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Abstract: In the current research study, iron-zinc co-doped TiO, was reported as an energy efficient
material for the degradation of DIPA and inactivation of E. coli and S. aureus under visible light
irradiation. In addition, molecular docking simulation was performed to provide further insight into
possible targets for inhibiting bacterial development. The synthesized nanocomposites were screened
and optimized for different synthesis and reaction parameters. The physicochemical properties
of the synthesized nanocomposites were evaluated through different characterization techniques.
The wet impregnation (WI) approach was among the most successful methods for the synthesis
of Fe-Zn-TiO; nanocomposite (NC) utilizing anatase titanium. Moreover, 66.5% (60 min reaction
time) and 100% (190 min reaction time) chemical oxygen demand (COD) removal was obtained
through optimized NC, i.e., 0.1Fe-0.4Zn metal composition and 300 °C calcination temperature. The
energy consumption for the best NC was 457.40 KW h m 3. Moreover, 0.1Fe-0.4Zn-TiO,-300 was
more efficient against S. aureus compared to E. coli with 100% reduction in 90 min of visible light
irradiations. Furthermore, 0.1Fe-0.4Zn-TiO;,-300 NC showed that the binding score for best docked
conformation was —5.72 kcal mol ! against B-lactamase from E. coli and —3.46 kcal mol~! from
S. aureus. The studies suggested the Fe-Zn in combination with TiO, to be a possible inhibitor of
[-lactamase that can be further tested in enzyme inhibition studies.

Keywords: photocatalysis; gas sweetening; diisopropanolamine (DIPA); antimicrobial activity; molec-
ular docking; chemical oxygen demand (COD)

1. Introduction

Alkanolamines have a long history of usage in natural gas treatment or gas sweet-
ening to remove CO, and HjS. Diisopropanolamine (DIPA), monoethanolamine (MEA),
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diethanolamine (DEA), and methyl diethanolamine (MDEA) are a few alkanolamines being
used for the removal of CO; in the industry [1]. The application of different alkanolamines
has been reported in previous literature; for example, the Shell early gas treatment tech-
nologies use DIPA (ADIP-D and ADIP-M), MDEA, and sulfinol-D to reduce CO, [2].
However, a problem arises when these chemicals are discharged unchecked into water
bodies, resulting in high COD. In terms of ecotoxicity and biodegradability, several spent
amines showed toxicity, low biodegradability, and carcinogenic impacts [3-5]. A proper
and efficient management technology is required to reduce amine release due its toxicity.

In addition, researchers are prompted to develop new energy efficient methods and
synergistic materials in response to rising environmental contamination. Climate change
and water contamination caused by organic and biological pollution are among the main
environmental and public health threats, in addition to contamination caused by chemicals
in urbanization and industrialization [6]. Biological contamination has previously been
listed as one of the top ten causes of death (1.4 million diarrhea-related deaths), with a
large proportion of children under the age of five (0.525 million) [7,8]. Water contaminated
with E. coli is one of many biological and organic contaminants. E. coli is a serious public
health threat that is spread to humans primarily through the ingestion of contaminated
water or food [9].

The AQP is a synergistic process as it can degrade organic compounds while also
killing microorganisms through the generation of nonselective OH radicals. TiO,, as a
photocatalyst, follows the AOP, and has been studied extensively in recent decades due
to its ability in eliminating toxic contaminants like alkanolamine and microorganisms
in water [10-13]. Moreover, a higher sensitivity of Gram-positive bacteria towards the
bactericidal effect of TiO, nanoparticles has been reported as compared to Gram-negative
bacteria in literature [14,15]. Textile wastewater is rich in organic entities, which can be used
by the microorganisms. These microorganisms cause serious health issues in humans when
they enter the food chain. TiO, NPs are reported to bind with the bacterial cell and damage
the cell wall, leading to cell release which eventually causes bacterial death [16,17]. Bacterial
cell wall has complex multi-layer structure, namely inner layer, peptidoglycan layer, and
outer membrane. TiO; and doped-TiO, nanoparticles involve either the formation of
reactive oxygen species (ROS) and free radicals or direct interaction with the cell surface.
These ROS effectively transmit minerals and ions through cell membranes and lead cell
lysis [18]. Similarly, various proteins that are involved in biosynthetic cell wall pathways
may be an attractive target that could lead to bacterial death. (3-lactamase is one of those
proteins whose inhibition by NPs might lead to cell wall damage and bacterial cell death.
Binding NPs into active (3-lactamase pockets inhibits cell-wall synthesis [19]. Recently,
various in silico and experimental studies demonstrated inhibition of various protein
targets by metal-doped transition metal NPs. Metal or nonmetal doping acts as phase
stabilizers in TiO,; Hanaor et al. suggested that the anatase to rutile phase transformation
is inhibited in a system with the dopants ranked F > Si > Fe > Al in order of anatase
stabilization strength [20,21]. In addition, much focus is given on the bandgap narrowing
and band engineering in recent years [22].

