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ABSTRACT

This study aimed to synthesize Gadolinium-doped Bismuth Vanadate (Gd-BV) using co-
precipitation and evaluate its effectiveness in removing metformin from metformin bearing
synthetic effluent and also optimization done using Response Surface Methodology (RSM),
specifically a Box-Behnken Design (BBD). A 5% Gd-doped BV photocatalyst was prepared
and tested for metformin removal under UV light source. The RSM-BBD approach,
implemented with DesignExpert software, explored the impact of initial metformin
concentration (300-700 mg L), Gd-BV dosage (10-100 mg), reaction time (30-120 min), and
pH (5-9). The optimal conditions identified resulted in a 92% removal efficiency for
metformin, achieved with an initial concentration of 595.7 mg L!, a catalyst dosage of 88.404

mg, a reaction time of 116 min, and a pH of 7.8.

Keywords: Metformin, Diabetes 2, Micropollutant, Water Treatment, Photocatalyst,

Optimization, RSM-BBD, Statistical modelling, Bismuth Vanadate.
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1. INTRODUCTION

Metformin is used as diabetic type 2 medicine and threatens water pollution from hospital
wastewater. Metformin causes environmental impact when release to the environment. It must
be removed before release to water bodies. Photocatalysis is one of the prominent methods to
remove metformin. Earlier, Titanium dioxide is used as photocatalyst, and recent days new
materials are synthesized. Gadolinium doped Bismuth Vanadate is one of the good

photocatalyst used recent days.

Water is mandatory in all places. Nowadays industrial effluent treatment is the challengeable
one. There are so many methods available to treat. Advanced oxidation process (AoP) is one
of the efficient methods [1]. There are number of methods comes under AoP. Photocatalysis is
one of the proven methods to treat the water. Metformin is one of the major threats to the
environmental pollution. Following literatures review shows how metformin threatens the

environment.

According to the World Health Organization, the number of people diagnosed with diabetes is
expected to exceed 350 million by the year 2030 [2]. Oral intake of metformin by human, an
antidiabetic drug which is unmetabolized and 90% is removed in 12 hours via kidney and the
remaining via faeces [2], [3], [4]. Metformin is the one of the highest consumed
pharmaceuticals worldwide. Conventional methods such as activated carbon filtration and
flocculation are not effective at removing metformin. The most effective removal method is
chlorination, followed by ozonation, then activated carbon filtration, and finally flocculation,
which is the least effective [5]. Sales data analysis taken in Ootmursum village and Enschede
city (both at Netherland) showed that wastewater has the highest concentration of metformin
(122.01 pg/L and 141.38 pg/L respectively) when compared to other drugs [6]. A study has

indicated that metformin and amoxicillin are anticipated to be present in the environment at the
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highest concentrations compared to other substances analysed [7]. Metformin affects the aqua
life when it is released to the water bodies. It causes intersex and reduced fecundity in fish [8].
Photodegradation of metformin carried out using TiO; as photocatalyst. New photocatalysts
are developed recent days and doping also will increase the efficiency [9]. Presence of
metformin on sewage hospital wastewater, drinking water / drinking water treatment plant and
surface water, concentrations on surface water has been reviewed [4]. By considering the
impact of metformin to the environment, it is mandatory to treat the metformin from

wastewater before release to the water bodies.

Earlier days Titanium Dioxide was the mostly used photocatalyst [10]. Nowadays new
photocatalyst are prepared as well as doped to bring more efficiency. Bismuth vanadate is one
of the versatile photocatalyst used recent days and doping will enhance the efficiency. Rare
earth ions ((RE=Ho, Sm, Yb, Eu, Gd, Nd, Ce and La) doped BiVO4 found to be a prominent
photocatalyst to organic matters. Among that Gadolinium doping results more efficient when
compared to other rare earth dopants. It was found optimum concentration at Gd 10% by wt.
[11]. Gd doped BiVO4 has good crystallinity at near room temperature and degradation rate
achieved up to 96% after 120 min at Gd 10% [12]. Lanthanum and Gadolinium doping with
Bismuth Vanadate will decrease crystalline size and increase the surface area, leading to large
increase in photocatalytic performance [13]. A gadolinium-doped bismuth vanadate (BiVOa)
photocatalyst was successfully used to break down organic pollutants. When exposed to a
UVA-LED light source, this catalyst achieved an impressive 98.3% decomposition of the
pollutants within 120 minutes, with the optimal performance observed at a 4% gadolinium
doping concentration. Bacterial inactivation also has been done [14]. When Gd (gadolinium)
was present at concentrations of 4% to 6%, the material exhibited optimal photocatalytic
efficiency. This process was powered by LED visible light, which served as an environmentally

friendly light source. This study utilized BiVO4 doped with 5% Gadolinium (Gd), which was
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chosen for its optimal concentration, exhibiting high reusability and stability over five

experimental runs [15].

