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Abstract: Cyanide is a highly toxic substance present in wastewater from various industries. This
study investigates the removal of cyanide species (CS) from aqueous solutions using the ZnTiO3 /TiO, /
H,0,/UVB system. ZnTiO3/TiO, nanoparticles synthesized by the sol-gel method were charac-
terized by powder X-ray diffractometry (XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDS). The adsorption capacity of nanoparticles was tested by varying
the pH of the solution, adsorbent concentration, and contact time. The adsorption of CS on ZnTiO3
and TiO, surfaces was verified by Density Functional Theory (DFT) calculations. Photocatalytic
experiments were achieved under UVB irradiation (A = 310 nm). The response surface methodology
(RSM) was used to optimize the CS removal efficiency. The detoxification effect was evaluated by
acute toxicity tests with brine shrimp. The theoretical results show that the adsorption of CS is
energetically more favorable on the ZnTiOj3 surface than on the TiO, surface. The experimental
results show that the system consisting of ZnTiO3/TiO, (200 mg L1, H,O, (0.1%), and UVB light
removes 99% of CS from aqueous solutions after 60 min and reduces the mortality of nauplii in 90%
after 90 min. This system was reused in five consecutive cycles with a total loss of efficiency of 30%.

Keywords: cyanide; adsorption; photocatalysis; toxicity; DFT calculations

1. Introduction

The presence of contaminants in wastewater represents a significant and potentially
hazardous risk to both the environment and public health. Therefore, wastewater treatment
is a principal concern within our society [1]. Cyanide is a prevalent contaminant found
in wastewater from gold mines and various industrial sectors [2]. Cyanides are highly
toxic chemical compounds that can cause severe harm to both human health and the
environment [3,4]. Cyanide compounds exist in two primary forms in the environment:
As unbound entities such as the cyanide ion (CN™) and hydrogen cyanide (HCN), and
as water-soluble inorganic salts like sodium cyanide (NaCN) and potassium cyanide
(KCN) [5]. All forms of cyanide can be lethal at high exposure levels, with free cyanide
(HCN + CN7) being the most toxic [6]. Industrial effluent discharge is the primary source
of cyanide complexes entering the environment, as these complexes form through the
combination of cyanide ions with metal ions [7]. Given the potential hazards associated
with cyanide complexes, it is crucial to regulate and remediate cyanide-contaminated water
before releasing it into the environment [8,9].

Traditionally, the removal of cyanide and its associated chemicals during industrial
wastewater treatment relies on biological and physicochemical treatment methods [10,11].
Biological treatment is cost effective and environmentally friendly, but it has limitations
when dealing with high cyanide concentrations due to the slow detoxification rate of
cyanide [12]. Physicochemical methods such as filtration, precipitation, coagulation, re-
verse osmosis, electrolytic oxidation, acidification, flotation, thermal hydrolysis, alkaline
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chlorination, and the AVR (acidification—-volatilization-reabsorption) process can eliminate
or transform cyanide into less harmful forms [13,14]. However, some of these methods
are costly, involve hazardous chemical reagents, require specialized equipment, demand
continuous maintenance, and include additional detoxification stages [15,16].

Alternatively, adsorption and advanced oxidation processes (AOPs) have emerged
as promising techniques for cyanide removal due to their high efficiency, simplicity in
design, ease of operation, and low operating costs [17-19]. The adsorption process can
occur through various mechanisms, including electrostatic interaction, ion exchange, and
complexation [20]. However, adsorption alone only transfers the contaminant from one
medium to another without complete removal. Complete degradation of the adsorbed
pollutant can be achieved through a series of oxidation-reduction reactions inherent to
AOPs [21-23].

Various AOPs have been used for the treatment of cyanide-contaminated waters, in-
cluding the Fenton and Photo-Fenton reactions, ozonation (O3), ultraviolet (UV) photolysis,
UV/0O3, UV/H0,, and H,O,-based catalytic reactions [24]. HyO; is a high-value multi-
functional oxidant that is widely applied in a wide range of industries, such as chemical
synthesis, energy-related applications, medical disinfection, and wastewater treatment [25].
Hydrogen peroxide (H,O;) has attracted attention because it can address the limitations of
conventional treatments and other AOPs. HyO; can oxidize cyanide without generating
toxic byproducts and enhances the catalytic degradation of cyanide. However, practical
applicability may be limited when dealing with large wastewater volumes due to the
considerable time and H,O, quantity required. Therefore, additional components, such as
photocatalysts and UV photolysis, are essential to enhance cyanide removal efficiency [12].

Adsorbing the contaminant onto the photocatalyst before photodegradation is crucial
for enhancing the speed and effectiveness of contaminant removal in aqueous solutions.
This process concentrates the contaminant on the surface of the photocatalyst, where it
can undergo more efficient degradation through redox reactions involving radicals gener-
ated during photodegradation [26]. Photocatalysis in aqueous systems generates reactive
oxygen species (ROS), powerful oxidizing agents capable of breaking down stubborn
compounds [5]. Titanium dioxide (TiO;) is a widely used semiconducting material in
photocatalytic applications due to its stability, cost-effectiveness, low toxicity, and envi-
ronmentally friendly nature [27-29]. However, the use of TiO; is restricted to ultraviolet
(UV) wavelengths due to its specific bandgap energy requirement (Eg = 3.2 eV) [30-32].
Another limitation of TiO; is its tendency for rapid electron-hole recombination, reducing
ROS formation and photocatalytic efficiency [33].