In this research work, Fe-Zn-TiO, nanocomposites are reported for the degradation
of DIPA and inactivation of biological contaminants. Moreover, energy efficiency was
achieved by shifting the absorption edge from UV to visible region. This research work shall
not only be significant for the degradation of organic pollutant (DIPA) from the wastewater
but also for the inactivation of pathogens such as E. coli and S. aureus. In addition, the
bacterial inactivation pathway was studied through molecular docking studies to gain
more insights into potential targets corresponding to the inactivation of bacteria.
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2. Results and Discussion
2.1. Synthesis Parameters Optimization
2.1.1. Effect NC Synthesis Methods

The effects of different synthesis methods, including WI, co-precipitation (Co-P), and
sol gel (SG) method, were evaluated for degradation of DIPA (percent COD removal)
under visible light irradiation. Moreover, metal loading was 5% with variable Fe-Zn ratio
(0,0.1,0.2,0.3,0.4, and 0.5) in each photocatalyst. However, the calcination temperature
(300 °C) and pollutant concentration (300 mg L~1) were kept constant for each synthesized
photocatalyst. The effect of these two variables were evaluated for best performing NC
in the preceding section. Effect NC synthesis methods are depicted in Table 1. The NC
synthesized through the WI method showed better COD removal (66.5%) compared to
Co-P (30.5%) and SG (21.8%) methods. In addition, 0.1Fe-0.4Zn-TiO,-300 synthesized
through the WI method was selected best among other ratios of Fe-Zn. Previous studies
reported that the higher zinc ratio in the NC leads to a large surface area which improves
the photocatalytic activity [23].

Table 1. Effect of NC preparation methods with different Fe-Zn mass compositions.

% COD Removal
Metal Composition Calcination (°C) NC Preparation Methods
WI Co-P SG
OFe-0.1Zn 300 21.70 20.60 18.96
0.1Fe-0.4Zn 300 66.50 30.49 21.84
0.2Fe-0.3Zn 300 21.57 18.54 18.96
0.3Fe-0.2Zn 300 20.60 21.70 21.70
0.4Fe-0.1Zn 300 22.80 22.66 22.12
0.5Fe-0Zn 300 2473 2843 27.20

2.1.2. Effect of Calcination Temperature

The best NC (0.1Fe-0.4Zn-TiO,) obtained through the WI method in the previous sec-
tion was further optimized for different calcination temperatures (200, 300, 400, and 500 °C).
Similar reaction conditions were followed for all reactions, i.e., NC dose (1 mg L-1), DIPA
concentration (300 mg L 1), working pH, and ambient temperature. The results depicted
in Figure 1a revealed that an increase in the calcination temperature increased the COD
removal i.e., 38.9,43.7, 66.5, 44.9, and 42.2% for uncalcined, 200, 300, 400, and 500 °C, re-
spectively. According to the findings, higher calcination may change the physical behavior
of the material, which results in the reduction of the photocatalytic activity. The changes
in physical attributes might be related to the surface area, pore diameter, and/or metal
decomposition; hence, all these properties affect the photocatalysts performance [24,25].

2.1.3. Effect of Metal Loading (wt%)

The effects of different metal loading (wt%), including, i.e., 0, 1, 3, 10, 15, and 20 wt%,
were evaluated for percent COD removal. For all the weight percent preparations, the
optimal metal ratio (0.1Fe-0.4Zn) was used, obtained during the synthesis method and
calcination temperature optimization. Results depicted in Figure 1b show 17.45, 25.41, 38.18,
66.5, 31.45, 23.07, and 9.20% COD removal for 0, 1, 3, 5, 10, 15, and 20 wt%, respectively.
These results reveal that the dopant (metal) concentration has a significant impact on the
photocatalytic activity of TiO,. Excessive dopant coating may impede the operational sites
of TiO,, resulting in limited light penetration to the photocatalyst’s surface [26,27], and as
a result, the number of photogenerated e~ and h* reduced which subsequently lowered
the photocatalytic activity [28]. Furthermore, previous studies reported that the increase in
metal loading results in agglomeration, leading to reduced photocatalytic efficiency [29,30].
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2.1.4. Effect of Titania Phase

The effects of TiO, phase i-e anatase (TA) and anatase-rutile mixture (TAR) were
evaluated for DIPA degradation (%COD removal) with the optimized synthesis method
(WI), metal loading (5%), metal ratio (0.1Fe-0.4Zn), and calcination temperature (300 °C).
Reaction studies were conducted with the same experimental condition reactions. i.e., NC
dose (1 mg L~1), DIPA concentration (300 mg L), working pH, and ambient temperature.
Results on the effect of TiO, phase composition (anatase (TA), anatase and rutile (TAR))
on % COD removal are presented in Figure 1c. Overall performance of TAR (mixture of
phases) was better compared to TA (single phase anatase); however, NC synthesized using
anatase phase (TA) and 5 wt% 0.1Fe-0.4Zn had significantly higher efficiency. Synthesis
parameters optimization was concluded based on the best performing NC, i.e., 5 wt%
metal loading for 0.1Fe-0.4Zn-TiO,-300 for the reaction optimization parameters. Our
results are in agreement with previous studies, which showed that metals act as anatase
stabilizers and cationic dopants like Fe and Cu are more stable in Ti substitutional lattice
positions [20,21].
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Figure 1. Effect of different parameters on NC synthesis (a) calcination temperature, (b) metal loading
(Wt%), and (c) TiO, phase composition on % COD removal.

