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Novel CuO/Mn;0,/ZnO
nanocomposite with superior
photocatalytic activity for removal
of Rabeprazole from water

Sauvik Raha, Dipyaman Mohanta & Md. Ahmaruzzaman®™

In this work, a nanohybrid of Cud/Mn;0,/ZnO was generated through a simple hydrothermal

based procedure. The CuO/Mn;0,/Zn0O nanohybrid has been characterized using X-ray diffraction,
transmission electron microscopy high resolution transmission electron microscopy, X-ray
photoelectron spectroscopy, scanning electron microscopy and energy dispersive X-ray analysis.
UV-visible spectrophotometry and photoluminescence techniques allowed evaluation of optical
properties that additionally suggested the prevalence of strong interfacial interaction between

the three moieties of the nanohybrid and suppressed electron-hole recombination. The hybrid
photocatalyst brought on~97.02 +1.15% disintegration of rabeprazole when illuminated with visible
light. The progress of the photodegradation was in conformity with pseudo-first order kinetic model
and had a velocity constant of 0.07773 min~'. Additionally, ~ 84.45% of total organic carbon removal
was achieved while chemical oxygen demand was reduced by ~73.01%. Using high resolution liquid
chromatograph mass spectrometry technique, identification of the degraded products was made and
accordingly the mechanistic route of the aforesaid degradation was proposed.

There has been a great rise in the consumption of pharmaceutical drug over the last few decades and consequen-
tially their occurrence in aquatic regions and drinking water supplies have also spiraled up without precedence.
The presence of such biologically non-degradable organic contaminants has increasingly posed threat to the
aquatic fauna and flora as well as terrestrial organisms as they carry the potential to cause severe disruption of
all sorts of biological activities. Even human beings have failed to escape the adverse effects generated from the
presence of such xenobiotic substances in the ecosystem"2

Among many other emerging organic water pollutants, pharmaceutical waste is of great concern®*. Pharma-
ceutical substances often get into water bodies by human excretion and their inappropriate disposal of hospital
waste>®. Because of the ability to interact with living bodies, pharmaceutical wastes often impose threat to the
aquatic ecosystem’. The increasing accumulation of pharmaceuticals marine biomes directly or indirectly affects
the flora and fauna and in turn disturbs the ecological balance. Rabeprazole is a pharmaceutical drug that is
widely recognized for its acid-inhibiting ability and is commonly employed for the treatment of a number of
acid-related disorders®~!!. The excessive use and indiscriminate disposal of rabeprazole lead to their accumula-
tion in water bodies. Nevertheless, the drug can cause several side-effects that include headache, abdominal
pain, constipation, dizziness, cramps, spasms and a great deal more!>!*. The presence of even trace amount of
rabeprazole in water bodies can wreak untold havoc on all forms of life in the aquatic ecosystem. Therefore,
efforts have been made to rid water of such organic contaminants. In this regard, the fabrication of an efficient
nano-scaled photocatalyst has drawn much attention!*!. This is owing to the fact that in comparison with other
wastewater treatment techniques, photocatalytic degradation involves not just removal but complete breakdown
of otherwise recalcitrant organic contaminants sans the generation of any harmful products'®2°. This has led to
the advent of a new set of oxidative procedures in the field of photocatalysis called Advanced Oxidation Process
(AOP) aimed at total breakdown of persistent organic contaminant such as rabeprazole through generation of
reactive oxygen species®' 2%,

Heterogenous photocatalysis is a class of AOP that has proved effective in the removal of persistent
organic contaminants from aquatic environment®. Among metal oxide semiconductors, ZnO with a band
gap of ~3.37 eV, superior electrochemical stability, high electron mobility, favourable isoelectric point of ~9
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and promising electro-optical properties has been widely used in fabricating visible light active coupled pho-
tocatalyst systems®®. Although alone, wide band gap limits its applicability within the ultra-violet spectrum
of irradiation®?°. Also, as a photocatalyst, its performance has been found to be afflicted by intense charge
recombination. Sustaining a wide separation of photo-generated charge carriers would require fine tuning the
band gap of ZnO by coupling with other narrow band gap semiconductor metal oxides with compatible band
edges. The band gap of pristine ZnO is~3.37 eV. Pristine ZnO nanoparticles do not harvest visible LED light
efficiently as incident radiation does not have sufficient energy to generate electron-hole pairs. However, n-n
or n-p nanoheterojunction with narrow band gap semiconductors such as ZnO/CdS**, ZnO-MnO,***, ZnO/
CuO?"? have reported to have synergistically enhanced the charge separation. Moreover, the coupling of narrow
band gap material also enhances visible light harvesting capacity of the catalyst, thereby, increasing the efficiency
under LED irradiation. Recently, ternary metal oxide nanocomposite such as ZnO/MnO,/Cu,0%, ZnO/Fe,05/
MnO,*, ZnO/MnO,/Gd,0,* have been thoroughly investigated for synergistically enhanced photocatalytic
performance under visible light irradiation condition. The ternary nanoheterojunction formation with compat-
ible valence band-conduction band position can greatly augment the photocatalytic properties of metal oxide
nanoparticles. The authors of the current aimed at an economically viable tailoring of the band edges of ZnO
by coupling ZnO with low cost CuO and Mn;0,, both of which having narrow band gaps and compatible band
structures, are excellent candidates for harvesting visible light. CuO usually has a band gap of ~1.70 eV and in
coupled systems has demonstrated remarkable photocatalytic capacity’®*’. Mn;0, with a band gap of ~2.10 eV
could further reinforce separation of photogenerated charge carriers. Of late, Mn;0O, based photocatalysts have
exhibited superlative response to visible light driven photocatalysis***°.