Many studies discussed about undoped BiVOs4 [11], [12], [16], [13], [17], [15] and [18]. Band
gap of undoped BiVOs is nearly 2.4 eV which is referred from previous study and Gd doped

BiVO4 is 2.81 eV from current study.

Removal of metformin using Gd doped Bismuth Vanadate is not studied earlier. Novelty of
present work is the application of Gadolinium doped Bismuth Vanadate photocatalyst to

remove metformin from wastewater.

Table 1 (Annexure) shows that comprehensive review of photocatalyst material, catalyst
preparation, UV light sources, application of photocatalyst to treat the micropollutant,
micropollutant removal efficiency, optimal dopant percentage, reaction time, measure of

degradation.

Graphical abstract shows the overview of the current study.

2. MATERIALS AND METHODS

2.1. Materials

Bismuth nitrate pentahydrate [Bi(NO3)3.5H20 - 394.99 g/mol] purchased from Sigma Aldrich.
Ammonium metavanadate (NH4VOs3 - 116.98 g/mol) purchased from HiMedia Laboratories.
Gadolinium nitrate hexahydrate (GdANO3.6H>O - 451.4 g/mol) purchased from SRL Chemical.

And required HNO3 and NaOH (Sigma Aldrich) used for the synthesis.

2.2 Experimental procedure

Mild Steel Research Heber Multi-Lamp Photo Reactor - Single Wavelength, Model
Name/Number: HML-LP88, Capacity: <1 KL, is used in the experimental study. Prepared

nanomaterial is used to treat the synthesized pharma effluent. The following steps are involved
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in the experimental part. UV light source of 125W lamps with 365 nm was used in the
experiment [11]. Calculation for the number of photons emitted by a 125 W UV light source at

365 nm is given below.
Calculation of the energy of a single photon at 365 nm:

The energy of a photon (E) is given by the formula: E =h ¢ / A, where, h (Planck's constant) =

6.626x1072* J-s ; ¢ (speed of light) = 2.998x10® m/s ; A (wavelength) = 365 nm=365x10""m .
E= (6.626x107* J-5)%(2.998x10% m/s) / 365x10° m

E~5.44x107" J/photon

Calculation of the number of photons per second:

The power of the light source (125 W) represents the total energy emitted per second in Joules

(1 W=11J/s).

Number of photons/second = Total Power (J/s) / Energy per photon (J/photon)
Number of photons/second = 125 J/s / 5.44x10"'° J/photon

Number of photons/second =2.29x10%° photons/s

Photon flux measured by ferrioxalate actinometry is 4.07 x 107 einstein s™'.

1000 ppm of synthesised metformin effluent has been prepared. 1 ppm of metformin
has been prepared using dilution method. Further different concentration of metformin can be
prepared from the same mother solution. pH of the effluent kept at 7. Take 20 ml of the prepared
300 ppm metformin in the beaker and 0.2 mg of 5% of Gd BV doped nanomaterial is added
(10 mg for 1000 ml; 0.2 mg for 20 ml). Volume of the reactor for every run is maintained as
20 ml. Before photo degradation, UV absorbance taken at zero min time. Then it is kept at UV

photo-reactor. After 75 min, sample of degraded solution has been taken out and analysed using
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UV spectroscopy absorbance test. The same has been repeated for Table 3 BBD Design.
Negligible amount of metformin adsorption found in dark place (24 hrs test). Pollutant removal
efficiency will be calculated using initial concentration (C,) and final concentration (C) as

given in Equation (1):

% Degradation = (Co-C)/C, x 100 Eq. (1)

2.2.1 Synthesis of Gd doped Bismuth Vanadate

Different methods available for the preparation of Gd-BV [11] [13], [14], [19] . Synthesis of

Gd-BV is given below.