2.2. Reaction Parameters Optimization

The NC (0.1Fe-0.4Zn-TiO,-300) optimized during synthesis optimization was further
evaluated for different reaction parameters such as NC dose, light intensity, initial DIPA
concentration, and irradiation duration to achieve the maximum efficiency against DIPA
degradation in terms of % COD removal.

2.2.1. Effect of NC Dose

Figure 2a shows that the gradual increment in NC dose led to higher % COD removal
of DIPA. The optimum NC dose was 1.0 g L™! with 66.5% COD removal in 60 min;
however, further increase from 1.0 g L~! decreased the % COD removal (20.6%). The
increased degradation ensued because of the higher number of available surface area
that increased photon absorption, which in turn resulted good photocatalytic behavior
of the photocatalyst. Nevertheless, increasing the NC amount (1.0 gL~ to 5 g L' and
above) might be related to the excessive coverage of the photocatalyst surface that in turn
decreased the photon absorption [31].
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2.2.2. Effect of Light Intensity

Significant improvement in the photodegradation of DIPA (83.4%) was achieved with
an increase in light intensity (300 and 500 W) as depicted in Figure 2b. Light intensity is one
of the important parameters in photocatalytic reactions as the light intensity influences the
electron transfer rate from valance band (VB) to conduction band (CB) and the formation
rate of e~ /h* pair [32,33]. Previous studies with similar results reported that the reaction
rate is directly associated with the light intensity; any increase or decrease in intensity
directly influenced the reaction rate because of the generation of more photons, thereby
generating the e~ /h* pairs [33-36].

2.2.3. Effect of Irradiation Time

Other than light intensity, the exposure duration is among various significant param-
eters responsible for better NC efficiency. Figure 2c shows photocatalytic degradation
increased with time; complete COD removal (100%) was achieved in 190 min. In addition,
in control experiments, photolysis (without NC) and only NC (without light), marginal
DIPA degradation was observed. It can be concluded that both the presence of an irradia-
tion source and light intensity are crucial to better photocatalytic efficiency.
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Figure 2. Effect of reaction parameters on COD removal (%) using 0.1Fe-0.4Zn-TiO,-300, (a) NC dose,
(b) light intensity, (c) irradiation time, and (d) DIPA concentration.

2.3. Photodegradation Kinetics

The kinetics for the photodegradation of DIPA were studied using the optimized NC
(0.1Fe-0.4Zn-TiO,-300) against different initial DIPA concentrations (10-500 mg L~1). The
reaction conditions were kept same for the experiments, including visible light irradiation
(300 W), 1.0 g L~ NC dose, working pH, and ambient temperature (24 + 2 °C). According
to the results depicted in Figure 2d and Figure S1 (supplementary materials) the COD
removal improved with time, but there was a declining trend when DIPA concentrations
were increased. In addition, a linear relationship was obtained by plotting In (C,/Cy),
therefore, photocatalytic degradation of DIPA followed the pseudo-first-order kinetics
(Figure 3a). Kypp was obtained from the slope of linear regression.

Moreover, the Langmuir-Hinshelwood model [37] was used for quantitative evalua-
tion of DIPA photodegradation using 0.1Fe-0.4Zn-TiO,-300 NC under visible light. The
L-H plot is depicted in Figure 3b. The K¢ and K,45 were estimated from the plot of
1/Kapp against [DIPA], (inset Figure 3b), the value of K¢ and K,4s were 7.3099 min~! and
3.5100 L mg~!, respectively, showing strong adsorption capacity. A stronger adsorption
capacity is always the major factor contributing to the performance of photocatalyst [38].
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Figure 3b depicts the relationship between the photocatalytic degradation rate of DIPA and
different initial concentrations of DIPA; the plot describes the fact that the photocatalytic
degradation rates increased with an increment in [DIPA], However, it became constant
with higher concentrations. Reports from previous studies have shown that the increasing
quantity of adsorbed species (DIPA) on the photocatalyst surface could be a primary fac-
tor for lower photodegradation rates with increased pollutant concentrations as reduced
number of photons would reach the NC surface [39,40].
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Figure 3. Photocatalytic degradation of DIPA: (a) Pseudo-first-order reaction kinetics for DIPA over Fe-
Zn/TiOy NG; (b) rates of the photocatalytic degradation of DIPA as a function of initial DIPA concentrations.