To address these limitations and enhance the photocatalytic process, various surface
modifications of TiO; have been proposed. One such modification involves coupling TiO,
with other semiconductors that have different redox energy levels for their respective
conduction (CB) and valence (VB) bands. This coupling improves charge separation,
prolongs charge carrier lifetimes, and enhances interfacial charge transfer to adsorbed
substrates [34,35]. Numerous semiconductors, including cadmium sulfide (CdS), copper(Il)
oxide (CuO), iron(Ill) oxide (Fe,O3), magnesium oxide (MgO), molybdenum trioxide
(Mo0O3), tin(IV) oxide (SnO,), silicon dioxide (5iO;), tungsten(VI) oxide (WO3), zirconium
dioxide (ZrOy), and zinc oxide (Zn0O), have been considered for coupling with TiO, [36-39].
The properties and compatibility of the coupled semiconductor significantly impact the
surface charge of the material and, consequently, its photocatalytic capacity [40].

The coupled semiconductor ZnTiO3/TiO;, which integrates zinc titanate (ZnTiO3) with
TiO,, has been explored for the removal of various pollutants in wastewater due to its
molecular properties and adsorption and photocatalysis characteristics [41,42]. This hybrid
semiconductor exhibits superior physical and chemical properties compared to individual
components, primarily due to alterations in their electronic states. In fact, the combination of
ZnTiO5 and TiO; in the ZnTiO3/TiO, photocatalyst takes advantage of the complementary
properties of both materials [43,44]. While TiO; is effective in generating reactive oxygen
species in the presence of ultraviolet light, ZnTiO3; improves visible light absorption and
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charge carrier mobility, increasing the overall efficiency of photocatalysis [45,46]. Furthermore,
the presence of ZnTiO3 can provide additional adsorption sites for various contaminants,
facilitating their interaction with the photocatalyst and promoting their efficient removal from
wastewater. Based on these properties, it is suggested that in the specific case of cyanide
removal, ZnTiO3 /TiO; could certainly exhibit high efficiency.

The adsorption and photodegradation capabilities of materials are influenced by
numerous factors, including material properties and operational conditions [47]. A com-
prehensive exploration of these parameters provides valuable insights for designing ma-
terials and processes to efficiently remove specific contaminants [48,49]. While the liter-
ature contains numerous reports on materials for removing NaCN, KCN, and cyanide
complexes, to our knowledge, no prior studies have addressed the adsorption and pho-
todegradation of cyanide species using the ZnTiO3;/TiO, hybrid semiconductor in a
ZnTiO3/TiO, /HyO, /UVB system. Consequently, the behavior of these semiconductors
in adsorption and photodegradation processes involving cyanide species remains unclear.
Therefore, this study aims to evaluate the effectiveness of the ZnTiO3;/TiO, H,O,/UVB
system in removing total cyanide from aqueous solutions.

In order to investigate cyanide removal by adsorption and photodegradation processes,
batch experiments were carried out. These batch experiments consisted of the preparation
of samples of aqueous solutions containing known concentrations of cyanide, which were
subjected to controlled treatment conditions using the ZnTiO3/TiO; H,O, /UVB system. In
each experiment, a precise amount of the cyanide solution was added to the reactor system,
followed by a period of stirring to allow interaction between ZnTiO3/TiO, /H;O; and the
cyanide present in the solution. Subsequently, irradiation with ultraviolet type B (UVB)
light was applied to the sample. During the course of the experiments, periodic samples
of the treated solution were taken to determine the residual cyanide concentration. This
was achieved through spectrophotometry, which made it possible to precisely quantify the
amount of cyanide present in the solution at different times.

The uniqueness of this comparative study lies in its demonstration of efficient cyanide
species removal from aqueous systems with minimal H,O, consumption, thanks to the
synergistic combination of adsorption and photocatalysis processes in the ZnTiO3/TiO,
semiconductor. Finally, the materials synthesized in this study hold promise as an inno-
vative environmental technology, offering operability and reusability, and presenting a
sustainable alternative with significant potential for effluent treatment applications.

2. Results

Table 1 shows a summary of the mathematical expressions used in this study for
data analysis.

Table 1. Summary of the mathematical equations used in this study.

Denomination

Equation Parameters

Scherrer equation

A = Wavelength of the X-ray beam (0.15406 nm)
K = Shape factor (0.89)
A = % (1) 0 = Bragg angle
f = Full width at half peak height maximum (FWHM) of
the X-ray diffraction peak

Cp = Initial concentration (mg L1
Ce = Equilibrium concentration (mg L~1)

— _ v
Adsorbate adsorbed Qe = (Co=Ce) x5 @) w = Mass of the adsorbent (g)
v = Volume of the solution (L)
gmax = Maximum monolayer adsorption (mg g~ 1)
K1, = Equilibrium Langmuir constant related to the
Langmuir Ce o 1 4 G (©)] adsorption energy (L mg~!)

qe Kidmax ' dmax ¢ . . T
Ce = Concentration of adsorbate in solution at equilibrium

(mg L)
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Table 1. Cont.