In this work, a facile fabrication technique of CuO/Mn;0,/ZnO multicomponent photocatalyst architecture
based on hydrothermal route has been presented and a detailed investigation has been undertaken to check the
photocatalytic efficiency of the nanohybrid vis-a-vis degradation of a prototype recalcitrant organic contaminant,
rabeprazole in its aqueous phase. The photocatalytic degradation over the ternary nanohybrid was accomplished
by 60 min and a degradation efficiency of 97.02 + 1.15% was attained. The photodegradation reaction was found
to be consistent with pseudo-first order kinetic model with a velocity constant of 0.07773 min™". The influences
of co-existing substances and real water samples on photocatalytic degradation of the target organic contaminant
was also briefly studied in order to gain better sight vis-a-vis applications in real environment. The fabrication of
a ternary heterojunction of CuO/Mn;0,/ZnO and its application in the elimination of rabeprazole with a study
about the interactive influences of various co-occurring species and water samples mark the novelty of this work.

Experimental section

Materials and measurement. AR grade reagents such as zinc nitrate hexahydrate (>98%), manganese
chloride tetrahydrate (> 98%), copper acetate monohydrate (> 98%), sodium hydroxide (> 98%), deionized water
etc. were purchased from Sigma Aldrich and were used without additional purification.

Synthesis. Synthesis of the nano-scaled materials. To aqueous solution of 25 mmol of copper acetate mono-
hydrate, 1 mL of glacial acetic acid was added and the solution was heated to 100 °C. This was followed by
drop-wise addition of an aqueous solution of NaOH under magnetic agitation. The solution color gradually
changed from blue to black, and a considerable amount of black precipitate (CuO) was formed*. To this was
added 25 mmol of zinc nitrate hexahydrate (Zn(NO;),.6H,0) followed by addition of drops of aqueous solu-
tion of NaOH. The reaction mixture was magnetically agitated and then to it was added 25 mmol of manganese
chloride tetrahydrate (MnCl,. 4H,0) followed by a dropwise addition of an aqueous NaOH solution. After thor-
ough magnetic agitation of this reaction mixture, it was next shifted to an autoclave. The autoclave was then put
inside an oven maintained at 100 °C. The reaction mixture was kept in this condition for 24 h. The dark brown
residue thus formed was collected, rinsed repeatedly with ethanol and then dried. The dried sample was calcined
at 300 °C in a muffle furnace for 4 h. The calcined sample was given the tag CuO/Mn;0,/ZnO. Other samples of
Mn;0,/Zn0, CuO/ZnO, CuO/Mn;0,, ZnO, CuO and Mn;0O, were prepared with the relevant starting materials
following the same aforementioned procedure.

Characterization. For evaluation of the crystalline structure of CuO/Mn;0,/Zn0O, Mn;0,/Zn0O, CuO/ZnO,
CuO/Mn;0,, ZnO, Mn;0, and CuO, all the samples were analyzed by Bruker D8 Advance X-ray diffractometer
with Cu-K, radiation. JEOL JEM 2100 instrument was used to carry out TEM and SAED analyses of CuO/
Mn;0,/Zn0O. PHI 5000 Versa Prob II spectrometer was used to conduct X-ray photoelectron spectroscopy of
CuO/Mn;0,/Zn0O. SEM micrographs and EDAX spectrum were obtained for the final nanocomposite using
JEOL Model JSM—6390LV. HRLCMS was done with 1290 Infinity UHPLC System, Agilent Technologies,
USA. TOC analyses were conducted with Elementar, Liqui TOC. Photoluminiscence data of CuO/Mn;0,/ZnO,
Mn;0,/Zn0, CuO/ZnO, CuO/Mn;0,, ZnO, Mn;0, and CuO were obtained with Hitachi F4600 equipment. For
recording the absorbance spectra of the samples, GENESYS 10S UV-visible spectrophotometer was used. Photo-
current (PC) measurements were carried out on a Biologic SP-200 electrochemical workstation with a standard
three-electrode cell at room temperature. Electrochemical impedance spectroscopy (ESI) was performed using
a potentiostat with a sinusoidal perturbation voltage of 2 mV and the frequency range of 0.01 Hz to 1 MHz. The
concentration of leached metal ions was determined using a Hitachi 180-70 atomic absorption spectrometer.

Evaluation of photocatalytic activity. The photocatalytic activity of the designed nano-hybrid photocatalyst was
put to evaluation by monitoring its ability to cause disintegration of rabeprazole in its aqueous medium under-
neath an LED illumination and the whole experiment was executed in a chamber that had in it a Philips white
LED bulb of 23 W. A luxmeter was used to measure lux and radiation intensity. Illuminance measured 11,830 Ix
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Figure 1. XRD patterns of pristine CuO, pristine ZnO, Pristine Mn;0, and ternary CuO/Mn;0,/ZnO
nanocomposite.

and radiation intensity registered 48.25 W m™. The degradation reaction was executed at room temperature.
The drug solution alongside the photocatalyst was mechanically agitated for a span of 30 min in order to attain
adsorption-desorption equilibrium. Thereafter, the absorbance was recorded. Next, the reaction mixture was
subjected to LED irradiation for the attainment of photocatalytic degradation. The photodegradation was moni-
tored by tracking the maximum absorbance of rabeprazole at 290 nm at an interval of 10 min for a total span of
60 min.