To prepare 0.2M Solution A, dissolve 2.42 grams of bismuth nitrate pentahydrate in 25 ml of
water. Add 6 to 7 drops of concentrated nitric acid, then stir for 20 minutes. 0.58 g of
Ammonium metavanadate is dissolved in 25 ml of water, stir well for 20 minutes and it is
called as 0.2M Solution B. 4 g of NaOH pellet is dissolved in 50 ml of water to get 2M NaOH
solution. Then add solution A and Solution B slowly with well stirring. The yellowish
precipitate will be formed. Add NaOH solution drop by drop with continuous stirring. Stop
adding NaOH when the pH reached 7. Keep the resultant solution for 24 hours with proper
aluminium foil wrapped. Formed precipitate is Bismuth Vanadate (BV). Our aim is to dope Gd
with BV. Next day, take the prepared content and add Gadolinium nitrate and then heat it in a
water bath at 50 °C with continuous stirring. After one hour of heating as well as stirring, Gd
is doped with BV. Keep it for 24 hours with aluminium foiled wrapper and filter it, wash three
times with Deionized water and wash with ethyl alcohol once. Filtered wet powder is dried in
hot air oven at 110 °C. After well dry, take the powder and grind it using agate mortar pestle
and keep it in a muffle furnace at 400 °C. Calcined product is grinded again and the finished

product is Gd doped Bismuth Vanadate.
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2.3 Characterization

X-ray diffraction (XRD) was performed using a Bruker D8 Advance instrument, employing a
Cu K Alpha radiation source (1.5418 A® wavelength) at 40 kV and 30 mA. The scanning
parameters were 0.3 s per step with a 0.02 degree increment. FTIR make is ‘Bruker, Model:
Alpha ECO-ATR’. Raman analysis carried out using Confocal Raman microscopy, WlTec
Germany, Alpha control 300RA. Manufactured by Zeiss and developed by Bruker Nano GmbH
Berlin, Germany, this FESEM utilizes a high-tension 5kV field emission electron source and
an in-lens secondary electron detector for detailed imaging. EDS make is Bruker. UV-DRS by
UV -Jasco V-570 UV/VIS/NRI Spectrophotometer. BET Surface analysis by Quantachrome®

ASiQwin™, Quantachrome Instruments version 5.0.
2.4 Experimental Design — Optimization Technique

Optimization study carried out by Response Surface Methodology - Box-Behnken Design
(RSM-BBD) using Stat-Ease360 version of DesignExeprt software tool. Varying parameters
are initial metformin concentration (300 mg L' to 700 mg L), Gd-BV dosage (10 mg to100
mg), time taken for degradation (30 min to 120 min) and pH value (5-9); the measuring output
is metformin removal efficiency (%R). Parameters and their range selection based on the

previous study (Table 2 - Annexure). BBD Design is listed in the Table 3.

Table 3 BBD Design

Initial Catalyst | Degradation Removal

Run Conc. Dosage Time pH | efficiency
mg L! mg L! min. %
1 500 55 30 9 68
2 700 55 75 5 80
3 700 100 75 7 91
4 500 55 120 9 80
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5 500 55 75 7 80
6 500 100 120 7 92
7 700 55 75 9 79
8 500 10 75 9 62
9 300 100 75 7 80
10 500 55 75 7 80
11 300 55 30 7 70
12 500 55 30 5 69
13 500 10 120 7 76
14 500 10 30 7 63
15 500 100 30 7 80
16 500 55 75 7 80
17 500 55 75 7 80
18 300 10 75 7 65
19 700 55 120 7 92
20 500 100 75 9 80
21 500 55 75 7 80
22 500 100 75 5 80
23 300 55 120 7 80
24 300 55 75 5 70
25 300 55 75 9 70
26 500 55 120 5 80
27 700 10 75 7 74
28 500 10 75 5 63
29 700 55 30 7 71

RSM-BBD analysis is based on quadratic second order polynomial equation. Base formula

used in ANOVA table is [20]:
- k k k
Y= Bot+ Dy Bixi+ Xy Bux? + XX Scica Bijxix; + € Eq. (2)

In this equation, Y represents response; k means the number of the patterns; 1 and j are the
index numbers for the pattern; 3o means intercept term; X7, X2...Xx are the coded independent
variables; Bi, Bii , Bij are the first-order (linear)main effect; the quadratic (squared) effect; the
interaction effect respectively; and the random error, &€, accounts for any differences or

uncertainties when comparing predicted outcomes with actual measurements.
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3. RESULTS AND DISCUSSION

3.1 Characterizations

3.1.1. XRD Analysis

XRD pattern of Gd-BV 5% is shown in Figure. 1. The peak position matched with Bismuth
Vanadate. Tetragonal Gd-BV structure was observed and the JCPDS card number is 04-012-
7976. Peak position found at 20 = 24.63, 28.22, 31.72, 34.58, 40.12, 45.63, 47.74, 54.65, 58.26

and 66.31. This XRD of GD-BV confirmed with references [12], [13], [14], [17], [15][18] and

[21].

