL and
ACT removal was negligible. This indicates that the OH•
pathway could play a key role in the removal process.
Photocatalytic removal in water medium was found to be
70.2% and 90.8% for ATL and ACT, respectively, confirming
that photocatalysis through OH• pathway is the major removal
process for eliminating ATL and ACT.

The schematic of possible photocatalytic degradation
mechanism of ATL and ACT is shown in Fig. 13.

To study the extent of mineralization of ATL and ACT
under the photocatalytic process, TOC and COD were

Table 2 Degradation rate
constants of ATL and ACT ATL ACT

Contaminant concentration (mg/L) 5 10 20 5 10 20

R2 value 0.95 0.94 0.94 0.96 0.96 0.95

Rate constant (kobs) (min
−1) 0.01 0.009 0.008 0.02 0.012 0.009

% removal 70.2 65.1 58.6 90.8 80.2 70.1

Fig. 9 Effect of initial ATL (a)
and ACT (b) concentration on the
degradation efficiency of ATL
and ACT (experimental
condition: Ag-ZnO: 1 g/L; pH:
8.5)
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measured for the treated samples. For ATL, the drop in COD
and TOC was about 66.7% and 61.1%, respectively, for a
reaction time of 120 min. For ACT, the drop was about
84.6% and 80.3% for COD and TOC, respectively, towards
the end of reaction time (120 min). ATLwas found to be more
recalcitrant than ACT under photocatalytic removal although
more than 50% mineralization could be achieved for both the
contaminants. Earlier study by Thi and Lee (2017) on ACT
degradation using La-doped ZnO reported 85% of TOC re-
duction in a reaction time of 180 min. Earlier studies on ATL
have reported 70% removal of TOC in a reaction period of
180 min (Tammaro et al. 2017; Ponkshe and Thakur 2019).

Reusability of photocatalyst

Separate set of experiments under optimum conditions was
performed to evaluate the recyclability of Ag-ZnO
photocatalyst for the removal of ATL and ACT. The results
are presented in Fig. 14. Ag-ZnO photocatalyst was recovered
by filtration and centrifuge processes after each photocatalytic
experiment cycle. The recovered Ag-ZnO was employed re-
petitively as photocatalyst in the subsequent runs. The photo-
catalytic removal efficiency of ACT reduced from 90.8% to

Fig. 10 Effect of pH on the degradation efficiency of ATL and ACT
(experimental conditions: [ATL]int = [ACT]int = 5 mg/L and Ag-ZnO=
1 g/L)

Fig. 11 Effect of type of
photocatalyst on the degradation
efficiency of ATL and ACT
(experimental condition: [ATL]int
= [ACT]int = 5 mg/L, Ag-ZnO= 1
g/L, and pH = 8.5 )

Fig. 12 ATL and ACT removal under different processes (experimental
conditions: [ATL]int and [ACT]int: 5 mg/L, pH: 8.5, time: 120 min, and
Ag-ZnO: 1 g/L)
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76%, whereas for ATL, the reduction was from 70.2% to
59.8% after 5 cycles. The results confirm that Ag-ZnO could
be successfully employed for the removal of pharmaceutical
contaminants ATL and ACT in wastewater samples.

Conclusion

Ag-ZnO photocatalyst was synthesized using organic ap-
proach and employed for the photocatalytic degradation of
pharmaceutical residues of ATL and ACT in domestic waste-
water effluent. The photocatalyst was characterized using
XRD, FTIR, SEM-EDAX, surface area analyzer, UV-visible,
and photoluminescence spectrophotometer. From optical
studies, it was observed that the absorption edge of Ag-ZnO
shifted more towards visible light region in comparison to
ZnO. With Ag loading on ZnO, photocatalytic efficiency of
ZnO was enhanced and rate constant four times higher than
that of bare ZnO was recorded. The photocatalytic degrada-
tion of ATL and ACT represented well with pseudo-first-

order kinetic model. More prominently, under optimal condi-
tions of 5 mg/L of [ATL] and [ACT], pH of 8.5, catalyst dose
of 1 g/L, and reaction time of 120 min, the Ag-ZnO showed
the photocatalytic efficiency of 70.2% and 90.8% along with a
TOC reduction of 61.1% and 80.3% for ATL and ACT, re-
spectively. The improvement in the efficiency was due to
increase in surface area, enhanced charge transfer between
ZnO and Ag, and their synergistic effect. Further experiments
on photocatalytic mechanism indicate that OH• pathway was
the major removal process for eliminating ATL and ACT. Ag-
ZnO photocatalyst showed good recycling performance up to
75% removal efficiency after 5 cycles. These findings indicate
that the synthesized Ag-ZnO photocatalyst is efficient under
visible light radiation and can be practically employed for
removing pharmaceutical contaminants.
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