Denomination

Equation

Parameters

Freundlich

1
qe = KgCe

)

K = Freundlich constant (L mg ')

1/n = Adsorption intensity constant.

Note: For favorable adsorption, the value of n should be
between 1 and 10

Temkin

qo = BIn(ACe)

©)

ge = Adsorbate adsorbed per unit weight (mg g~ 1) at
equilibrium

A = Temkin isotherm constant (L gfl)

C. = Concentration of adsorbate in solution at equilibrium
(mg L)

B = Constant related to the heat adsorption

Constant of heat
adsorption

(6)

b = Temkin constant (J mol~1)
T = Absolute temperature (K)
R = Gas constant (8.314 ] mol~1 K1)

Separation factor

_ 1
Ry = (1+K.Co)

@)

Ky, = Equilibrium Langmuir constant related to the
adsorption energy (L mg ™)

C. = Concentration of adsorbate in solution at equilibrium
(mgL~1)

Note: 0 < Ry, <1, suitable adsorption, Ry, > 1 suitable
adsorption, Ry, = 0 irreversible adsorption, Ry, = 1 linear
adsorption.

Gibbs free energy

AGY = —RTInkc

®)

AGY = Gibbs free energy (kJ mol1),
AH? = Enthalpy (k] mol 1)
AS) = Entropy (k] mol 1 K=1)

Van’t Hoff equation

0 0
Inkc = *%H x%—i—%

kc = ki x My, x 1000 x 55.5

©)

(10)

kc = Dimensionless parameter

T = Absolute temperature (K)

R = Universal gas constant (8.314 ] mol~1 K1)
kp = Langmuir constant (L mgfl)

M,, = Adsorbate weight (g mol~?)

Pseudo first order

In(q, —q;) = In(q,) — kit

(11)

k; = Rate constant (min—1)

ge = Adsorbate adsorbed per unit weight (mg g~ !) at
equilibrium

qt = Adsorbate adsorbed per unit weight (mg g~!) at any
time (t)

Pseudo second order

t 1 1
Qo kzq§+qet

(12)

ky = Rate constant (g mg*1 min—1)

ge = Adsorbate adsorbed per unit weight (mg g~ !) at
equilibrium

qt = Adsorbate adsorbed per unit weight (mg g~ 1) at any
time (t)

Elovich

G = Hin(a)+ FIn(o)

qt = Adsorbate adsorbed per unit weight (mg g~ 1) at any
time (t)

« = Constant related to chemisorption rate

3 = Constant which depicts the extent of surface coverage

Intraparticle-diffusion

qt = k3t% +A

(14)

k3 = Intraparticle diffusion rate constant (mg g~ ! min—1/2)
A = constant indicating the width of the boundary layer
(mg g 1). The larger the value of A, the greater the
boundary layer effect.
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Table 1. Cont.

Denomination

Equation Parameters

Particle-diffusion

ge = Adsorbate adsorbed per unit weight (mg g~ !) at
equilibrium

qt = Adsorbate adsorbed per unit weight (mg g~ 1) at any
time (t)

e 12

“In (1 _ (i) 2) _ 2Dy, (15) , = Ion concentration o the adsorbent (mg kg™!).

D, = Diffusion coefficient in the adsorbent phase

(m? min~1)

r = Average radius of the adsorbent particles (1 x 10~7 m)
t = Contact time (min)

External-film-diffusion

ge = Adsorbate adsorbed per unit weight (mg g~!) at
equilibrium
qt = Adsorbate adsorbed per unit weight (mg g~ ') at any
time (t)
Dy = Diffusion in the film phase surrounding the

—In (1 - (%)) = Erfgst (16) adsorbent particles (m? min~1)

¢ ‘ Cs = Ion concentration in the solution (mg L™1)

h = Film thickness around the adsorbent particles (107¢ m
in poorly stirred solutions)
r = Average radius of the adsorbent particles (1 x 10~7 m)
t = Contact time (min)

Surface energy

Eg1ap = Total energy of the slab material (eV)
Epuk = Total energy of the bulk material (eV)
n = Number of atoms involved in the slab

A = Surface area (A2)

Yo = (Estab *21X< Epulk) 17)

Adsorption energy

Egorb/surf = Energy of the supersystem produced by the

Eads = Esorb/surf — Esurf — (18) adsorbed molecule on the surface (eV)

Egurf = Energy of the surface (eV)
Eqorp = Energy of the isolated molecule in vacuum (eV)

Esorb

Langmuir-Hinshelwood
equation

k = Actual rate constant (min~1)

K = Adsorption constant of the substrate on the
nanoparticles

Cy = Initial concentration of the substrate (mg LD
C; = concentration at a specific time (mg L1

Kapp = apparent rate constant (min~1)

Ing = KKt = kappt (19)