Gd-BV 5%
28 29 [Gd-BV 5%]
5000 4
4000
3
5 3000+ at 79
H |
w
S 2000 4
I=
- 4563 5465
’\ 3458 ﬂ
1000 - 263 | | | L1 15520
||1|_ ) ll l_l'||__|} |'|_40-,-1 2“ |{ II"" ‘lllll_ __Iln' L'.___,w'll \\.___ 66.31
N P
T T T T T T T L 1 ' 1
20 30 40 50 60 70
2 theta

Figure. 1 XRD pattern of Gd-BV 5%

Scherrer formula D = KA / Bcos, is used to estimate the crystallite size (D) in nanometres.

K is the Scherrer constant, which is equal to 0.9

A is the X-ray wavelength, is 0.15406 nm.
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B is the full width at half maximum of the diffraction peak.

0 is the peak position angle.

Calculated crystalline size is 98.83 nm.

3.1.2. FTIR spectroscopy

FTIR taken for the prepared photocatalyst and reported in Figure 2. As per the standard value,

obtained values are matched with VO4*, Bi-O, V-O. Obtained peaks shows ‘% transmittance’

corresponding to the wave number of 1363.96 cm™, 736.93 cm™!, 520.46 cm™!. Gd-BV was well

dried, so that trace of H-O-H bond does not exist. Clear peaks show there is no contamination.

FTIR taken in the range of 500-2000 wavenumber. FTIR of GD-BYV is fitted as per the previous

studies [15], [22] and [18].

Transmittance (%)

1.00

0.95

0.90

0.85

0.80

0.75
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[FTIR - 5% Gd BV/|
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T v T v T T T
500 1000 1500 2000

Wave number (cm ')

Figure. 2 FTIR of Gd-BV 5%
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3.1.3. Raman Spectroscopy

Figure 3 shows Raman analysis of prepared tetragonal Gd-BV nanomaterial. Molecular
structure can be observed little more using Raman spectra. Peaks obtained at 850 cm
wavenumber shows the V-O bond symmetric stretching mode and checked with the references
[12],[17],[15] and [18]. Bi-O and O-V-O peaks are not clearly shown but the same is confirmed

in FTIR analysis.

2200 - 850

2000
1800
1600

1400

Intensity (a.u.)

1200 4

1000

800 4

! I ! I ! I ! I ' I ! I ! I ! I ! I ! |
200 300 400 500 600 700 800 900 1000 1100 1200
Raman Shift (cm)

Figure. 3 Raman shift - Gd-BV 5%

3.1.4. FE-SEM and EDS

Figure. 4a and 4b shows the surface morphology of Gd-BV as FE-SEM images. Figure. 4c
shows EDS representation. Prepared nanomaterial shows spherical in shape [11], [14], [17],
[15], [18] and having an average diameter of 100 nm which is calculated using XRD as 98.83

nm. It was observed that the elements Bi, V, O and Gd presents as per the EDS analysis and



216  matched with the references [12], [13], and [15]. Respective peaks of Bi, V, O and Gd are
217 2.525, 4.905, 0.550, 6.050 keV, respectively. EDS shows the purity of the material and

218  homogenization.

. & A &
200 nm ENT = 500k Signal A = InLens Date 5 Apr 2023 PASLa] | 200nm ENT = 5,00 kv Signal A = InLens. Date 5 Apr 2023 ZE1SS
WD = 50mm Mag = 100.00K X . e WO = 50mm Mag= 5000KX
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25+
20+
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219

220 Figure. 4 (a) and (b) SEM Images (c) EDS analysis
221 3.1.5. UV-DRS Spectroscopy

222 UV-DRS analysis for the prepared nanomaterial powder GD-BV has been done. Figure. 5
223 shows the graphical representation between absorbance and bandgap energy. Band gap energy
224 calculated as 2.81 eV using the Kubelka-Munk Function (KMF) with the help of equation 3.
225  Obtained band gap energy is similar to the studies (Xu et al., 2009), [12], [14], [17], [15] and

226 [18].

227 KMF = F(Rx) = (1 - Rx)?/2R = K/S Eq. (3)
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where, R represents the absolute reflectance of a material layer that is infinitely thick, K

represents the absorption coefficient, while S represents the scattering coefficient.

[UV-DRS - Gd BV 5%]

80

60 -

40

20 -

Energy = 2.81 eV

FRM)Z  (evem™)?

