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Existing work describes the synthesis of pristine ZnO and Er-doped ZnO by mechanochemical method and evaluation of the
photocatalytic activity synthesized samples towards photochemical degradation of Thymol Blue dye. The right calcination
temperature has been gained from TGA-DTA analysis. FTIR results show the formation metal oxides from their respective
precursors upon calcinations. XRD data obtained for ZnO and Er-ZnO clearly suggest the hexagonal wurtzite crystallite
structures. FE-SEM images established nanocrystalline morphology. The elemental pureness of these samples is confirmed by
EDX study. The optical band gaps are determined from UV-Visible spectroscopic studies. PL spectra are used to explore the
additional information about optical properties of said photocatalysts. The comparative studies of photocatalytic activities of
these materials towards degradation of Thymol Blue dye is carried out with respect to involved operational parameters. The
possible degradation intermediates and products are also illustrated with HPLC & HRMS techniques.
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Introduction

Metal oxide catalysis is one of the most important
fields studied from 1950’s as it deals with most of the
industrially applicable chemical processes and
catalyst families'. Metal oxide constitutes very huge
catalyst family includes clays, alumina, silica,
zeolites, ZnO, TiO,, ZrO,, porous and mesoporous
oxides, polyoxometallates, multicomponent mixed
oxides, perovskites, hexaaluminates, etc.!. These
mentioned catalytic materials have wide applications
in the industrially valuable chemical process such as
acid-base catalysis™ >, selective oxidation reactions®’
total oxidation reactions® ’, biomass transformation
reactions™”, photocatalys1s11 B etc. Among the
mentioned process photocataly51s is relatively young
but more interesting field of research. Research in the
field of heterogeneous photocatalysis from the last
two to three decades established it as an effective
solution for the environmental remediation'*.

The water pollution is one of the severe problems
of the present days all over the world. The
conventional methods including physical, chemical
and biological processes are not sufficient to get rid of
this problem of water pollution. Due to some
advantages over these conventional methods of water
treatment heterogeneous photocatalysis has been

established as a promising alternative for the
detoxification of industrial effluents'> ' and
environmental protection'®. Heterogeneous
photocatalysis is capable of total mineralization of
organic pollutants'’. Various metal oxides have been
well utilized and are nontoxic, stable, highly
photosensitive, wide band gap heterogeneous
photocatalyst materials. Appropriate positioning of
conduction band and valence band makes the
semiconductor metal oxides to absorb the light and
show photocatalytic activity. Solar light activated
semiconductor metal oxide like ZnO; TiO, usually
promotes the photodegradation of water pollutants'®
Typically solar or artificial light activated
semiconductor metal oxide catalysts undergo
electron-hole pair generation. These electron-hole pair
further in situ generates highly energetic hydroxyl and
superoxide radicals which are capable of non-
selective complete breakdown of the pollutants'
Organic pollutants generated by various industries
like drug and pharmaceuticals®, herbicides®,
pesticides™, dyes™, etc. have been extensively
elaborated by the researchers. Among aforesaid
organic pollutants synthetic dyes are one of the water
contaminants which severely damage the quality of
water. Dyes are very extensively employed in the
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various industries like paper, plastic, leather, rubber,
paint, textiles, etc. for colouring purpose. Hence,
wastewater from these industries is enriching with
large amount of dyes which can causes severe health
related disorders and diseases™ *.The removal or
degradation of such harmful dyes is necessary for
good quality of water which can be achieve by means
of heterogeneous photocatalysis.

Among the several metal oxides ZnO is found to be
the most suitable candidate for the visible light
mediated photocatalysis. The catalytic activity of ZnO
can be well enhanced by the doping of pristine ZnO
with metal®® or non-metal”’. Doping of ZnO with rare
earth metal enhances its photocatalytic activity to the
greater extent™. Some examples of doping of rare
earth metal to zinc oxide for its enhanced
photocatalytic activity is available in the literature.
Present study highlights comparative studies of
photocatalytic activity of pristine ZnO and Er doped
ZnO obtained by mechanochemical method with
reference to the Thymol blue (Fig. 1) as a model dye
pollutant and operational parameters like dye
concentration, photocatalyst loading capacity, pH of
dye solution, irradiation time, etc. The possible
degradation intermediates and products were also
illustrated with HPLC & HRMS techniques
furthermore the possible mechanism of photocatalytic
dye degradation is also proposed.