2.1. Characterization of the Nanoparticles
2.1.1. XRD Analysis

The X-ray diffraction patterns presented in Figure 1 illustrate the structural composition of
the ZnTiO5/TiO, semiconductor. This hybrid semiconductor was synthesized at a temperature
of 500 °C, using a TiO:ZnO molar ratio of 3:1. The XRD analysis reveals that the hybrid
semiconductor is predominantly composed of two distinct phases: ZnTiO;3 (T), accounting
for approximately 67% of the material, and TiO; in the anatase phase (A), constituting
approximately 29% of the composition. Additionally, a minor fraction of approximately
4% consists of TiO; in the rutile phase (R). The crystal structure of the ZnTiO3 phase was
identified as rhombohedral, with unit cell parameters a =b =5.08 A and ¢ = 13.93 A. This
crystal structure corresponds to space group R-3(148) as per the standard COD card No.
00-026-1500. On the other hand, the TiO, phase in the anatase form exhibited a tetragonal
crystal structure with unit cell parameters a =b = 3.79 A and ¢ = 9.51 A, consistent with space
group 141/amd(141) based on the standard COD card No. 96-901-5930. Trace amounts of
TiO, in the rutile phase were also detected, characterized by a tetragonal crystal structure with
unit cell parameters a =b = 4.59 A and ¢ = 2.96 A. This phase was attributed to space group
P42 /mnm(136) using the standard COD card No. 96-900-7532.
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Zinc Titanate
ZnTiOs (67%)

Rutile
TiO2 (4%)

Anatase
TiOz (29%)

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
26 [Cu ka]/degree

Figure 1. XRD patterns of ZnTiO3/TiO, nanoparticles. T: Zinc Titanate (ZnTiO3), A: Anatase (TiO,.5),
and R: Rutile (TiO g).

To determine the crystal dimensions of the ZnTiO3/TiO; nanoparticles was employed
the Scherrer equation [50], as outlined in Equation (1) (see Table 1). This calculation
considered the most prominent peaks corresponding to the respective crystallographic
phases. The results indicated an average crystallite size of approximately 34.16 (£2.91) nm
for ZnTiO3 and approximately 23.19 (£3.07) nm for TiO, in the anatase phase (TiO;.5).

2.1.2. SSA and pHpzc Analysis

In this study, an analysis of specific surface area (SSA) using the single-point BET
(Brunauer-Emmet-Teller) method and a point of zero charge (pHpzc) was conducted to
gain insights into the surface properties and charge characteristics of the ZnTiO3/TiO,
nanoparticles. The results obtained in the BET analysis revealed that the ambient pressure
recorded was 596 mmHg, while the saturation pressure reached 611 mmHg. Furthermore,
the sectional area of the sample was determined to be 0.162 nm?. Regarding the volume of
an adsorbed monolayer, a value of 21.26 cm®/g was obtained. Finally, the BET surface area
of the sample was calculated to be 92.53 m?/g. The plot of the TCD signal (a.u.) versus
time is shown in Figure S1.

On the other hand, regarding the point of zero charge of the nanoparticles, the results
obtained in this study are presented in Figure 2. This parameter denotes the pH at which
the net surface charge of the solid becomes neutral under specific conditions [51]. In this
study, the pHpzc for the ZnTiO3/TiO, nanoparticles was found to be approximately 7.0.
This means that at a pH lower than the pHpzc (pH < pHpzc = 7.0), the nanoparticles
exhibit a positively charged surface. Conversely, at pH levels higher than the pHpzc
(pH > pHpzc = 7.0), the nanoparticles display a negatively charged surface.

These results provide crucial information about the physicochemical properties of the
studied material, which is relevant to understanding its behavior and potential application
in various scientific and technological areas.

2.1.3. SEM and EDS Analysis

In this study, morphological and dimensional characterization of ZnTiO3 / TiO, nanopar-
ticles was carried out by scanning electron microscopy (SEM) and image analysis. Addition-
ally, the characterization of the TiO, nanoparticles was included to establish a comparison
with the ZnTiO3/TiO, nanoparticles. The SEM images (Figure 3a,b) revealed a nearly spheri-
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cal morphology and high nanoparticle density in both semiconductors. However, significant
differences in the shape and tendency to form clusters were observed between TiO, and
ZnTiO3/TiO; nanoparticles. These observations are consistent with previous reports from

other researchers [52].

—0—0.01 MNaCl —®—0.05MNaCl ~—®—0.1M NaCl

A pH

Initial pH

Figure 2. Diagram to determine the point of zero charge of ZnTiO3/TiO; nanoparticles.

y i - 100.4 (Polaroid ref
EHT = 3.00 KV Signal A = Inte Mag = 100.00 K X (Polaroid reference) o 2 e 5063
- Pivel Size = 1.117 nm freerird

EHT = 3.00 kY SignalA=inlens Mg~ IS1IOKX (Poloid eference) (o
— W= 34mm Stage at T= 00 Pixel Size = 75.2 pm ey —_— Wo= 37 mm Stageat T

Spectrum 1 Spectrum 1

D 2 4 6 8 10 D 2 4 6 8 10
Full Scale 705 cts Cursor: 11.768 (1 cts) keV] |Full Scale 705 cts Cursor: 11.768 (12 cts) ke

Figure 3. SEM image of (a) TiO, and (b) ZnTiO3/TiO, nanoparticles, and EDS spectrum of (c) TiO,
and (d) ZnTiO3/TiO; nanoparticles.
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The average size of the nanoparticles was determined using ImageJ2 software version
1.54 g, a widely accepted tool for scientific image processing and analysis [53,54]. From
this analysis, values of 37.6 £ 7.2 nm for TiO, and 27.4 &+ 4.9 nm for ZnTiO3/TiO, were
obtained. The complete particle size distribution for TiO, and ZnTiO3/TiO, is shown
in Figures S2 and S3 of the supplementary material, respectively. These results agree
with the data obtained from the X-ray diffraction analysis (Figure 1) for ZnTiO3/TiO, and
with previous reports by other researchers for TiO, [55], supporting the reliability of the
measurements.