-20 4

— 1 * F 1 1 T T T 1T 1T ° 1
2.6 2.7 2.8 2.9 3.0 31 3.2 3.3 3.4 3.5

Energy eV

Figure. 5 UV-DRS analysis of 5% Gd-BV

3.1.6. BET Surface area analysis

BET surface analysis has been done to know the specific surface area of Gd-BV which is shown
in Figure. 6. Figure shows the adsorption and desorption plot between ‘Volume at STP
condition’ and ‘relative pressure P/P,’. Outgas time was 8.7 hrs; and outgas temperature was
250 °C. Nitrogen used for the analysis with a bath temperature of 77 K. Surface area determined
from the analysis is 94.5 m?/g. Sample degassing at 150 °C and 1.333x10* Pa for 16 hours

prior to the measurement. BET fitting range is found as 0.1 to 0.99 of relative pressure P/P°.

BET summary is listed as, slope= 137.9 1/g; Intercept= 0.000e+00 1/g; Correlation coefficient,
r=1.000000; C, constant=0.708; Surface Area= 94.6 m*/g. BET surface area reported are [11]

1.1 m?%/g, [14] 8.7 m?/g, [15] 5-6 m?/g, [15] 11.9 m?/g, [22] 40.7 m*/g, and present work is 94.6



242 m?/g. Pore volume and pore size determined by BJH (Barrett-Joyner-Halenda) is 0.12 cm?/g

243 and 3.5 nm respectively.
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245 Figure. 6 BET — Linear Isotherm

246 3.2 Proposed mechanism

247 With reference to [15], [22], [18] and [23], mechanism of photocatalytic reaction steps is
248 given below.

249 1) UV light source emits photons.

250 i1) When a photocatalyst called Gd-BV is exposed to UV-viz. light, electrons in its
251 valence band (VB) get excited and jump to the conduction band (CB). This leaves an

252 equal number of "holes" behind in the valence band.
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ii1) Photons fall on the surface of the semiconductor photocatalyst Gd-BV. Absorbed
photons are having energy (/4v) greater than or equal to semiconductor band gap energy
(EBo).

iv) When a material absorbs energy, it can create an electron-hole pair. This means an
electron (e-) moves from the valence band (VB) to the conduction band (CB), leaving
behind a "hole" (h+) in the valence band. Gd dopant will hinder the recombination and
increase the efficiency.

v) When electrons interact with oxygen (O2) at the photocatalyst's surface, O, superoxide
radicals form, which are then transformed into *OH hydroxyl radicals.

vi) At the same time, holes results H>O into OH- and generate strong oxidizing agent «OH
hydroxyl radicals which is the strong oxidizing agent.

vii) *OH hydroxyl radicals reacts with organic matter and converted into CO2 and H2O.

Viii) The incorporation of 5% Gadolinium (Gd) into Bismuth Vanadate (BiVO4)
resulted in a band gap of 2.81 eV, determined by UV-DRS. This optimized band gap
is expected to decrease electron-hole recombination, thereby boosting photocatalytic
efficiency. Additionally, increased surface oxygen vacancies in the Gd-doped BiVO4
further facilitate the creation of electron-hole pairs.

ix) With reference to [15], [22], [18], [18] and [23], proposed mechanism is given below.

Gd-BV + hv (UV light source) — Gd-BV (h") + Gd-BV (¢") Eq. (4)
Gd-BV (¢") + O - Gd-BV + «0O;- Eq. (5)
Gd-BV (h") + H,O - H"+ OH + Gd-BV Eq. (6)
Gd-BV (h") + OH - *OH + Gd-BV Eq. (7)
Organic matter + *OH+ «O»- — CO; + H20 + Degraded product Eq. (8)
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Metformin can undergo both reduction and oxidation in a photocatalytic reaction and its
reduction potential is around -0.5 V, and its oxidation potential is about +0.750 V. For a
photocatalyst, the conduction band (where electrons accumulate after absorbing light) must be
at a more negative energy level than the reduction potential of the molecule intended to gain
electrons. This ensures that the photogenerated electrons have enough energy to reduce the
adsorbed molecules. Conversely, the valence band (where "holes" are left after electrons move
to the conduction band) needs to be at a more positive energy level than the oxidation potential
of the molecule that will lose electrons. This allows the photogenerated holes to readily oxidize

the adsorbed molecules.

Band gap E; = Ecs (conduction band potential) + Evg (valance band potential)
Ecg =X - Ec — 0.5%Eg,

where E¢ is the energy of free electrons on Hydrogen scale (4.5 eV) and X is the
electronegativity (around 5.3 eV for Gd/BiVOs)

Ecg =-0.605 eV; Evg =+2.205 eV which is valid for oxidation-reduction potential of
metformin.