2.4. Photocatalytic Bactericidal Performance Evaluation

Figure 4a depicted the bactericidal performance of the control (without light), anatase
TiO; (TA), 0.1Fe-0.4Zn-TiO,-200, 0.1Fe-0.4Zn-TiO,-300, and 0.1Fe-0.4Zn-TiO,-400 against
selected pathogenic bacterial strains (E. coli and S. aureus). NC 0.1Fe-0.4Zn-TiO;-300
showed 100% growth reduction against S. aureus compared to E. coli (81.0%) within 90 min
of visible light irradiation. MRSA 252 responded more to the impact of 0.1Fe-0.4Zn-
Ti0,-200 (85%) and 0.1Fe-0.4Zn-TiO7-400 (88%). In addition, the kill time required to
completely inactivate test bacterial strains was determined by measuring inactivation
efficiency. Figure 4b represents the inactivation efficiency (kill time analysis) of 0.1Fe-0.4Zn-
TiO,-300 against E. coli and S. aureus. After 180 min of kill time analysis, 100% growth
inhibition was observed against S. aureus, and 90.2% against E. coli.
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Figure 4. Photocatalytic bactericidal performance of control (C), TiO, (T), 0.1Fe-0.4Zn-TiO, NC
calcined at 200, 300, and 400 °C against E. coli and S. aureus: (a) % reduction in 90 min, (b) inactivation
efficiency (CFU) against S. aureus, and (c) inactivation efficiency (CFU) against E. coli.
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2.5. Molecular Docking Studies

Considering the bactericidal efficacy of 0.1Fe-0.4Zn-TiO,-300 NC against E. coli and
S. aureus, molecular docking studies against the B-lactamase enzyme as a potential tar-
get were carried out. The docking score obtained for best docked conformation was
—5.72 kcal mol~ L. The key amino acid residues, i.e., Pro122, Asp123, and Val125 showed
H-bonding interaction with functional groups of Fe-Zn-TiO, NC as depicted in Figure 5a.
In addition, Figure 5b,c represents a three-dimensional view of docked NC along with
pocket surface. Similarly, 0.1Fe-0.4Zn-TiO,-300 NC showed a good binding score of
—3.46 kcal mol ! against B-lactamase from S. aureus and its binding interaction pattern
(i.e., H-bonding with Ser462 and Thr600) is depicted in Figure 5d,e The good binding score
and interaction of NC inside active pocket suggested that it could be a possible inhibitor of
B-lactamase that should be investigated further for its enzyme inhibition studies.

(a)

(b)

Figure 5. (a) Binding interaction pattern of Fe-Zn-TiO, nanocomposite with active site of B-lactamase
(2D view). (b) 3D view of interaction with active site residues of B-lactamase (E. coli), (c). Fe-Zn-TiO,
NC inside the active pocket of B-lactamase (E. coli), (d) Fe-Zn-TiO, NC inside the active pocket of
B-lactamase (S. aureus) (e). 3D view of interaction with active site residues of B-lactamase (S. aureus).
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2.6. Energy Efficiency Analysis

The energy efficiency of the synthesized NCs was estimated using Equation (7). The
efficiency is reported in terms of electrical energy (KW h m~3) consumed for degradation
of 1000 L of DIPA. The results are depicted in Table 2. The best performing NC synthesized
through WI method (0.1Fe-0.4Zn-TiO,-300) only consumed 457.40 KW h m~3 of electrical
energy, while energy consumption for 0.1Fe-0.4Zn-TiO,-300 NC synthesized through Co-P
was 1374.52 KW h m 2 and 0.5Fe-0.0Zn-TiO,-300 synthesized through the SG method
1575.18 KW hm™3.

Table 2. Energy efficiency of the synthesized photocatalysts through different methods for
DIPA degradation.

Energy Efficiency of NC with Respect to

NC Calcination (o C) Synthesis Method (KW h m_3)
WI Co-P SG
0.0Fe-0.1Zn-TiO, 300 2043.61 2167.06 2378.93
0.1Fe-0.4Zn-TiO, 300 457.40 1374.52 2029.05
0.2Fe-0.3Zn-TiO, 300 2058.36 2437.76 2378.93
0.3Fe-0.2Zn-TiO, 300 2167.06 2043.61 2043.61
0.4Fe-0.1Zn-TiO, 300 1932.00 1945.36 2000.47
0.5Fe-0.0Zn-TiO, 300 1760.40 1494.54 1575.18

2.7. Physico-Chemical Characterization
2.7.1. Thermal Stability

TGA was conducted to monitor the thermal stability and to estimate optimum cal-
cination temperatures for the as-synthesized NC. The decomposition temperature of the
as synthesized NC can be estimated using this TGA. Decomposition temperature is the
temperature at which the raw photocatalyst begins to decompose and the photocatalyst
achieves thermal stability. The weight loss profile of the doped titania sample prepared
using WI method (5 wt%-0.1Fe:0.4Zn-TiOy) is presented in Figure 6. The evaporation
of physically adsorbed moisture can be seen as an abrupt, steeply decomposition with a
3.898% weight loss step (50-250 °C), followed by a bit stable step from 250-800 °C repre-
sents the decomposition of the Fe(NOs); and Zn(NOs),, to form iron oxide and zinc oxides,
respectively [30,41,42]. Total weight loss was 3.898%. Main decomposition steps proposed
for tested samples are as in Equations (1) and (2).