Furthermore, EDS analysis was used to determine the elemental composition of the
TiO; and ZnTiO3/TiO, nanoparticles (Figure 3¢c,d). The results of the elemental analysis
are summarized in Table 2.

Table 2. Elemental composition of TiO, and ZnTiO3/TiO, nanoparticles.

T102 ZnTiO3fTi02
Element
Weight % Atomic % Weight % Atomic %
C 6.15 14.36 5.42 11.90
(@) 26.31 46.10 33.60 55.41
Ti 67.54 39.54 54.85 30.22
Zn - - 6.13 2.47

2.2. Optimization of Cyanide Removal Process

In this study, we investigated the effect of varying the ZnTiO3/TiO,:H,O, ratio on
the removal capacity (qe) of cyanide species (HCN and CN~), measured in milligrams
per gram (mg g~ 1). The experimental results, obtained from 16 different combinations of
ZnTiO3/TiO, (ZTO/TO) and H,O,, are displayed in Figure 4. It is important to note that at
pH =10, the contribution of hydrogen cyanide (HCN) to the total cyanide concentration is
minimal, since the dissociation of HCN into CN~ and H" is favored, resulting in a greater
proportion of CN~ compared to HCN. Therefore, in the test performed at pH = 10, the
predominant form of cyanide is expected to be the cyanide ion (CN ™) in its free form.

200 1

—e—ZTO/TO (200 mg L™") / H202 (1.0 %)
—o—ZTO/TO (200 mg L™") / H202(0.5 %)
ZTO/TO (200 mg L™) / H202(0.25 %)
ZTO/TO (200 mg L™') / H202 (0.1 %)
—e—ZTO/TO (150 mg L™") / H202 (1.0 %)
—e—ZTO/TO (150 mg L™") / H202 (0.5 %)

'3 100 —e—ZTO/TO (150 mg L™) / H;02(0.25 %)

- —e—ZTO/TO (150 mg L™*) / H202(0.1 %)
& 80 —e—ZTO/TO (75 mg L™") / H202 (1.0 %)
—e—ZTO/TO (75 mgL™) / H202 (0.5 %)

60 1 —e—ZTO/TO (75mgL™) / H202(0.25 %)
—e—ZTO/TO (75mgL™) / H202(0.1 %)
0 / —e—ZTO/TO (20 mg L™) / H202(1.0 %)
ZTO/TO (20mg L™") / H202 (0.5 %)

21 // ZTO/TO (20 mg L™*) / H202(0.25 %)
o0 & . ZTO/TO (20 mg L™") / H20: (0.1 %)

0 10 20 30 a0 50 60
Time (min)

Figure 4. Cyanide removal capacity as a function of reaction system composition. Cyanide concentra-
tion = 100 mg L~1, Solution pH = 10, Temperature = 20 °C, and n = 3.

To further assess the statistical significance of these variations, an analysis of variance
(ANOVA) was conducted, and the results are summarized in Table 3. This table provides
information on the significance of the observed differences observed in qe values among the
various reaction system compositions. Specifically, values within the same column marked
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with distinct letters (a—k) indicate significant differences between the corresponding data

points. These differences are statistically significant at a significant level (p < 0.01).

Table 3. Effect of the composition of the reaction system on the cyanide removal capacity.

Reaction System Composition HSD Tukey * Duncan *
ZnTiO3/TiO; (mg L—1) H,0, (%) qe (mgg™1) qe (mg g™1)
200 1.00 185.56 4 2.952 185.56 + 2.952
200 0.50 176.00 & 2.18 ab 176.00 & 2.18 P
200 0.25 145.64 + 2.46 < 154.64 4 2.46 ¢
200 0.10 162.02 + 2.62 def 162.02 + 2.62 4
150 1.00 164.08 4 2.12 b 164.08 +2.12 ¢
150 0.50 158.24 +2.23¢d 158.24 4+ 2.23 ¢
150 0.25 149.47 + 2.59 ode 149.47 + 2594
150 0.10 137.54 +2.31 &8 137.54 + 231 &f
75 1.00 134.62 & 2.16 &4 134.62 +2.16 8
75 0.50 131.92 +2.77 8 131.92 +2.77 i
75 0.25 126.52 +2.23 8 126.52 +2.238
75 0.10 107.63 +£2.39h 107.63 +£239h
20 1.00 98.41+231h 98.41 +2311
20 0.50 8222 +2.161 82.22 +2.161
20 0.25 75.02 + 2.671 75.02 & 2.67
20 0.10 4443 +247] 4443 + 247k
p-value <0.001 <0.001

The means for the groups in the homogeneous subsets are displayed. * Use the sample size of the harmonic
mean = 3.0.