3.3 Kinetic Analysis and Metformin quantification

Plot between relative concentration ‘In(C/C,)’ and degradation time ‘t’ results the negative
slope (rate constant ‘k’) and follows linear curve. So that it was concluded the kinetic model

of pseudo-first order kinetics as follows.
In(C/Co) = -kt and C = C, ™ Eq. 9)

where C represents the concentration remaining after the reaction, while C, is the initial
concentration. Figure 7 shows plot between -InC/Co vs time. Slope is 0.01355 and the intercept

is 0.00404.
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303  Metformin degradation was observed for each run using UV-spectroscopy which is shown in

304  Figure 8a and 8b.
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306 Figure. 8a — UV spectroscopy of Metformin degradation
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Figure. 8b — UV spectroscopy of Metformin degradation-enlarged view
3.4 Optimization Technique - RSM-BBD

From RSM BBD, Polynomial model is given in terms of Percentage Removal Efficiency (%R).

The coded equation is given in Equation (10)

%R =80.00+4.83* A+833*B+6.08*C+-025*D+0.50* AB+1.25* AC+-0.25
*AD+-0.25*BC+0.25*BD +0.25 *CD +0.125 * A*2 +-2.625 * B2 + -7.178*10"-15

* CA2 +-5.75 % D2 Eq. (10)

Varying parameters and metformin removal efficiency is shown in section 2.4, BBD Design -
Table 3. RSM - BBD has been carried out and The chosen model uses the highest-degree
polynomial possible, with all its extra terms proving statistically important, and without any
hidden or misleading interactions. Table 4 shows the fit summary of the surface response

analysis. Quadratic model has been suggested, adjusted R? value is 0.9953, predicted R? value



321 is 0.9866. The difference between adjusted R? and predicted R? must be less than 0.0087 which
322  shows the model fits good.
323  The quadratic model, as presented in Table 5, is statistically significant with a p-value less than
324 0.0001. This is further supported by a Model F-value of 428.42, indicating the model is a strong
325  predictor.
326 Table 5 - ANOVA for Quadratic model
Sum of Mean
Source df F-value p-value
Squares Square

Model 1820.78 14 130.06 428.42 | <0.0001

A-initial conc. 280.33 1 280.33 923.45 | <0.0001

B-cat. dosage 833.33 1 833.33 2745.10 | <0.0001

C-deg. time 444.08 1 444.08 1462.86 | <0.0001

D-pH 0.7500 1 0.7500 2.4710.13

AB 1.00 1 1.00 3.29 1 0.09

AC 6.25 1 6.25 20.59 | 0.0005

AD 0.25 1 0.25 0.82 1 0.37

BC 0.25 1 0.25 0.82 1 0.37

BD 0.25 1 0.25 0.82 1 0.37

CD 0.25 1 0.25 0.82 1 0.37

A? 0.1014 1 0.10 0.33 1 0.57
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328

329

330

331

332

333

B2 44.70 1 44.70 147.23 | <0.0001

C? 0.00 1 0.00 0.00 | 1.00

D? 214.46 1 214.46 706.45 | <0.0001

Residual 4.25 14 0.30 | Std. Dev. | 0.55

Lack of Fit 4.25 10 0.42 | R? 0.9977

Pure Error 0.00 4 0.00 | Adj. R? 0.9953

Cor Total 1825.03 28 - | Pred. R? 0.9866
Adeq.

CV.% 0.71 - 74.65
Precision

The Predicted R? (0.9866) and Adjusted R? (0.9953) are quite close, with a difference less than
0.2, indicating good model agreement. Additionally, the Adequate Precision ratio of 74.6 is

well above the desired minimum of 4, signifying a strong signal-to-noise ratio.

Resultant optimal removal efficiency of metformin is 92% at initial concentration of 596 mg

L', catalyst dosage of 88 mg, running time of 116 min and pH value of 7.8.

Two factor ANOV A with replication provides the following result:

ANOVA

Source of

Variation SS df MS F P-value F crit

Sample 25699.71 4 6424928 1.986448 0.10233 2.462615
29

Columns 3769792 4 942448 1.3844 3.62E-54 2.462615

Interaction 86293.49 16 5393.343 1.667504 0.065553 1.745647

Within 323438 100 323438

Total 4205223 124
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Various plots from RSM - BBD is discussed as follows.