The following equation was employed to evaluate the efficiency of degradation:

Co—C
Degradation efficiency(%) = < OC ) x 100 (1)
0

where C; and C stand for the respective concentrations of rabeprazole at t=0 and t=t.
For the assessment of kinetics of the photodegradation the equation underneath was used:

Co
lnE =kt (2)

where Cj and C designate rabeprazole concentrations at t=0 and t=t and k is the velocity constant of the
pseudo-first order reaction in min~!. The error bars in the diagrams displaying photodegradation represent
minor standard deviations and are indicative of remarkable reproducibility over five repetitions of the experi-
ment under a given set of conditions.

Trapping experiments using various scavengers were carried out for ascertaining the involvement of reactive
species in the photodegradation of rabeprazole. Furthermore, the photodegradation capacities were also evalu-
ated in terms of parameters such as chemical oxygen demand and total organic carbon.

Results and discussion

XRD studies. XRD analysis was done for determination of the crystalline phases of the compounds pre-
pared. Figure 1(a-d) shows the XRD patterns of pristine CuO, pristine ZnO, Pristine Mn;O, and the ternary
nanocomposite CuO/Mn;0,/ZnO. The XRD pattern (Fig. 1a) of the synthesized copper oxide matched with
the previously recorded XRD pattern of CuO registered as JCPDS 89-5899. Peaks at 20 values of 35.38°, 38.58°,
48.71°, 58.06°, 61.41°, 66.02° and 66.42° could be associated with (111), (111), (202), (202), (113), (022) and
(311) planes respectively. The XRD pattern of pristine zinc oxide (Fig. 1b) showed peaks in its diffraction pattern
at 20 values of 31.65°, 34.33°, 36.25°, 47.43°, 56.41°, 62.68°, 66.23°, 67.81° and 68.98° that could be associated
with (100), (002), (101), (102), (110), (103), (200), (112) and (201) of ZnO phase (JCPDS 89-1397). Also, the
XRD pattern of pristine Mn;0, (Fig. 1c) sample displayed peaks 18.01°, 28.92°, 32.39°, 36.31°, 44.47°, 53.83°,
58.55° and 64.64° that could be identified as diffracted from (101), (112), (103), (211), (220), (312), (321) and
(400) planes of Mn;O, phase (JCPDS 89-4837).
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Figure 2. (a) TEM micrograph, (b,c) HRTEM micrographs and (d) SAED patterns of CuO/Mn;0,/ZnO.

The XRD data of the CuO/Mn;0,/ZnO ternary nanocomposite exhibited peaks of ZnO, Mn;0, and CuO
phases and labeled in Fig. 1(d). Diftraction from planes (100), (002), (101), (102), (110), (103), (200), (112)
and (201) of ZnO phase (JCPDS 89-1397) gave rise to peaks positioned at 31.61°, 34.30°, 36.21°, 47.41°, 56.37°,
62.63°, 66.20°, 67.78° and 68.94° respectively. Peaks at 20 values of 35.36° and 38.54° could be associated with
{(111) and (111) crystallographic planes of CuO (JCPDS 89-5899), respectively. The remaining peaks at 18.01°,
28.84°,32.28° 36.21°, 44.35°, 53.76°, 58.46° and 64.54° could be respectively associated with (101), (112), (103),
(211), (220), (312), (321) and (400) planes of Mn;0, phase (JCPDS 89-4837).

The average crystallite size of the synthesized nanoparticles were calculated by using the Debye-Scherrer’s
equation, D = k”sg where D is the crystallite size in nanometers, k is the shape factor (0.89), A is the wavelength
of CuKa radiation (A=1.54056 A), B is full width at half maximum (FWHM) of the particular peak and 6 is the
Bragg’s angle. The average particle sizes of pristine CuO, pristine ZnO, Pristine Mn;0, and CuO/Mn;0,/ZnO
ternary nanocomposite were found to be approximately 10 nm, 20 nm, 14 nm and 8 nm respectively.

TEM and SAED analyses. Transmission Electron Spectroscopy (TEM) was employed to analyze the mor-
phology of the engineered nanohybrid and gain further insights of its structure. The TEM micrograph (Fig. 2a)
revealed images of scattered nanoparticles of ZnO, Mn;0, and CuO in contact with each other and in all likeli-
hood interfacial heterojunctions have been formed by them. From the separation of lattice fringes viewable in
the micrographs of High- Resolution Transmission Electron Spectroscopy (HRTEM) (Fig. 2b,c), the particles
could be identified. The three distinguished lattice fringes with inter-planar spacings of 0.260 nm, 0.249 nm and
0.233 nm could be associated with the (002) facet of ZnO phase (JCPDS 89-1397), (211) crystallographic plane
of Mn;0, phase (JCPDS 89-4837)% and (111) facet of CuO (JCPDS 89-5899)*!. The average particle size was
measured to be 8.34 nm. The SAED patterns (Fig. 2d) had concentric rings which were indicative of the poly-
crystalline nature of the sample. The lattice planes of the three phases were duly identified and marked.