Experimental Section
Material

Zn(CH;C00),.2H,0 (assay 99.5%),
Er(CH;CO0);.4H,0 (assay 99.0 %), H,C,04.2H,O

SO;3Na
CH; CHs
\
HO o
_CH_ _CH_
HsC™  “CH3HsC™ “CHs

Fig. 1 — Structure of the Thymol blue dye

(assay 99.0%), Thymol blue dye (assay 99.0%) and
other needed chemicals used during this work were
AR grade reagents obtained from S.D. Fine
Chemicals, India and used as received. All the
experimental solutions were prepared in double
distilled water. The pH of these solutions was
adjusted to required values with dil. NaOH and dil.
HCI wherever necessary.

Synthesis of photocatalyst

Two step processes was adopted for the synthesis
of Er-doped ZnO catalyst. Therein, the synthesis of
erbium zinc oxalate dihydrate precursor followed by
its thermal decomposition is involved. In the first step
0.925 M zinc acetate dihydrate and 1.20 M oxalic acid
dihydrate was hand grinded till paste of zinc oxalate
dihydrate is formed. To this 0.075 M Erbium acetate
tetrahydrate was added and the hand grinding is
continued in agate mortar with pestle for 25 min at
room temperature under subsequent drying under IR
lamp for getting erbium zinc oxalate dihydrate
precursor. In next step the erbium zinc oxalate
dihydrate precursor was calcined at 500°C to yield
Er-doped ZnO powder. Pristine ZnO was obtained as
per method described in our previous article” and
with calcination at 500°C and was used for the
comparative study.

Equipments

The transformation temperature of erbium zinc
oxalate dihydrate precursor to the Er-doped ZnO was
gained by thermogravimetric analysis instrument
(Shimadzu, TG - DTG - 60H) and FT-IR
(PerkinElmer UATR Spectra Two) spectrometer.For
Er-ZnO and ZnO crystallites the X-ray diffraction
(XRD) pattern was obtained withXRD instrument
(RikaguMiniflex-600) having Cu Ko radiation (A =
1.5418A) source and the average crystallite size (D)
of the particles was determine from the well-known
Debye-Scherrer equation™:

0.90xA
" Bxcos6 - ()

The morphological characterization of pure and
doped ZnO was done with FE-SEM instrument (JEOL
JSM-6360A). The elemental composition and purity
of the synthesized materials was deliberate with
energy dispersive X-ray (EDX) spectra. The optical
band gaps of pristine ZnO and Er doped ZnO were
estimated from spectra obtained with UV-visible
Spectrophotometer (Perkin Elmer Lambda 365). The
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optical properties of mentioned photocatalysts was
further studied with room temperature PL spectra
recorded with spectrofluorometer Shimadzu, RF-
5301PC over 200 — 800 nm range with excitation
wavelength 320 nm. The photocatalytic reactions
were carried out at room temperature in batch reactor
under solar light. Absorbance measurement with
digital colorimeter (EQUIP-TRONICS EQ-353) is
used forbthe estimation of degradation efficiency. The
initial pH of suspension was adjusted by aid of pH
meter (LABTRONICS LT-11).Light intensity was at
times checked by LUX meter.The possible
mechanism of photocatalytic dye degradation and
intermediates involved therein is also investigated
with the help of HPLC — HRMS (Brucker Compass
Impact HD) technique.

Photocatalytic degradation experiments

Entirely photocatalytic reactions were performed in
batch reactor constituted with cylindrical glass vessel
(100 mL capacity) covered with glass cool trap and
mounted on magnetic stirrer. A known quantity (50,
75, 100, 125, 150, 175 and 200 mg) of photocatalyst
was added in Thymol blue dye (100 mL) solution in
water. This mixture was then agitated to get uniform
suspension by means of ultra-sonication for 5 min.
Initial pH of suspension was recorded. Entire setup
was then kept under sunlight irradiation with constant
stirring for specific period of time between 10:00 a.m.
and 4:00 p.m. The extent of photochemical
degradation or degradation efficiency at an interval of
1 h was primarily monitored with colorimetric
absorbance measurement at predetermined A, value
of dye and the percent of degradation (%D) was
calculated using following formula.