Model adequacy can be checked using Normal plot which is shown in figure 9. To confirm the
regression model accurately represents the real system and doesn't violate any core
assumptions, it needs to visualize the fitted model. This helps to verify if the model is a good
fit. Specifically, the normality assumption is met if your residuals plot forms a roughly straight

line [20].
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Figure. 9 Normal plot

Figure 10 displays a graph comparing the actual observed responses to the model's predicted
values. The close alignment of these data points along a straight line (derived from a least

squares fit) suggests the model accurately fits the data [20].
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Figure. 10 Normal plot of residuals

3.5. Effects of parameters and validation of the proposed model

3D plot can be drawn using RSM-BBD. It is very useful in the analysis of given problem. There
are six plot list below in the figure 11a to f. Figure 11a, b, ¢ speaks about initial concentration
vs. other varying parameters. Figure shows, increase initial concentration will decrease the
removal efficiency. Figure 11a, d, e speaks about catalyst dosage vs. other varying parameters.
Metformin removal will increase when catalyst dosage increases. Figure 11c, e, f speaks about
pH vs. other varying parameters. pH ranges from 5 to 9 taken for analysis. At lower pH and
higher pH level, removal efficiency will decrease. Moderate pH range (near 7) will increase
the removal efficiency. Figure 11b, d, f speaks about degradation time vs. other varying

parameters. When degradation time increases, removal efficiency also will increase.
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364 mg), degradation time 116 min (exp: 115 min), pH 7.8 (exp: 7.8) and removal efficiency

365 92.2% (exp: 92.5%)

366 3.6 Metformin degradation — comparison

367 Table 6. Metformin degradation: current study vs. previous studies
Catalyst %
Method Reference
used Efficiency
Biodegradation - 48.7 [3]
Membrane bioreactor - 90 [24,25]
Photocatalysis — UV irradiation, 365 nm TiO» 90 [26]
Hybrid Vertical Anaerobic Biofilm-
- 77 [27]

Reactor (HyVAB)
Ti02—ZrO2 photocatalysis under UV

Ti02—ZrO2 100 [4]
radiation — toxicity test performed
Photocatalysis — UV irradiation, 365 nm Gd-BiVOq 92 Current study

368

369 3.7 Optimization using Genetic Algorithm

370  Genetic algorithm is an Al based optimization tool which is based on the earlier Darwin theory.
371  After feeding our data (encoding), It will select randomly the individual population, and create
372 the new population via crossover / mutation, and evaluated called offspring, then gives
373 solution. In case of no optimal solution at this step, again select the random population and the

374  step is repeated.
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387

MATLAB GA toolbox was used to run the algorithm and the result is: Global optimal values
for metformin removal found at initial concentration of 601 mg L™}, catalyst dosage of 84 mg,

running time of 120 min and pH value of 7.8.
3.8 Reusability of catalyst

Prepared nanomaterial Gd-BV was used for 120 min. of experiment. Reusability test was
performed and the same is shown in figure 12. The adsorption capacity was decreased £7% for
each cycle of experiment and gradually deactivated. It could be reused for five times.
Desorption can be done using diluted NaOH (1 N) is used to bring the higher generation

capacity because of OH- ions presence.
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Figure. 12 %R vs. sequence of cycle
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4. CONCLUSION

Photocatalytic degradation of metformin has been done using Gadolinium doped Bismuth
Vanadate in presence of UV light source. Gd doped BiVOy is prepared using co-precipitation
method and the characterization methods XRD, FTIR, Raman Spectra, FE-SEM, EDS, UV-
DRS and BET surface analysis confirmed the prepared nanomaterial is fit to the required
characteristics. Response Surface Methodology — Box-Behnken Design carried out using Stat-
Ease 360 version of DesignExpert statistical software tool. Varying parameters, initial
concentration of metformin, catalyst dosage, degradation time and pH are analysed and the
resultant optimal removal efficiency of metformin is 92 % at initial concentration of 596 mg
L', catalyst dosage of 88 mg, running time of 116 min and pH value of 7.8. Also, the
optimization has been done using Genetic algorithm tool and optimal global values was found.
There are less studies available for are earth materials doped with BiVOj4. There is a future

scope to dope with other rare earth materials and use it for photodegradation.
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Annexure Tables:

Annexure Table 1 - Comprehensive review of photocatalyst, light source, catalyst used, running time, measure of degradation and

application
Optimal
Photocatalyst Catalyst UV Light Removal Measure of
Application dopant Reaction time Reference
material preparation sources Efficiency degradation
percentage
Bismuth
Nitrate visible light -
BV loaded rare decolorization of
Pentahydrate, two 150W measuring the
earth mat. - methylene blue
Ammonium tungsten absorbance at
RE=Ho, Sm, (MB) under 80% Gd 8% - [11]
Vanadate, halogen lamps 664 nm with UV—
YDb, Eu, Gd, visible light
Nitric Acid; (lambda > 400 vis spectrometry.
Nd, Ce and La) irradiation
doping by rare nm)
earth oxide
Bismuth
UV absorbance
Gd-BV Nitrate sunlight Rhodamine B 96% Gd 10% 120 min [12]
spectra and TOC