XPS studies. The XPS survey spectrum (Fig. 3a) of CuO/Mn;0,/ZnO revealed peaks that could be associ-
ated with Zn, Mn, Cu and O. The photoelectron peaks observed in the core level spectrum of Cu 2p (Fig. 3b)
at~933.77 eV and ~ 953.81 eV corresponded to Cu 2p;, and Cu 2p,;, peaks for Cu. The presence of two strong
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Figure 3. (a) XPS survey spectrum of CuO/Mn;0,/ZnO and HR-XPS spectra of (b) Cu, (c) Mn, (d) Zn and (e)
O in the final nanocomposite.

satellite peaks at~938.62 eV and ~958.40 eV additionally confirmed the presence of Cu (II) in the sample*>*.
The HR-XPS spectrum of Mn 2p (Fig. 3c) also exhibits two peaks due to spin orbit splitting at~641.43 eV
and ~ 653.23 eV that could ascribed to Mn 2ps;, and Mn 2p,, electronic states of Mn;0,. The energy difference
of 11.80 eV between them further confirmed the formation of Mn,O, phase in the nanocomposite**. The Mn
2psj, and Mn 2p,,, peaks were deconvoluted into four peaks centered at~641.3 eV, 652.7 eV, ~643.3 eV and
654.3 eV which were attributed to Mn** 2p;,, Mn*" 2p,;, , Mn®* 2p;, and Mn** 2p,, respectively. Moreover, the
ratio of peak area under the curve of Mn?* to Mn** was found to be 1:2 which indicated successful fabrication of
Mn;0,*. The photoelectron peaks (Fig. 3d) at~1022.28 eV and ~ 1045.39 eV of the Zn 2p core level spectrum
could be indexed to Zn 2p;;, and Zn 2p,, peaks for Zn***%. The peak (Fig. 3¢) corresponding to ~530.39 eV cor-
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Figure 4. (a) SEM micrograph and (b) EDAX spectrum of CuO/Mn;0,/ZnO.

Element | Line type | Weight% | Atomic%
(6] K-series 24.62 54.50

Cu K-series 16.28 9.09

Mn K-series 42.31 27.27

Zn K-series 16.79 9.14
Total 100 100

Table 1. Elemental composition of the final nanocomposite CuO/Mn;0,/ZnO from EDAX spectrum.

responded to O 1 s of O*" lattice array. And the other peak at around ~ 532.08 €V in all probability could be due
to various oxygen defects and surface adsorbed oxygen species*”*. The slight shifts observed in these binding
energy values than those previously reported indicated interfacial interactions between the individual metal
oxides and therefore a further confirmation of the successful fabrication of the intended coupled photocatalyst
system. A likely redistribution of different electron densities in individual metal oxides of the nanocomposite
due to strong interaction at interfaces might account for these binding energy shifts*.

SEM and EDAX studies. SEM image (Fig. 4a) of the CuO/Mn;0,/ZnO revealed the surface morphology of
the nanocomposite. Agglomerated clusters of nanomaterials can be observed with high porosity. EDAX of CuO/
Mn;0,/Zn0O nanocomposite (Fig. 4b) showed signals corresponding to Zn, Mn, Cu and O in the spectrum. The
peaks at around ~ 8.6 keV, ~ 5.9 keV, ~ 8.0 keV and ~ 0.5 keV could be respectively associated with Zn, Mn, Cu
and O, all corresponding to the K-series emissions. The L-series emissions of Zn, Mn and Cu were also observed
at~1.01 keV,~0.93 keV and ~ 0.64 keV respectively. The atomic percentages of these elements given in Table 1
are suggestive of the successful synthesis of CuO/Mn;0,/Zn0O nanostructures with substantial physical integra-
tion among the individual components. The atomic percentages further suggest the presence of CuO, Mn;0, and
ZnO in the ratio ~ 1:1:1 in the nanohybrid. Further the absence of impurity peaks in EDAX spectrum was fairly
consistent with the neat XRD plot obtained for the ternary nanocomposite.

Optical properties. The UV-visible spectra (Fig. 5a) of CuO/Mn;0,/Zn0O, Mn;0,/Zn0, CuO/Zn0, CuO/
Mn;0,, ZnO, Mn;0, and CuO were recorded to assess their optical properties. Pristine ZnO was found to have a
maximum absorbance at ~ 375 nm. Mn;0, absorbance spectrum demonstrated a hump centered about ~430 nm
while pristine CuO had a maximum absorbance at ~449 nm. Binary nanohybrids of Mn;0,/Zn0O, CuO/ZnO
and CuO/Mn;0, were found to be optically responsive over a wide region of the spectrum with a maximum
absorbance at around ~ 455, ~420 and ~ 440 nm respectively. Likewise, CuO/Mn;0,/ZnO responded across the
entire range of the visible spectrum with an absorbance maximum at ~ 543 nm. Further, Tauc’s plot employed
to calculate their direct band gaps showed that while pristine ZnO, Mn;O, and CuO had band gaps measur-
ing~3.37 eV,~2.14 eV and ~ 1.70 eV respectively, binary nanohybrids of Mn;0,/Zn0O, CuO/ZnO and CuO/
Mn;0, had band gaps of ~2.60 eV, ~2.90 eV and ~2.20 eV. The ternary nanohybrid had a band gap of ~2.32 eV.
The red shift in the absorbance edges of the nanohybrids with the ternary photocatalyst undergoing the maxi-
mum shift further confirmed the formation of integrated photocatalysts with strong interfacial interactions that
ensured photocatalysis within the visible range of light. Besides, a possible intermixing of the orbitals in the
valence shells of Zn, Mn and Cu species leading to the generation of conduction band at lower magnitude of
energy in the nanohybrids could also be inferred™.