100X[Ag— A¢]

0, =
%D [4o]

- Q)

where %D is percent degradation, A, is initial
absorbance and A,is absorbance at time ¢.
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Result and Discussion

Characterization of Pure ZnO and Er-doped ZnO

The process of conversion of metal (Zn and Er-Zn)
oxalate dihydrate precursors to corresponding oxides
(ZnO and Er-doped ZnO) was studied by TGA-DTA
analysis and FT-IR spectroscopy, The photocatalysts
gained was further characterized by XRD, FE-SEM
and EDX study. The optical properties of these
photocatalysts were studied with UV-visible and PL
spectroscopy.

Thermal gravimetric analysis

Fig. 2 shows the TGA-DTA plots for metal (Zn and
Er-Zn) oxalate dihydrate precursors. From the DTA
plots it is clear that thermal decomposition of
mentioned metal oxalate dihydrate precursors
occurred with two sharp endothermal steps from 25°C
to 450 °C to give ZnO and Er-ZnO. The first sharp
endotherm in the both DTA curves represents loss of
two water molecules (theoretical weight loss
19%).The second sharp endotherm in the both DTA
represents loss of oxalate moiety (theoretical weight
loss 38%). In case of both the precursors the observed
weight losses in the TG curves fairly matches with
theoretical weight losses. The conversion temperature
for metal (Er-Zn and Zn) oxalate dihydrate precursors
to ZnO and Er-ZnO is 430 — 450 °C. In the present
studies 500 °C is consider as suitable calcination
temperature.

FT-IR spectroscopic study

Fig. 3 shows changes in the FT-IR spectra during
the transformation of metal (Zn and Er-Zn) oxalate
dihydrate precursors to pure ZnO and Er-ZnO. The
FTIR spectra of metal (Zn and Er-Zn) oxalate
dihydrate precursors consist of bands (as tagged in the
Figs) corresponding to various symmetric and
asymmetric stretching and bending vibrations related
to bondings present in the precursors. Diminishing of
all these bands other than that centered at 450 cm’

Er, 20,0200 1
18. 20% W. los:

TGA (% Weight)

200 300

Temperature (°C)

400 500

Fig. 2 — TG-DTA plots for zinc oxalates dihydrate and erbium zinc oxalates dehydrate
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Fig. 3 — Changes in FT-IR spectra during the transformation of oxalates to oxides
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Fig. 4 — XRD patterns of (a) in the full range and (b) slow scans of corresponding XRD patterns in 26 range of 35.4 to 36.9° for pristine

ZnO and Er-doped ZnO powders

upon calcination of these precursors at 500 °C
confirms the formation of pure ZnO and Er-ZnO and
same was also confirmed by XRD study.

X-Ray diffraction (XRD) study

The Fig. 4a shows the XRD patterns of ZnO and
Er-ZnO powder. Data mentioned series of peaks
centered at 20 = 31.74°, 34.38°, 36.22°, 47.50°,
56.58°, 62.84°, 66.36°, 67.92°, 69.18°, 72.66°, 76.88°
for pure ZnO and at 26 = 31.68°, 34.34°, 36.16°,
47.48°, 56.56°, 62.82°, 66.26°, 67.90°, 69.14°, 72.64°,
76.86° for Er-ZnO powder. These data finely agreed
as per JCPDS card number 36-1451°" . The peaks are
indexed to (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) planes of wurtzite
structure of ZnO respectively. Lowering of XRD peak
intensity (peak broadening) and slight shift in the
Bragg angles (20) to lower values in case of Er-doped
ZnO than that of pure ZnO is due to substitution of Er
at Zn sites in the crystal. Absence of any additional
peak in the XRD pattern of Er doped ZnO clearly
reflect that erbium oxide or any other phase of erbium
is not formed & elemental Er is also absent in the
sample which also supports that the Er is doped at the
site of Zn in the ZnO crystal lattice. That is there is no
formation of composite material. The Fig. 4b shows

slow scan of (101) reflections of corresponding XRD
pattern (shown in Fig. 4a) in 20 range of 35.4 to 36.9°.
These slow scans are used to find average crystallite
size of pure ZnO and Er- doped ZnO by using Debye-
Scherer relation™.