Pentahydrate,




Ammonium (Total Organic
Vanadate, Gd Compounds)
Nitrate
Bismuth
metal halide
Nitrate, spectrophotometric
lamp (400 W)
Ammonium removing colorimetric DPC
La, Gd doped was used to
Vanadate, aqueous Cr(VI) 91% - - method by [13]
BV simulate
HNO:3, and azo dye using a UV—vis
sunlight
La Nitrate and spectrophotometer
(380-800 nm)
Gd Nitrate
Real urban
Bismuth Diclofenac
wastewater.
Nitrate 120 min;
Removal of Total Organic
Pentahydrate, acetaminophen
Gd-BV UVA-LED pharmaceutically 80-100% 4% Gd Carbon (TOC) [14]
Ammonium and
active measurements
Vanadate, Gd azithromycin
compounds
chloride 180 min;

(PhACs) and




bacteria
inactivation from
urban
wastewater
effluents;
diclofenac,
paracetamol,

ibuprofen etc

Gd-BV

Bismuth
Nitrate
Pentahydrate,
Ammonium
Vanadate, Gd

chloride

LED visible
light;

An LED lamp
with 36 W
power
consumption
and 730 Im
luminous

intensity

endocrine;
decomposition of
bisphenol A,
bisphenol S and
bisphenol AF in

water

77%

4% Gd

high-performance
liquid
chromatography
(HPLC) equipped
with a UV-Vis
detector at a
wavelength of 270

and 240 nm

[17]




150 W

Bismuth
Xenon lamp-

Nitrate

based solar
Gd-BV; Pentahydrate, photodegradation double beam UV-
simulator. The
rGO/Gd/BiVOs | Ammonium of Methylene 96.8% - vis [22]
light intensity
composite Vanadate, Gd Blue (MB) dye spectrophotometer

was calibrated

Nitrate,
using a silicon

Graphite Oxide
reference cell
organic
contaminants
sunlight; removal;
at sub-100 °C | ofloxacin (OFL) 93.14% /
Gd-BV 5% Gd - [15]
and enhanced removal; 97.98%
sunlight-driven diclofenac,
tetracycline HCI,

ofloxacin,




rhodamine B,

and sulfadiazine

degradation of

Gd Y co-
sunlight methylene blue 94% 90 min uv spectra [18]
doping BV
dye
Gd Mo doped conventional Site doping
- - - [21][19]
BV sintering analysis
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Annexure Table 2 parameters and their range used in various study

Parameter and Parameter Parameter | Parameter and | Parameter and
Reference
range and range and range range range
initial
GO dosage solution pH temperature (15
metformin o o
concentration X
)
(300-700 mg L)
enzyme ultrasonication S. cerevisiae
HCI concentration
concentration - time (5-15 inoculum size [29]
(1-3% v/v)
(10-30 U/mL) min) (10-20 g/L)
. TiO»
the initial
concentrations of | dosage (250— | initial pH (3— | reaction time
- [9]
contaminants (10— | 1250 mg L) 11) (30-150 min)
50 mg L'
adsorbent
initial d ) 4
osage (2 - temperature (30
concentration (50 3 pH (6 - 10) - [30]
mg L ), _ 400C)
- 100 pg/L)
catalyst
time (1-30
amount (20— pH (2.5-6.5) - [31]
min)

100 mg)




initial ammonia

catalyst dosage
concentration (85— pH (4-12) - - [32]
(0.5-2 g/L)
850 mg L)
o pH . .
initial dose intensity of UV
reaction time
concentration (10— | nanoparticles (3-11) radiation (840 [33]
(15-120 min)
200 mg L) (0.2-0.25 g/L) W)
pollutant irradiation time | stirring speed
ZnO dose (x3)
concentration (x1) ) (x2) (x4) [34]
0.05-0.75 g/L
10-100 mg L™! 30-90 min 100-600 rpm
norfloxacin photocatalyst | Solution pH
concentration (3— | concentration (4-12) - - [35]
15mg L") (0.2-1.8 g/L)
530
531
532 Annexure Table 3 — Fit summary
Sequential Predicted
Source Adjusted R? Prediction
p-value R?
Linear <0.0001 0.8296 0.7869
2F1 0.9959 0.7799 0.6019
Quadratic <0.0001 0.9953 0.9866 Suggested
Cubic 0.7097 0.9942 0.8225 Aliased
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