PL spectra of a semiconductor material chiefly arise due to downward electronic transition from conduction
to valence band and the associated intensity can be a measure of the rate of electron-hole recombination. The
nanohybrids were therefore compared with the pristine metal oxide nano-scaled samples. PL spectrum of ZnO
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Figure 5. (a) UV-visible absorbance spectra of the various nano-scaled samples with an inset showing their
respective Tauc’s plot for calculation of band gaps and (b-d) photoluminiscence graphs.

was obtained by its excitation at 375 nm. CuO/ZnO, Mn;0,/Zn0O and CuO/Mn;0,/ZnO were also excited at the
same wavelength and their spectra were compared (Fig. 5b). The emission peak at ~406 nm might be attributed
to exciton-exciton collision while emissions associated with oxygen defects occurred at ~467 nm and ~ 521 nm.
These emissions had reduced intensities in the binary composites and had the least intensity in the final ternary
nanohybrid. Likewise, CuO, CuO/Zn0O, CuO/Mn;0, and CuO/Mn;0,/ZnO were excited at ~ 449 nm and their
spectra recorded (Fig. 5¢). The first peak in the emission spectrum of CuO at ~ 487 nm could be ascribed to the
radiative exciton annihilation while the other two peaks at ~ 500 nm and ~ 513 nm might arise from defect levels
in metal oxide. Yet again, the intensity of these emissions was found reduced in the nanohybrids with the ternary
composite registering the lowest intensity emissions. For comparison with Mn;0,, Mn;0,/Zn0O, CuO/Mn;0,
and CuO/Mn;0,/Zn0O were excited at 430 nm (Fig. 5d). The radiative recombination was intense in the pristine
sample and weakened in binary nanocomposites while it was the weakest in CuO/Mn;0,/ZnO. All these data sug-
gest that a wide separation of photogenerated electrons and holes could be achieved in the ternary nanohybrid.

Study of the operating parameters of photodegradation of rabeprazole

Effect of photocatalyst dosage. The test for optimality of photocatalyst loading was performed to avoid
its redundant use. As a result, the designed photocatalyst could be used at its best with greatest efficiency. The rate
of rabeprazole photodegradation in presence of different loadings of CuO/Mn;0,/ZnO is shown in Fig. 6(b). To
find out the optimum amount of the designed photocatalyst required for degradation of rabeprazole, a 50 mL of
25 ppm rabeprazole solution was taken, and with an initial pH of 7, the dosage of catalyst was regulated in the
range 100-1000 ppm. Maximum photodegradation yield was attained at a catalyst concentration of 700 ppm
(Fig. 6a). The efficiency of photodegradation underwent a slender decline past this concentration. Although
additional use of photocatalyst implies introduction of yet greater number of active sites on its surface, there
occurs severe solution opacity that leads to a decline in photocatalytic activity. The velocity constant reached the
greatest value (6.35x 102 min™) for 25 ppm of photocatalyst dose (Fig. 6b).

Effect of initial rabeprazole concentration. For fitting assessment of the as to the manner the initial
concentration of rabeprazole affects photodegradation, experiments were run with the optimal catalyst dosage
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Figure 6. (a) Dynamics and (b) kinetics profile at different catalyst loading. (c) Dynamics and (d) kinetics
profile at different rabeprazole concentration loading.

of 700 ppm and initial pH of 7 at varying rabeprazole concentrations. Maximum degradation was achieved at
30 ppm of rabeprazole concentration (Fig. 6¢). Rabeprazole concentration higher than this optimal concentra-
tion demonstrated a slight fall in the degradation efficiency. This could be ascribed to the shortening of pho-
ton path length at higher rabeprazole concentrations®. Furthermore, higher rabeprazole concentrations would
need greater photocatalyst surface area for degradation and this could be only achieved by the addition of extra
amount of photocatalyst that would invariably raise the solution opacity®>. Therefore, optimization of rabepra-
zole dose enabled superlative yield of photodegradation. The velocity constant assumed the highest magnitude
(6.65x 1072 min™') at optimal rabeprazole concentration (Fig. 6d).

Effect of pH. The effect of pH on the photocatalytic breakdown of the aqueous rabeprazole solution was
studied. For this purpose, the catalyst concentration was fixed at 700 ppm and the concentration of rabeprazole
was maintained at 30 ppm while the initial pH was varied from 4 to 8 during the experiments. There was a mar-
ginal increase in photodegradation yield till pH 5 and then a minor decrease was registered (Fig. 7a). The point
of zero charge (pH,,.) of the catalyst was found to be ~ 4.8 pH. Thus with increasing the pH of the solution, large
number of hydroxide ions can be accumulated over the nanocatalyst surface®. Hydroxide ions gathering over the
photocatalyst surface at higher pH might lead to repulsion of electron-rich rabeprazole species by the catalyst.
As evident from Fig. 7(b), it was at pH 5; the velocity constant acquired its maximum value (7.77 x 102 min™").

Effect of irradiation time. The effect of irradiation time was investigated by measuring the degradation
yield at different time periods under optimal operating conditions of photocatalyst dosage, initial pharmaceu-
tical concentration and pH. The photocatalyst loading used for this purpose was 700 ppm while initial rabe-
prazole concentration of 30 ppm and initial pH of 5 was employed. A maximum rabeprazole decomposition
of ~97.02 £ 1.15% was attained by 60 min past which no significant photodegradation was registered (Fig. 8a,b).
The near complete exhaustion of active sites on the photocatalyst surface culminated in the apparent stoppage of
the light driven degradation reaction after 60 min.
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Figure 7. (a) Dynamics and (b) kinetics at different pH.