The average crystallite size gained for ZnO and Er-
doped ZnO and are 20 = 0.5 nm and 11 + 0.5 nm,
respectively. The lattice strains calculated by using
tangent formula®® was found to be 0.29 + 0.004 and
0.53 £ 0.002, and the specific surface areas
determined by using Sauter Formula*was found to be
52+0.10 m*/ gand 94 + 0.20 m*/ g for pure ZnO
and Er- doped ZnO, respectively. Due to small
particle size of Er-ZnO than that of ZnO the average
surface area is found to be more in case of Er-ZnO
and this may be one of the reasons for the
enhancement of photochemical degradation activity of
Er doped ZnO sample than that of bare ZnO.

FE-SEM study

The morphological characterization of ZnO and
Er doped ZnO was studied by using field emission
scanning electron microscopy (FESEM). Fig. 5
indicates the FESEM photographs of ZnO and Er
doped ZnO powders. The FESEM image of pure
ZnO shows formation of nearly homogeneous phase
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Fig. 5 — FESEM photographs of (a) pristine ZnO and (b)Er-doped ZnO
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Fig. 6 — EDX spectra of (a) pristine ZnO and (b) Er-doped ZnO
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Fig. 7 — (a) UV-visible spectra and (b) Tauc plots of pristine ZnO and Er-doped ZnO

having non-agglomerated, dense particles of
hexagonal morphology whereas the FE-SEM image
of Er-doped ZnO indicates the formation of particles
having sponge like morphology. The mean particle
size is found be around 68 nm and 22 nm,
respectively, for pure ZnO and Er-doped ZnO.

EDX analysis

Energy Dispersive X-ray (EDX) spectra of pure
ZnO and Er-doped ZnO is shown in Fig. 6. Fig. 6a
indicates peaks corresponding to Zn and O only in
significance with purity of the zinc oxide. Fig. 6b
indicates peaks corresponding to Er, Zn and O only
representing elemental purity of sample. The additional
peaks corresponding Au, Al and C is due to their use
for the preparation of conducting film to record the
EDX spectra.

UV-Visible Spectra

Fig. 7a represents UV-visible spectra of pure ZnO
and Er doped ZnO having clearly located optical
extinction bands in the range of 370 nm to 415 nm,
respectively. The band gap energy obtained for pure
ZnO and Er-doped ZnO was found to be 3.164 ¢V and
3.095 eV, respectively, using UV-visible spectra and
Tauc plots (Fig. 7b).

Photoluminescence spectra

Fig. 8 represents room temperature PL spectra
recorded over 350 — 650 nm range with excitation
wavelength 320 nm. PL spectra of both samples shows
weak but clear UV emission peak maxima fixed near 383
nm as contribution of excitonic recombination matching
with NBE emission of ZnO** *. These samples shows
strong emission band centered at 500 — 510 nm related to
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Fig. 8 — Room temperature PL spectra of pristine ZnO and Er-
doped ZnO
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Fig. 9 — Effect of initial pH of Thymol blue dye solution on
photocatlytic degradation efficiency

the green emission attributed to the singly ionized oxygen
vacancy in ZnO sample and the emission results from the
radiative recombination of a photogenerated hole with an
electron occupying the oxygen vacancy™®. Er- doped ZnO
have lower PL intensity peaks than that of pure ZnO
which is in accordance to slower recombination of
photogenerated hole-electron pairs® and hence accounted
for the improved optical properties of Er- doped ZnO than
that of ZnO.

Photocatalytic activity of pristine ZnO and Er-doped ZnO
catalysts

Photocatalytic activities of pristine ZnO and Er-doped
ZnO were investigated with reference to the operating
factors such as initial dye concentration, photocatalyst
loading capacity, pH of dye solution, irradiation time, etc.

100 I Er-doped ZnO
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Photocatalyst loading (mg/100mL of dy e solution)

Fig. 10 — Effect of ZnO and Er-ZnO loading on photocatlytic
degradation efficiency

Effect of the initial pH of Thymol Blue dye solution

Photocatalytic degradation of Thymol blue dye of
randomly chosen concentration of 50 ppm over pure ZnO
and Er-doped ZnO was measured at altered pH from 5 to
11 with 150 mg of photocatalyst / 100mL of dye solution
and with 6 h of sunlight irradiation (Fig. 9). The pH of the
suspensions only pre-adjusted prior to irradiation and not
considered within the course of reaction.