Fe(NO3)2 — FeO(g)-l-Oz(g) D
Zn(NO3)2 — ZnO(S)-i-ZNOz(g)-i-Oz(g) 2)

2.7.2. Surface Functional Groups (FTIR)

Figure 7 shows the FTIR absorption spectra of TiO, (TA), raw (uncalcined) and calcined
0.1Fe-0.4Zn-TiO,-300 NC. Some of the identified, prominent peaks observed from the
spectrums are tabulated in Table S1 (Supplementary material). The broad band around
3400 cm~! was attributed to O-H stretching, and the peak near 1623, 1626, and 1634 cm~1
to H-O-H bending and related to physically absorbed moisture [30,43]. The IR band
observed from 400-900 cm ™! corresponds to the Ti~O stretching vibrations [44-46]. Almost
similar peaks were observed in rest of the photocatalysts. The presence of the intense peak
at 1384 cm ™! is associated with the nitrate (NO3 ™) group usually identified when dopant
metal nitrate salts are used as precursors [47,48].
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2.7.3. BET Surface Area

To relate the photocatalytic efficiency of the prepared NC, a material surface area is
an important parameter among the physical properties. The BET surface area trend was
reported to be directly associated with the primary particle size of the NC anatase phase [49].
In the present study, the effect of different photocatalyst calcination temperatures was
monitored, as increasing calcination temperatures can result in clumping or agglomeration
of solid particles, thus reducing surface area.

Figure 8 shows the Ny adsorption-desorption isotherm for the NC used in the present
study. TA and 0.1Fe-0.4Zn-TiO,-200 displayed IUPAC of Type III isotherm characterized
as non-porous products that shows weak interaction between the adsorbent and the
adsorbate while 0.1Fe-0.4Zn-TiO;-300 and 0.1Fe-0.4Zn-TiO,-400 NC displayed Type IV
isotherm, corresponding to mesoporous material, the solid material with pores size between
2-50 nm [50]. Detailed surface analysis of TA, 0.1Fe-0.4Zn-TiO,-200, 0.1Fe-0.4Zn-TiO,-300,
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and 0.1Fe-0.4Zn-TiO,-400 are shown in Table 3. The BET surface area was 17.743 m? g !
for TA. The slower crystallization at lower calcination temperatures (200 °C) led to smaller
surface area (7.42 m? g~!); however, at the optimal calcination temperature (300 °C),
maximum surface area (55.99 m? g ~!) was attained. Nevertheless, increasing the calcination
temperature (400 °C) further reduced the surface area (8.37 m? g’l). Previous research
has found that increasing the calcination temperature lowers the NC’s surface area [51,52].
Furthermore, NC calcined at 300 °C had the maximum porous volume, however, the
average pore diameter was only 7.160 nm, which could be due to high metal dispersion on
the TiO, surface [29]. The enhanced efficiency of the best performing photocatalyst can be
related to its high surface area and increased pore volume.

—@—-TA-A —O—-TA-D —-200-A ={3=200-D
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Figure 8. Isotherm plot for Fe-Zn/TiO, nanocomposite.
Table 3. BET surface area, pore volume, and pore diameter of Fe-Zn-TiO, photocatalysts.
Calcination Temperature
Parameters
TA 200 300 400
SAggr (m?-g~1) 17.43 7.42 55.99 8.37
Total pore volume (cm3-g~1) 0.054 0.054 0.100 0.051
Average pore diameter (nm) 12.06 29.19 7.160 24.346

2.7.4. Morphology

Figure 9 shows FESEM and EDX spectrum of four samples including TA, 0.1Fe-0.4Zn-
TiO,-200, 0.1Fe-0.4Zn-TiO,-300, and 0.1Fe-0.4Zn-TiO,-400 whereas Figure 10 represents the
(a) TEM images of the 0.1Fe-0.4Zn-TiO,-300 NC along with (b) a histogram to show particle
size distribution and (c) lattice fringe patterns. The images clearly demonstrate that the
sample consists of tiny irregular shaped, crystalline particles varying in size (70-180 nm
for TA and 100-180 nm for 0.1Fe-0.4Zn-TiO,-300 NC). The 0.1Fe-0.4Zn-TiO,-300 NC had
minor agglomerations relative to TA whereas the EDX spectrum specifically indicates the
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presence of the main constituents (Ti and O) along with the doped metals (Fe and Zn),
which are successfully integrated and distributed over the TiO, support (as could be seen
in the form of separate signals of doped metals).