Photocatalytic behaviour of various photocatalysts. Photolysis and pristine sample barely achieved
any noticeable photodegradation activity (Fig. 8a,b). Under optimum conditions of catalyst loading, initial
rabeprazole concentration and initial pH, CuO/Mn;0,/ZnO demonstrated a photodegradation efficiency of
97.02 £1.15% within 60 min while Mn;0,/Zn0O, CuO/ZnO and CuO/Mn;0, could attain photodegradation effi-
ciency of 66.33 +1.95%, 53.43 +1.36% and 58.66 + 1.28% within a period of 60 min under the same set of condi-
tions (Fig. 8a,b). An outstanding velocity constant of 0.07773 min™" was achieved during photodegradation over
CuO/Mn;0,/ZnO. Furthermore, this ternary composite achieved 84.45% of TOC removal and 73.01% COD
reduction. (Fig. 8c,d). Going by the photodegradation percentage, the ternary nanohybrid proved ~ 1.46 times
better than Mn;0,/ZnO, ~ 1.81 times better than CuO/ZnO and ~ 1.65 times better than CuO/Mn;0,. Also,
the ternary photocatalyst proved remarkably more efficient than CuSnOj, that took 120 min to cause ~87% of
rabeprazole degradation at a velocity constant of 0.063 min™'**, A comparative account of the photocatalytic per-
formance of the synthesized nanocatalyst with the previously reported catalysts has been presented in Table 2.
The quantum efficiencies of the aforementioned photocatalyst systems have been calculated in Table S2 (ESI).

Reusability of the nano-scaled hybrid photocatalyst. The designed hybrid photocatalyst was
retrieved and could be used for five cycles in succession (Fig. 8e,f). The photocatalyst was collected by centrifu-
gation. It was then repeatedly washed with deionized water and acetone and dried at 70 °C. The dried sample
was again used for the next cycle of experiment. Degradation yield and pseudo-first order velocity constant
showed a minor decrease that could be attributed to a small-scale dislodgement of the coupled photocatalyst
system. Besides, XRD pattern obtained for the recycled photocatalyst showed retention of the characteristic
crystallographic planes found in CuO/Mn;0,/ZnO before use (Fig. 9). This established the overall durability
of the fabricated photocatalyst. The XPS of the recycled photocatalyst was also performed and as evident from
Supplementary Fig. S1, the surface composition of the recycled photocatalyst and the electronic states of Zn,
Mn, Cu and O remained unaltered indicating sustenance of co-existing ZnO, Mn;O, and CuO phases after five
consecutive runs of the experiment. This was additionally supported by the results of elemental analysis from
EDAX spectrum (Supplementary Fig. S2) of the recycled catalyst that showed little difference from that obtained
for the unused catalyst. These data revealed the stability of the ternary nanocomposite suggesting substantial
interfacial interaction between the moieties and lent considerable evidence in favour of minimal leaching of
metal ions during photocatalysis.

The concentrations of leached metal ions were determined during photocatalysis using pristine metal oxide
components and the ternary nanocomposite (Fig. 10). During this investigation, it emerged that at total of
7.38 ppm of Zn** and 6.91 ppm of Cu** were respectively released from pristine samples of ZnO and CuO while
6.21 ppm and 4.96 ppm of Mn?* and Mn®" ions leached at the end of photocatalysis. This leaching dropped to
3.28 ppm, 2.77 ppm, 1.44 ppm and 0.78 ppm of Zn?**, Cu?*, Mn** and Mn*" when the ternary nanocomposite
was used in the experiment indicating that a greater stability was rendered to the ternary hierarchical structure.
The fabrication technique so employed in the preparation of the hierarchical structure could have imparted good
elemental contact and high dispersion as corroborated by TEM, XPS, EDAX and optical data leading to low
aggregation of individual metal oxides within the ternary nanocomposite. Further, it has been reported that a
hierarchical structure of semiconductor leads to the higher stability against aggregation®>*. Thus, the leaching
of metal ions triggered by aggregation will be hindered by hierarchical configuration.

Effect of scavengers. For appraisal of the roles played by reactive species such as O,™, ‘'OH, h* and e",
photodegradation experiments were performed in presence of quenchers. 4-hydroxy-2,2, 6,6- tetramethylpi-
peridinyloxy (TEMPOL), benzoic acid (BA), triethanolamine (TEOA) and silver nitrate (AgNO;) were used as
scavengers of O,~,'OH, h* and ™79 The photodegradation in presence of TEMPOL and BA suffered obvious
retardation (Fig. 11) and a drop of efficiency from ~97.02+1.15% with CuO/Mn;0,/ZnO nanohybrid stan-
dalone to ~22.55% and ~ 35.27% in presence of TEMPOL and BA respectively was noted. However, in presence
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Figure 8. (a) Dynamics and (b) kinetics profile for different catalysts. (c) TOC removal profile for different
catalysts. (d) COD reduction profile for different catalysts. (e) Dynamics and (f) kinetics profile for five
consecutive runs with CuO/Mn;0,/ZnO.

of TEOA and AgNO;, the decline in degradation efficiency was quite low. This suggested major roles played by

O, and 'OH radicals in the photodegradation of rabeprazole.