The remarkable effectiveness of HyO, in removing cyanide species from aqueous
systems is widely recognized. Nevertheless, the utilization of great quantities of H,O,
for extensive-scale wastewater treatment is impractical. In light of this consideration, a
reaction system comprising 200 mg L~! of ZnTiO3/TiO, and 0.1% H,O, was chosen to
perform the removal experiments.

2.3. Adsorption Studies
2.3.1. Effect of pH on Cyanide Adsorption

Understanding the pH-dependent behavior of adsorption is fundamental for explain-
ing the principal mechanisms governing the interaction between cyanide species and
nanoparticle surfaces. Figure 5 shows the cyanide speciation diagram as a function of pH
in the background [56]. Furthermore, Figure 5 illustrates the results of the cyanide adsorp-
tion experiment with respect to the pH levels of the solutions. The combined adsorption
capacity for total cyanide (HCN + CN™) showed minimal variation within the pH range of
9-11 for ZnTiO3/TiO, nanoparticles (pHpzc = 7.0). Consequently, in our study, removal
experiments were performed at pH 10 to explore the behavior of cyanide species in a region
where both HCN and CN™ are present, with the latter being in greater proportion.

2.3.2. Maximum Cyanide Adsorption Capacity

Figure 6 illustrates the cyanide adsorption isotherms for ZnTiO3/TiO, nanoparticles.
This figure clearly demonstrates that, for the nanoparticles, the Langmuir model offers a
more suitable representation of the adsorption process when compared to the Freundlich
and Temkin models.

The estimated constants for the Langmuir, Freundlich, and Temkin models at absolute
temperatures of 293.15 K, 298.15 K, and 303.15 K are displayed in Table 4. In this table, it
can be observed that the values of the separation factor Ry, also known as the equilibrium
parameter, fall within the range of 0 to 1. Similarly, the coefficient “n”, which signifies the
adsorption intensity, falls within the range of 1 to 10. As a result, it is reasonable to infer
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that the adsorption of cyanide species on the surface of ZnTiO3/TiO, nanoparticles was
found to be favorable and satisfactory.
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Figure 5. Effect of solution pH on the cyanide adsorption capacity of ZnTiO3/TiO, nanoparticles.
HCN « CN™ + H' (pKa =9.4).
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Figure 6. Cyanide adsorption isotherms of ZnTiO3 /TiO, nanoparticles.

2.3.3. Adsorption Thermodynamics

Thermodynamic parameters offer insights into the spontaneity and feasibility of a
process. To ascertain these parameters, specifically the Gibbs free energy change (AG®),
enthalpy change (AH®), and surface entropy change (AS°), the equilibrium constant was
determined at various temperatures, as depicted in Figure 7.

The outcomes regarding the thermodynamic parameters are outlined in Table 5. AG®
represents the degree of spontaneity in the process, with negative values signifying a higher
degree of adsorption favorability. Correspondingly, positive AH® values indicate that the
process is endothermic, while positive AS® values suggest an increase in randomness at the
solution—solid interface during the adsorption process.

2.3.4. Kinetic of Cyanide Adsorption

The kinetics of the cyanide adsorption process onto ZnTiO3/TiO;, nanoparticles were
investigated in this study, as understanding the time-dependent rate of adsorption is
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fundamental for the design and assessment of adsorbents in adsorption processes. To
characterize the kinetics, three models were employed: the pseudo-first-order (Lagergren)
model, the pseudo-second-order (Ho) model, and the Elovich model. As displayed in
Figure 8, these models exhibit an initial rapid adsorption phase followed by a plateau
phase. Table 4 reveals that the correlation coefficient of the pseudo-second-order model

exceeds that of the pseudo-first-order and Elovich models.

Table 4. Isotherm parameters for cyanide sorption on nanoparticles at different temperatures.

Isotherm Parameters 293.15 K 298.15 K 303.15 K
qmax (mg g™ 1) 74.49 (£2.42) 81.94 (+1.52) 89.39 (+1.52)
Kp (Lmg™1) 0.27 (0.01) 0.32 (+0.04) 0.36 (4:0.03)
Langmuir Ry 0.16 0.14 0.36
X2 2.65 3.32 297
R? 0.99 1.00 0.98
Kg (Lmg™1) 12.15 (£2.36) 13.36 (+1.94) 14.58 (£1.74)
n 2.46 (+0.32) 2.71 (£0.39) 2.96 (+0.39)
Freundlich 1/n 0.41 0.37 0.34
x2 2.89 3.21 245
R? 0.94 0.97 0.95
B 13.90 (+1.03) 15.30 (+1.94) 16.82 (+1.89)
Tommki A 1.32 (£0.30) 1.46 (40.39) 1.60 (£0.35)
emxan x> 2.39 3.17 2.86
R? 0.96 0.98 0.96
—e—27ZnTi0s/TiO, - Lineal (ZnTiO3/TiO,)
13.3 -
Inke= -0.2559T-1+ 21.65
13.2 A RZ=0.991
13.1 -
&
£
13.0 A
12.9 -
12.8 T T T T T T 1
32.8 33.0 33.2 33.4 33.6 33.8 34.0 34.2
T1(x104K?)