In accordance with well established point the
photocatalytic degradation of Thymol blue dye at pH
5 and 6 was found to be less because of slight (<1%)
dissolution of the ZnO and Er-doped ZnO in acidic
medium®®. The extent of degradation of Thymol blue
was observed to increase with the increase in initial
pH of suspensions. In alkaline medium, excess of
hydroxyl anions stimulates photo-generation of
hydroxyl radicals which are main oxidizing species in
the degradation process”. Hence, degradation
efficiencies of ZnO and Er-doped ZnO were found to
be greater at alkaline pH (9-11). At pH 9, the
efficiency was highest for both photocatalysts.

Effect of the loading of ZnO and Er-doped ZnO

Degradation of Thymol blue of randomly chosen
concentration of 50 ppm of over ZnO and Er-doped
ZnO was studied at variable loading quantity of ZnO
and Er-doped ZnO from 50 mg-250 mg/100 mL of
dye solution at best pH=9 and with 6 h of sunlight
irradiation (Fig. 10). In case of ZnO, the degradation
efficiency was gradually improved up to loading
amount of 200 mg/100 mL of dye solution, whereas
in case of Er-doped ZnO the efficiency was found to
increase up to loading amount of 150 mg/100 mL of
dye solution. In case of both the photocatalysts
loading more than 175 mg/100 mL of dye solution
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results in the formation of more turbid solutions and
hence causes screening and shadowing effect of light
so the degradation efficiency was found to be slightly
decreased. Hence, 125 mg of Er-doped ZnO /100 mL
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Fig. 11 — Effect of the initial concentration of dye solution on
degradation efficiency
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Fig. 12 — Effect of irradiation time on degradation efficiency
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(50 ppm) of dye solution are sufficient for the
complete degradation of Thymol blue within 6 h of
irradiation and this quantity is less than that of pure
ZnO. Because of smaller particle size of Er-doped
ZnO than pure ZnO, it provides more surface area for
the adsorption of dye molecules and their degradation.

Effect of the initial concentration of the dye solution

The degradation efficiency of Thymol Blue over
ZnO and Er-doped ZnO at various initial
concentrations in the range 25- 150 ppm was studied
with respect to sunlight irradiation time at the best pH
9 of the suspension. The efficiency is measured in
terms of decrease in the absorbance (increase in %
degradation) of Thymol blue and results are showed
in Fig. 11. Each of the 25, 50 and 75 ppm of Thymol
blue was completely degraded over 150 mg Er-doped
ZnO /100 mL of the solution and it shows more
degradation efficiency than pure ZnO. As expected
the efficiency was found to be declined with increase
in concentration of dye solutions because of the
formation of intense coloured and turbid solution and
thereby preventing the photons to reach the
photocatalyst surface and its activation.

Effect of irradiation time

The PCD efficiency of ZnO and Er-doped ZnO in
sunlight gradually increases with increase in
irradiation time (Fig. 12). 100 mL of 50 ppm Thymol
blue solution was completely mineralized over 150
mg Er-doped ZnO at the pH 9 upon 5 h of sunlight
irradiation whereas for identical experiment with ZnO
the time required for the almost complete (98%)
photocatlytic degradation was found to be 6 h.

Fig. 13 indicates the UV-visible spectra reflecting
photocatalytic degradation of Thymol blue with

2.0
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Fig. 13 — UV-Visible spectra for PCD of Thymol blue dye over (a) pristine ZnO and (b) Er-doped ZnO
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Table:1 — Reusability of ZnO and Er doped ZnO photocatalysts

Photocatalytic degradation efficiency (Percent degradation of Thymol blue)

Photocatalyst
Cycle 1
Pristine ZnO 92
Er-doped ZnO 100

Cycle 2 Cycle 3
88 83
94 91

Experimental conditions (optimized) = 100 mL, 50 ppm Thymol blue dye,150 mg catalyst, pH 9 and irradiation time 5 h

Intens. TV It -
2269509 NS, Limin#eg Intens. N, Lmin #od
x104 x105
154
125 489.1705
1.004
10
328.1448
075
3235
050
216.9215) 054
301.1410
025 164.9199 s2.1808
3812962
226.9509
280.1883 3932984 1281448
181.0835 2610945 A 409.1626
0.00] 0.0-huld LAl I . A
150 200 250 300 350 mz 200 300 400 500 mz