Proposed mechanism of photocatalysis by CuO/Mn;0,/Zn0O heterojunction.

The photocatalytic

performance of the designed integrated nano-scaled photocatalyst was effectively demonstrated by its remark-
able degradation efficiency and substantial TOC and COD removal ability. Besides, PL data also confirmed sepa-
ration of light-induced charge carriers. Furthermore, the photocatalyst showed fairly consistent efficiency till the
fifth run. These data are therefore indicative of the formation of substantial interfacial interactions between the
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Samples Efficiency (%) | Irradiation time |k (min™) | % TOC removal | % COD reduction |R?

CuO/Mn;0,/ZnO 97.02+1.15 60 0.07773 84.45 73.01 0.99752
CuSnO; Quantum Dots Ref** | 87 120 0.06300 - - 0.98000
Mn;0,/ZnO 66.33+£1.95 60 0.02446 54.78 42.75 0.99857
CuO/ZnO 53.43+1.36 60 0.01373 42.67 34.56 0.99902
CuO/Mn;0, 58.66+1.28 60 0.01573 45.56 36.21 0.99575

Table 2. Photodegradation chart over different catalyst systems.
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Figure 9. XRD patterns of CuO/Mn;0,/ZnO before and after use.

moieties®!. The tentative mechanism of photocatalysis by CuO/Mn;0,/ZnO is depicted in Fig. 12. The conduc-
tion band (CB) edge of CuO is stationed at -1.07 eV>® while that of Mn;0, is at -0.80 eV®* with respect to stand-
ard hydrogen electrode (SHE). The conduction band (CB) edge of ZnO is located at -0.20 eV®. Invariably the
conduction band (CB) of CuO has larger negative value than that of Mn;0,% which in turn has larger negative
value than that of ZnO. Therefore, electrons promoted from the VB of CuO to its CB as a result of absorption of
photons of the visible light are transferred first to the CB of Mn;0, and to finally accumulate in the CB of ZnO.
Simultaneously, holes travel from the VB of ZnO to VB of Mn;0, and then to the VB of CuO. These electrons
at the CB of ZnO then reacted with adsorbed oxygen (O,) molecules to generate superoxide anion radicals
(O,7). This took place because the standard reduction potential of (O,/ O,™) is 0.13 eV which is higher than the
CB edge potential of ZnO®-%. The holes, on the other hand, reacted with water molecules (H,0) to introduce
hydroxyl radicals ("OH). Generation of ‘OH radicals might follow routes described underneath®-72. The syner-
gistic effect among the moieties of the integrated photocatalyst leading to its photocatalytic abilities could be best
delineated by the following equations:
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Figure 12. Schematic depiction of the tentative degradation mechanism by the integrated photocatalyst system.
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Figure 13. (a) Transient photocurrent and (b) EIS of various samples.
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To further throw light on the aforesaid charge transfer mechanism, the separation efficiency of the photogen-

erated charge car

riers was investigated using photocurrent response and electrochemical impedance spectra

(EIS). The photocurrent densities versus the irradiation time curves of the different samples under chopped
illumination are shown in Fig. 13(a). The photocurrent densities dramatically rose when the lamp was turned
on and went on to sustain nearly stable values for the time the lamp was kept on. However, the photocurrents

rapidly decreased

to zero as soon as the lamp was turned off. The photocurrent generated by the ternary nano-

composite was much higher than the binary nanocomposites and the pristine samples. This suggested a smaller
recombination and a more efficient separation of photo-generated electron-hole pairs at the interface between
the moieties in the ternary nanocomposite. In other words, the remarkable improvement of the photocurrent of

the ternary nanoc

omposite is a consequence of a longer life-span and more efficient separation of charge carriers

than in individual metal oxide moieties or their binary combinations. The EIS Nyquist plots of the photocatalysts

are shown in Fig.

13(b). The arc radius of the ternary nanocomposite was smaller than that of the binary nano-

composites and the pristine metal oxides suggesting a higher efficiency of charge separation and charge transfer
across the interfaces of metal oxides in the ternary nanocomposite than in the binary nanocomposites and the
pristine samples. These data corroborate the results of photoluminiscence investigations.

The identification of transformation products is essential for proper determination of the route of degradation
for which HRLCMS was performed at an intermediate stage of the rabeprazole photodegradation. Supplementary
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Figure 14. Plausible degradation route of rabeprazole.

Figure S3 represents the liquid chromatogram resulting from HRLCMS and Supplementary Fig. S4 displays
the various mass spectra emerging from this analysis, which bore out the formation of various transformation
moieties that appear in the depiction of a plausible route of rabeprazole photodegradation in Fig. 14. The most
probable degradation pathway involves three steps. In the first step, the parent rabeprazole molecule may undergo
cleavage of C-S bond to generate two daughter fragments of mass 118 (compound I) and mass 243 (compound
II). The compound II eventually may break into two parts to form compound III (mass 171) and a smaller frag-
ment of mass 74 gets eliminated. The resultant compound III may further undergo disintegration to generate
smaller degradation intermediates of mass 105 and mass 72. All these intermediates on prolonged degradation
eventually get fragmented to smaller parts.