Figure 7. Thermodynamic study of cyanide adsorption onto ZnTiO3/TiO, nanoparticles.

Table 5. Thermodynamic parameters of the cyanide adsorption onto ZnTiO3/TiO; nanoparticles.

Temperature (K) In k¢ AG® (kJmol-1)  AH° (k] mol—1) AS° (k] mol-1 K1)
293.15 1291 —31.47
298.15 13.08 —32.43 21.27 0.18
303.15 13.20 —33.27

The intraparticle diffusion model was used to elucidate the adsorption rate and the
mechanism of cyanide species migration onto the nanoparticles. Figure 9 illustrates the
alterations in the q; (mg g~ 1) curves concerning time (t'/2) for the ZnTiO3 /TiO, nanoparticles.
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Figure 8. Adsorption kinetics of cyanide onto ZnTiO3/TiO, nanoparticles.
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Figure 9. Intra-particle diffusion plots for cyanide removal by ZnTiO3/TiO, nanoparticles.

Table 6 shows the total cyanide adsorption kinetic parameters calculated in this inves-
tigation for the ZnTiO3/TiO, nanoparticles.

Finally, after the adsorption experiments, the materials with adsorbed cyanide were
subjected to a leaching process. After the leaching period, an analysis was performed to
determine the presence of cyanide in the aqueous solution. However, the results revealed
that no cyanide leaching was detected under any of the conditions tested (pH 4, 7, and
10) after the leaching time of 24 h. Based on these findings, it was concluded that the
adsorption materials used in the test demonstrated high retention of the adsorbed cyanide.
The absence of cyanide leaching, even under stirring conditions in water at pH 4, 7, and 10,
indicates that cyanide adsorption on the materials was strong and stable.

2.3.5. DFT Study of the Cyanide Adsorption onto ZnTiO3/TiO, Nanoparticles

In a previous investigation [57], the optimized structure of ZnTiO3 was represented by
a hexagonal Bravais lattice with space group R-3(148). Similarly, the optimized structure of
TiO; in its anatase phase was represented by a tetragonal Bravais lattice with 141/amd(141)
space group. In this study, the adsorption energy of cyanide species CN™ and HCN on the
surfaces (101) of TiO; and ZnTiO3 was evaluated using the Vienna Ab initio Simulation
Package (VASP) code. Figure 10 provides information on the interatomic distances between
the cyanide species and the semiconductor surfaces, as well as the corresponding adsorption
energies (E,4s).
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Table 6. Kinetic parameters for cyanide adsorption onto ZnTiO3/TiO, nanoparticles.

Kinetic Parameters ZTO/TO
Qmax (Mg g;l) 201.79 (£1.61) \
Pseudo-first-order kg (L I;lg ) 0.06 (1.60 > 107)
X 6.18
R? 0.98
Qmax (Mg g;l) 236.24 (+1.81) .
Pseudo-second-order ko (L r?g ) 2.86 % 10 ;il 33 % 107°)
X .
R? 0.99
« 34.35 (£7.06)
. B 0.02 (£1.74 x 1073)
Elovich X2 6.82
R? 0.95
k3 (mg g~ min~1/2) 18.01 (£0.58)
Intraparticle diffusion A 39.17 (+1.35)
R? 0.84
e Df (m? min~') 1.40 x 10~ 1
External-film diffusion R2 0.98
i e Dp (m? min~1) 4.60 x 10~
Internal-pore diffusion R2 0.92
(@)  Ess=-77.01kJ mol c @7 (b)  Eas=-4.60 k) mol” .

®o ‘_I

N Eats =-310.36 k) mol'  (c) @7 ¢ Ests =-19.54 k) mol'  (d)
L - L
o . Zn b

®c

Figure 10. Cyanide species adsorbed on the surfaces 101 of the photocatalysts. (a) CN-TiO,, (b) HCN-
TiO,, (c¢) CN-ZnTiO3, and (d) HCN-ZnTiOj3.
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To verify the chemical interactions between cyanide species (CN~ and HCN) and the
semiconductor materials (TiO, and ZnTiOs), a population analysis of CN-TiO,, HCN-TiO,,
CN-ZnTiO3, and HCN-ZnTiOj3 interactions was performed using the Bader method [58,59].
This analysis is valuable since it allows us to describe the ionicity of the chemical bond by
assessing the charge transfer between the atoms forming the bond [60].

In the structure of TiO, and ZnTiOj3, the net charge of Ti (+2.6e) was 1.4e less than its
formal charge of +4e, while the oxygen (O) atom had a negative charge of —1.3e, which is
0.7e less than its formal charge of —2e. In the ZnTiO5 structure, the Zn atom had a positive
charge of +1.3e, which is 0.7e less than its formal charge of +2e. These results align with
previous findings [61,62]. For the CN ™ species, the net charge of carbon © was +3.9e, which
is 4.9e greater than its formal charge of —1e, while the net charge of nitrogen (N) was —3.9,
indicating a deviation of 3.9e from its formal charge. In the HCN species, the net charge of
hydrogen (H) was +0.2e, which is 0.2e greater than its formal charge of 0.0e, while the net
charges of carb©(C) and nitrogen (N) varied by 3.9e from their respective formal charges of
0.0e [63].