Fig. 14 — HPLC-HRMS (LCMS) spectra of Thymol blue dye solution from the course of reaction

irradiation time. The absorbance of dye solution goes
on decreasing with increase in irradiation time. In
case of photocatalytic degradation of dye over
Er-doped ZnO photocatalyst the absorbance nearly
becomes zero within 5 h of irradiation (Fig. 13b),
whereas for the same in case of pure ZnO
requires 6 h (Fig. 13a). The PCD efficiency was
directly proportional to the irradiation time.
Mechano-chemically synthesized Er-doped ZnO is
found to be better photocatalysts in sunlight than
pure ZnO.

Reusability of ZnO and Er doped ZnO photocatalysts

The stability of pristine ZnO and Er-ZnO
catalysts were also studied. These materials
were recovered from reaction mixture by
centrifugation followed by filtration, washing,
drying for activation and were reused 2 times
under identical (optimized) experimental conditions.
It is found that even reused catalysts were efficient for
the Thymol blue dye degradation without large
change in its photocatalytic activity. The data
obtained for the reusability of ZnO and Er doped ZnO
photocatalysts is mentioned in the Table 1. Here cycle

1 stands for original or first time use of said catalysts
and so on.

Possible Degradation Mechanism and Degradation Products

The degradation products were investigated with
HPLC - HRMS (LCMS) data obtained using
Brucker Compass Impact HD instrument and the
possible dye degradation mechanism was also
illustrated. During the degradation process,
adsorption of organic dye molecules on the surface
of excited ZnO particles activates them due to the
reaction with energetic *OH radicals having
electrophilic characters and which preferentially
attacks on electron rich ortho or para carbon atoms
of dye molecule. Hence the dye molecule
undergoes fragmentation or degradation.

Fig. 14 shows the HPLC-HRMS chromatogram
of Thymol blue dye solutions collected during the
course of reaction. The possible mechanism of
degradation is shown in the Fig. 15 and from the
data of HPLC-HRMS (LCMS) analysis of the dye
solutions collected during the course of reaction
identified the degradation intermediates / fragments
and products are given in the Table 2.
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Fig. 15 — Possible mechanism of Thymol Blue dye degradation
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Table 2 — Identified photocatalytic degradation intermediates during Thymol blue dye degradation

Intermediate Molecular Formula Molecular Weight
Thymol Blue (M) C27H2905SNa 489.17
A Cy7H,905S 467.18
B CyHy,058 464.89
C Cy7H,506S 478.00
D Cy7H2506S 481.00
E CioH,0, 164.91
F C1oH1,0; 181.08
G CioH1006 226.95
H CoHsO, 226.95
I C,H0sS 202.18
J C;HsO 107.98
K CeHeO5S 158.96
L C,1Hy50; 328.14
N C,1H505 360.32
o Ci7H,04 328.14
P C,HgO 107.98
Conclusion University, Pune for offering their continuous and

In the present investigation, the pristine ZnO and
Er-doped ZnO photocatalysts were synthesised by
simple mechanochemical method and characterised
by different techniques. The peak broadening and
shifting in XRD pattern of Er-doped ZnO as
compare to pure ZnO confirmed the insertion of Er
into ZnO lattice. 100 mL each of 25, 50 and 75 ppm
of Thymol blue dye solutions at pH = 9 were totally
mineralized over 150 mg Er-doped ZnO within 3.5,
5 and 6 h of sunlight irradiation, respectively. Er-
doped ZnO was verified to be more efficient
photocatalyst under sunlight irradiation than pristine
ZnO. The more photocatalytic activity of Er-doped
ZnO over pure ZnO is may be due to availability of
more surface area of nanoparticles as shown by XRD
data calculations and improved optical properties
like lowering of band gap energy, less or slow
electron-hole  pair recombination probability,
availability of additional electronic states, etc. as
mentioned by UV-visible and PL spectroscopic
studies. The effect of different operating factors on
the degradation of Thymol blue dye was successfully
examined. The reusability of ZnO and Er doped ZnO
photocatalysts for PCD of the dye is also studied.
With the help of HPLC-HRMS technique the
different degradation intermediates or products
formed is illustrated and the possible mechanism of
dye degradation is proposed.
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