Brief investigation on the influences of foreign species

The performance of the photocatalyst was monitored in presence of foreign species such as inorganic ions and
organics. Inorganic ions of 0.05 M were added to the reaction system and the photocatalytic degradation yield
was estimated in each case. There was suppression of photocatalytic activity in presence of chloride, nitrate,
carbonate and phosphate (Fig. 15a,b). This was because all of them quenched hydroxyl free radicals and also
displayed pronounced tendency to get adsorbed on the surface of the photocatalyst resulting in the blockage
of active sites’?7°. Usually, potassium and magnesium do not exert appreciable influences on photocatalysis.
However, since their chloride salts were used, photocatalytic behaviour diminished in presence of potassium and
magnesium (Fig. 15¢,d)’’. Aluminum cations are immensely adsorbed on the surface of photocatalyst thereby
suppressing photodegradation yield (Fig. 15¢,d)”®. Copper (II) cations induced short-circuit by a cyclic interac-
tion with electrons and thereafter holes and in the course impeded generation reactive species thereby exerting
sizeable negative influence on photocatalysis (Fig. 15¢,d)”.

In presence of organics such as isopropanol, humic acid sodium salt (HAS) and sodium dodecyl sulfate (SDS)
as well, the diminishing influence was noticeable (Fig. 16a,b). Isopropanol quenches hydroxyl radicals and
involves itself in preferential adsorption on the surface of photocatalyst’””. HAS attenuates light through solution
thereby slowing down photocatalysis’®. The negative impact of SDS was chiefly due to the retarding influence of
photogenerated sulfate moiety which has excellent hydroxyl scavenging properties”. Acetone, on the other hand,
is a remarkable photosensitizer and generates hydroxyl radicals in abundance under visible light illumination
(Fig. 16a,b). This explains the enhancement in photocatalytic activity upon its addition®.

Influence of water samples. The grab samples of three different environmental waters were collected
and their TOC and pH measured before application. The TOC of mineral water, river water and tap water
was ~0.27 ppm, ~ 5.38 ppm and ~ 3.56 ppm while their pH was~7.17,~8.34 and ~ 7.75. All these water samples
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Figure 15. (a) Dynamics and (b) kinetics profile in presence of different anions. (¢) Dynamics and (d) kinetics
profile in presence of different cations.

reduced photodegradation efficiency (Fig. 16c,d). One important reason could be light attenuation by different
species present in these waters. Also, these waters, in all likelihood, abound in photocatalysis-inhibiting inor-
ganic species and organics.

Conclusion

In the current work, a facile fabrication of CuO/Mn;0,/ZnO nanohybrid photocatalyst was carried for an efficient
photodegradation of rabeprazole, a pharmaceutical drug considered to be an emerging organic water contami-
nant. The structure, morphology and composition were evaluated from XRD, TEM, HRTEM, SAED, SEM and
EDAX data. All these data clearly suggested the formation of the nanocomposite. The optical band gap of the
nanocomposite was found to be ~2.32 eV and the PL, photocurrent and EIS data suggested a fair separation of
light induced charge carriers and their efficient extraction as compared to binary nanocomposites and pristine
metal oxides. The CuO/Mn;0,/Zn0O nanostructured photocatalyst thus demonstrated excellent photocatalytic
activity under visible light illumination and facilitated the decomposition of rabeprazole up to ~97.02+1.15% of
its initial concentration within a span of 60 min. The photodegradation was found to follow pseudo-first order
kinetics with a velocity constant of 0.07773 min™'. TOC removal of ~ 84.45% could be affected during this course
while the COD was reduced up to ~ 73.01%. This suggested substantial degree of mineralization and thereby the
immense feasibility of photocatalytic degradation by the ternary nanohybrid of CuO/Mn;0,/ZnO. This could
be possible because of the fine tuning of band edges of ZnO brought about by integration with CuO and Mn,0,.
Both these moieties functioned as principal visible light harvesting units and with electronic structures compat-
ible to each other and to ZnO, they also assisted in outright decline in the rate of recombination of photoinduced
charge carriers. These charge carriers with effectively prolonged lifetime engendered reactive species that eventu-
ally led to the disintegration of the target organic water contaminant. Besides, scavenger experiment bore out the
active roles played by superoxide and hydroxyl free radicals whose very generation is premised on the electron
transfer mechanism so proposed thereby confirming the formation of heterojunction interfaces between the
moieties of the hybrid photocatalyst. Additionally, the photocatalyst was observed to demonstrate reasonably
sustained photocatalytic activity up to five runs. The lower leaching of metal ions in the ternary nanocomposite
when compared to pristine samples of metal oxides further suggested considerable stability of the hybrid pho-
tocatalyst. The stability was further confirmed from XRD, XPS and EDAX investigations of the recycled catalyst
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Figure 16. (a) Dynamics and (b) kinetics profile in presence of different organics. (¢) Dynamics and (d)
kinetics profile in various water samples.

that displayed retention of the crystallinity and composition of the unused catalyst. This could be attributed to
stronger interfacial interactions between the moieties of the hybrid photocatalyst and high of nanoparticles of
the individual metal oxides in the nanocomposite. Investigation of the photocatalyst’s performance in presence
of co-existing foreign species showed that co-anions like chloride, nitrate, carbonate, and phosphate exerted
a negative impact, while co-cations like potassium and magnesium ions had little bearing on photocatalysis,
although aluminum and copper (II) ions offered great hindrance to photocatalytic activity. Organics save acetone
too showed inhibiting influence. Acetone being a photosensitizer augmented photocatalysis through generation
of additional hydroxyl radicals. Grab water samples induced retardation of photocatalysis due to suppressing
actions of the various components present in them.
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