400 10
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Figure 9. FESEM (Mag 100KX) and EDS elemental mapping of TiO, (TA) and 0.1Fe-0.4Zn-TiO, NC calcined at different

temperatures.
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Figure 10. (a) HRTEM images of the 0.1Fe-0.4Zn-TiO;-300 NC, (b) a histogram to show particle size distribution and
(c) lattice fringe patterns.
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2.7.5. Phase and Crystal Structure

In Figure 11, the XRD patterns for the four samples (TA and 0.1Fe-0.4Zn-TiO; of
different calcination temperature; 200, 300 and 400 °C) displays phases corresponding to
anatase phases, as expected, at 25.4°. All the samples calcined 300 °C and above showed
two main clear phases corresponding to anatase and rutile. The peaks at 20 = 25.34° and
20 =27.46° corresponded to the main peak of anatase and rutile, respectively [30,53-55].
With phase transition, none of the samples calcined at different temperatures were observed
due to lower calcination temperatures. As shown in previous studies, phase transition
behavior was observed in photocatalyst samples calcinated at temperatures above 600 °C
and that phase change behavior in titanium samples (anatase to rutile phase transition) is
well known, is typically above 600 °C, and is a well-established phenomenon [49,56]. As
the TiO, samples were doped using Fe and Zn transition metals as dopants, no diffraction
lines of phases containing Fe or Zn were observed. This could be due to either very low
dopant concentration or well scattered dopants on TiO,. This statement can be confirmed
by studies carried out by Zhu et al. [57], who confirmed that TiO, with above 5 wt%
metal dopant concentration, in addition to TiO,’s main anatase peaks, small peaks can
be observed owing to a separate oxide process. In our case, findings from FESEM-EDX
images support the metal dispersion. Crystallite size and composition of phases of Bare
TiO, (TA) and doped photocatalysts are presented in Table 4.

1 ¢ T 200 300 400

!
[
|
r

Intensity (a.u)

20 30 40 50 60 70 80 90
26 (Degree)

Figure 11. XRD patterns of TiO, (TA) and 0.1Fe-0.4Zn-TiO, NC calcined at 200, 300, and 400 °C
(# = anatase, e = rutile).

Table 4. Crystallite size and composition of phases of synthesized NC.

Photocatalysts Crystallite Size (nm) Composition of Phases (%)

Anatase Rutile Anatase (wp,) Rutile (wR)
TiO; (A) 38.39 0.00 100.00 0.00
TiO; (A&R) 14.78 15.47 80.07 19.93
SG-0 18.75 0.00 100.00 0.00
0.1Fe-0.4Zn-TiO,-200 41.53 41.21 75.66 24.34
0.1Fe-0.4Zn-TiO,-300 41.11 35.49 74.01 25.99
0.1Fe-0.4Zn-TiO,-400 41.10 37.62 73.59 26.41

2.7.6. Diffuse Reflectance UV-Visible Spectrophotometry

The absorbance spectrum of the synthesized photocatalysts is presented in Figure 12
and related bandgap energies for TA and 0.1Fe-0.4Zn-TiO,-300 were 3.16 and 2.75 eV
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(Figure 12). The related good performance of the photocatalysts can be attributed to the
reduced bandgap, the increase of the surface oxygen vacancies (SOVs) could result in
red shift. In case of Zn as a dopant, as previously reported [58,59], ZnO could play the
role of a dopant in the composites, and the interfacial coupling effect between TiO, and
ZnO might lead to the red shift. In our case, based on the photocatalytic performance,
doping Fe or Zn might have contributed to the formation of impurity energy level between
the CB and VB of the semiconductor TiO, (used as substrate), that in turn contributed
to initiation of the visible region-mediated photocatalytic reaction on the surface of the
Fe-Zn/TiO, photocatalyst by generating e~ /h* pair. This statement is in agreement
with the previously reported literature for the photodegradation of tetracycline using
Zn/TiO, [58] and Fe-doped SrTiO3 [59]. Not only the calcination temperature, but the
Zn as a dopant may have led to inhibiting phase transformation (anatase to rutile) and
bandgap narrowing with increased visible range absorption. Both factors contributed to
better photocatalytic efficiency.

(@) 0.2 1 —T = = 300 (b)
12 - T
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Figure 12. (a) Absorbance spectrum and (b) plot of transformed K-Munk functions [F(R)hv]*/2 vs.
hv of the bare TiO, and synthesized NC.

3. Materials and Methods
3.1. Materials

The chemicals in this research were used as obtained without further purification.
Dopant metal salts used for NC synthesis were iron (III) nitrate nonahydrate, Fe(NO3); #9H,O
(Merck, Darmstadt, Germany), and Zn(NO3),#6H,0, while titanium tetraisopropoxide or
TTIP was used as a precursor of TiO, (98%, Daejung, South Korea). Titanium (IV) oxide, a
mixture of rutile and anatase and titania (Sigma Aldrich, Munich, Germany), and anatase
(Sigma Aldrich, Munich, Germany) were used for comparative analysis. Nutrient agar and
broth were purchased from Oxoid, UK, to culture test bacterial strains. The model organic
pollutant used in this study was diisopropanolamine (1,1-Iminodi-2-propanol, Merck,
Darmstadt, Germany) whereas sodium hydroxide, NaOH (Merck, Darmstadt, Germany,
95% purity), was used as a precipitating agent during the co-precipitation (Co-P) method
for NC synthesis

3.2. Nanocomposite Synthesis

Photocatalytic NC was prepared employing different methods of synthesis including
wet impregnation (WI), co-precipitation (Co-P), and sol-gel (SG) methods. Photocatalyst
synthesis protocol is detailed in our previous publications for the WI method [12,60,61]
and co-precipitation [61]. Another batch of Fe-Zn-TiO, NC was synthesized following
a modified sol-gel procedure described elsewhere [11,62]. A detailed methodology is
reported in supplementary information as Section 1 (Nanocomposite Synthesis) while the
schematic representation is depicted in supplementary information Figures S2 and S3. The
dried (raw) photocatalysts synthesized by the above-mentioned procedures was ground
into fine powder and stored in a desiccator. The raw photocatalysts were activated at
various calcination temperatures (200, 300, 400 and 500 °C).
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3.3. Performance Evaluation of Fe-Zn-TiO, Nanocomposite
3.3.1. Screening and Optimization Studies

To screen the best-performing NC, the photocatalytic efficiency of all synthesized NC
in terms of mineralization (COD removal) was evaluated using DIPA (300 mg LD asa
model pollutant under visible light irradiation. In addition, the pH and temperature were
maintained in the same conditions, i.e., working pH and room temperature (23 & 2 °C)
in all reaction studies. The photoreactor comprised of the stirring plate placed inside a
compartment with a halogen lamp (300 Watt) mounted above the photo-chamber. Samples
were collected (at various intervals), centrifuged, and filtered twice, with Whatman filter
paper (GD/X 25 mm diameter, pore size 0.45-micron PTFE), to remove photocatalyst,
followed by measuring chemical oxygen demand (COD, mg L) using Hach UV-Vis
spectrophotometer (DR 3900, Hach, Loveland, CO, USA). Percent COD was measured
through the following Equation (3),

®)

COD Removal (%) = <w> x 100
o

Initial COD is represented as COD, and COD at time is COD; in mg L.

3.3.2. Kinetic Studies

The Langmuir-Hinshelwood (L-H) kinetic model was used to study the photocatalytic
kinetics for the degradation of DIPA. The model is given below, Equation (4).

_dC  keKygs

TTE T 11K

4)

where r is the oxidation rate (mg L~ min~!), C is the concentration of the reactant (mg L),
t is the illumination time (min), K, is the reaction rate constant (min—'), and K4 is the
adsorption coefficient of the reactant (L mg’l).

3.3.3. Photocatalytic Bactericidal Studies

Antimicrobial activity was assessed to evaluate the efficacy of NC in terms of the min-
imum time and dosage needed to effectively inhibit bacterial growth. The best performing
photocatalysts was further used for inactivation of biological contaminants. The pathogenic
species used were Escherichia coli (ATCC 15224) and methicillin-resistant Staphylococcus
aureus (MRSA 252) from Holy Family Hospital, Rawalpindi, Pakistan [63]. To ensure
sterile conditions, glassware and growth media (nutrient broth and nutrient agar media)
were autoclaved.

The modified protocol of Mathew et al. [64], described in our recent publication [10,65],
was followed for the inactivation studies. In a typical method, the fresh broth cultures
of test pathogens were prepared for photocatalytic activity and the mature test organism
was transferred to glass vessels, supplemented with NC. The sample solution with known
concentration of bacterium (10* CFU.mL~!) and NC dose (1 mg.mL ') was irradiated in
a photoreactor, explained earlier, placed within the laminar flow hood to ensure sterile
conditions and to avoid contamination. During the reaction, known quantities of aliquots
were collected and plated at regular intervals. Plates were incubated (at 37 °C) and findings
were recorded as CFU using colony counter. Control experiments were conducted for
reference purposes without NC and light source. Kill time assessment was also conducted
to check the influence of time for complete inhibition, following the similar protocol stated
above in nutrient broth culture (NB) proceeded by inoculation of known quantities of
tested pathogens (S. aureus and E. coli). Inoculation was done on an agar plate by the plate
count method. Plates were incubated and the findings were interpreted as the inactivation
efficiency plots. Results were presented in terms of percent reduction before and after
photocatalytic oxidation reaction (PCO) using the following Equation (5):
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A, — A
Percent reduction = < ° A t) x 100 5)

0

where A, indicates the number of viable bacteria before PCO and A; is the number of
viable bacteria after PCO. The inactivation efficiency [66] of the nanomaterials was shown
by log unit reduction of MRSA 252/E. coli (L;), Equation (6)

At

logunitreduction of bacteria (Lr) = A
o

(6)
where At and A, are initial concentration and concentration at a particular irradiation time
during photocatalytic inactivation experiments, respectively.

3.4. Energy Efficiency Analysis of Synthesized NC

Energy efficiency plays an important role in the selection and cost of the NCs. En-
ergy efficiency was estimated through electrical energy consumption (Eg,o) to degrade
1000 L of wastewater using synthesized NC. The following Equation (7) was used for the
determination of Eg,q of the NC [11,67].

Bejo = 0] )
(V)60In (G)

3.5. Molecular Docking Simulation Studies

Molecular docking studies were conducted to gain more insight into potential tar-
gets leading to the inhibition of bacterial growth [68]. Inhibitors of 3-lactamase were
identified as potent antibiotics [19]. Here, the interaction pattern of Fe-Zn-TiO, NC with
the amino acid residue of the active pocket of -lactamase from E. coli and S. aureus was
performed. The 3D structure of the enzyme B-lactamase presented in Figure 13 was re-
covered from the protein data bank (PDB ID: 4KZ3) and (PDB ID: IMWU) resolution:
1.67 A) [69,70]. MOE (Molecular Operating Environment) software was used for docking
studies [71]. The MMFF94x forcefield and gradient 0.05 were used for energy minimization.
The possible binding site was specified around co-crystallized ligand, i.e., 5-chloro-3-
sulfamoylthiophene-2-carboxylic acid of S-lactamase from E. coli.

~

Figure 13. (a). 3D structure of B-lactamase from E. coli (PDB ID: 4KZ3) and (b). S. aureus (PDB ID:
IMWU).

Polar hydrogens were added to prepare protein for docking while other default
parameters were used. Finally, the ten best docked conformations were produced to get
best binding pose and interaction of NC into active pocket. The 2-dimensional interaction
pattern of photocatalyst inside protein pocket were obtained using the ligand binding
interaction tool of MOE. The structure of Fe-Zn-TiO, NC was built by modification of a
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previously reported anatase structure of Titania TiO, retrieved from PubChem as shown in
Figure 14a,b.

Figure 14. (a) 2D structure of anatase (TiO;), (b) 2D structure of Fe-Zn-TiO, NC.

3.6. Physico-Chemical Characterization

Thermogravimetric analysis (TGA, TGA-STA 8000, Boston, MA, USA), FTIR (Perkin
Elmer Spectrum one FTIR spectrophotometer, Waltham, MA, USA), FESEM (Supra55VP,
Oberkochen, Germany), BET surface area analysis (BELSORP, Osaka, Japan), and diffuse re-
flectance UV visible spectroscopy (DR-UV —vis, Shimadzu spectrometer 3150, Kyoto, Japan)
were used to study the thermal stability, surface functional groups, surface morphologies,
surface area, and bandgap analysis, respectively. XRD analysis (XRD-Bruker, Billerica, MA,
USA) were also conducted for phase identification and crystalline size estimation using
Scherrer equation (Equation (8)) [72].

- KA
Bcost

®)

4. Conclusions

In the present study, we successfully achieved the main objective to shift the ab-
sorbance spectrum and enhanced photocatalytic performance by optimization of the syn-
thesis and reaction parameters. From the results obtained, nanocomposites prepared using
the WI method were observed to have a better performance compared to the other two
reported synthesis methods. Based on the results from the screening studies, the nanocom-
posite synthesized via the WI method with 0.1Fe-0.4Zn metal ratio, calcined at 300 °C, was
selected as the best one with 66.5% COD removal. It was correspondingly concluded that
the anatase titania as substrate performed better compared to other TiO, phases. Optimum
dopant composition and calcination temperature were 0.1:0.4 Fe to Zn and 300 °C, respec-
tively. The critical reason behind the good performance is that more energy is provided
but the higher light intensity to the TiO, substrate produces electron-hole pairs. From
the results obtained in the present study, it is assumed that the effective destruction of
the pollutant (DIPA) is only possible because of the successful metal doping onto the
TiO; substrate. Among the various parameters that affect the photocatalysis of the DIPA,
the most important is the method used for photocatalyst synthesis. Other than reaction
parameters, the most important are the photocatalysts synthesis parameters which directly
influence the photocatalytic performance in terms of pollutant mineralization. All those
employed synthesis parameters such as type of metal doped, type of TiO, used, composi-
tion of different phases of TiO,, amount of the metals doped, metal composition (Fe:Zn),
and calcination temperature of the photocatalyst together enhanced the effectiveness of
photocatalytic materials while synthesizing the photocatalysts. The energy consumption
for the best NC was 457.40 KW h m 3. Although the influence of some of the parameters
could be controversial in some cases, understanding all these factors could give a clear idea
of the progression of the photodegradation of the pollutants. From the antibacterial results,
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it is obvious that increasing time results in an increase in % reduction of the bacterial cell
count (100% in 90 min of irradiation) due to the availability of maximum photons. The
good binding score and interaction of nanocomposite inside active pocket suggested it
to be a potential inhibitor of S-lactamase that can be further evaluated for its enzyme
inhibition studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11091112/s1, Figure S1. Effect of DIPA concentration versus corresponding irradiation
time on % COD removal, Table S1. Possible assignments of the FTIR peaks, Figure S2. Schematic
representation of the formation mechanism, and Figure S3. Instruments used for characterization of
the photocatalysts.
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