Based on the results in Table 7, it was observed that both the CN-TiO, and CN-ZnTiO3
interactions exhibited an average decrease of 1.21e in the magnitude of the net charge of
the CN™ species. Conversely, for both the HCN-TiO; and HCN-ZnTiOj3 interactions, there
was an average decrease of 0.07e in the magnitude of the net charge of the HCN species.

Table 7. Bader charge (e) analysis for atoms interacting in adsorption.

Atom CN HCN TiO, CN-TiO; HCN-TiO; ZnTiO3 CN-ZnTiO; HCN-ZnTiO3

H1 - +0.21 - - +0.24 - - +0.29

C1 +3.96 +2.35 - +4.00 +2.37 - +4.00 +2.30

N1 —-3.96 —2.56 - —2.80 —2.61 - —2.77 —2.60
Ti57 - - +2.54 +2.35 +0.02 - - -
Ti60 - - +2.56 +2.48 +0.00 - - -
059 - - —1.16 —2.09 —0.04 - - -
Ti23 - - - - - +2.51 +2.36 +0.01

o8 - - - - - -1.11 —2.04 -1.15

Moreover, in this study, the electron localization function (ELF) was employed to
gain a deeper understanding of the CN-TiO,, CN-ZnTiO3;, HCN-TiO,, and HCN-ZnTiO;
interactions [64]. In ELF analysis, when the region of maximum density (RMD) is more
symmetrically distributed around the nucleus, it signifies a more ionic or van der Waals
interaction. Conversely, as the covalent character of a bond strengthens, RMD migration
between centers becomes more pronounced until achieving a perfectly symmetric geometry
in the ideal covalent scenario. In Figure 11, the ELF section for the CN-TiO, and CN-ZnTiO3
interactions indicates an interaction between the nitrogen (N) atom of the CN ™ species and
the oxygen (O) atom on the surface of the semiconductors. The figure illustrates that the
RMDs are positioned along the line connecting the nuclei and can be separated from the
nuclei themselves by a path. Furthermore, the RMDs do not surround the nucleus [65].

2.4. Photodegradation Studies

The results obtained from the photodegradation experiments are presented in Figure 12.
The photodegradation of cyanide species was evaluated using the ZnTiO;/TiO,/
H,0O,/UVB system in four different tests, varying the proportions of the hybrid pho-
tocatalyst ZnTiO3/TiO, and the oxidant reagent H,O,. From the figure, it is evident that
the highest percentage of cyanide photodegradation after 60 min of reaction under UVB
light was achieved with the ZnTiO3/TiO; (200 mg L~1)/H,0, (0.10%) system.
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Figure 11. Representation of ELF with contour lines of (a) CN-TiO;, (b) HCN-TiO,, (¢) CN-ZnTiO3,
and (d) HCN-ZnTiO3.
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Figure 12. Cyanide photodegradation capacity as a function of catalyst concentration and H,O,

concentration. Cyanide concentration = 100 mg L1, Solution pH = 10.0 4 0.1, Temperature = 20 °C,
n=3.

The Langmuir-Hinshelwood equation revealed a linear relationship between In(Cq/Cy)
and t, providing confirmation that the photocatalytic degradation reaction follows a pseudo-
first-order kinetics. Table 8 presents the apparent rate constants (kapp) for the photodegra-

dation of cyanide species in the ZnTiO3/TiO, /HyO, /UVB system, determined for all the
tests conducted.

Table 8. Apparent rate constant (kapp) for photodegradation of cyanide species.

Description Kapp (min~—1)
ZnTiO5/TiO, (200 mg L~1)/H,0; (0.10%) 0.0738
ZnTiO3/TiO, (150 mg L~1)/H,05 (0.25%) 0.0395
ZnTiO3/TiO; (75 mg L~1)/H,0, (0.50%) 0.0306

ZnTiO3/TiO, (20 mg L~1)/H,0, (1.0%) 0.0246
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2.5. Optimization of Process Variables and Reuse of Nanoparticles

In order to optimize the cyanide species removal process, a total of 23 tests were carried
out in which the following variables were combined: the ZnTiO3/TiO; photocatalyst and
the HyO, oxidizing agent. The concentration of the hybrid photocatalyst was in the range
of 20 to 200 mg L~ while the concentration of the oxidizing agent was in the range of 0.1 to
1.0%. The results of the experiments in the absence and presence of UVB light are described
in Table 9.

Table 9. Results of the photocatalytic degradation experiment.

No. H,0, (%) ZnTiO3/TiO; (mg L—1) UVB Light Removal (%)
1 1 200 Absent 75.46
2 1 150 Absent 64.71
3 1 75 Absent 54.40
4 1 20 Absent 42.71
5 1 20 Present 78.48
6 0.5 200 Absent 71.47
7 0.5 150 Absent 63.93
8 0.5 75 Absent 53.58
9 0.5 20 Absent 36.08
10 0.5 75 Present 85.26
11 0.25 200 Absent 69.83
12 0.25 150 Absent 60.99
13 0.25 75 Absent 51.72
14 0.25 20 Absent 29.53
15 0.25 150 Present 92.22
16 0.1 200 Absent 67.95
17 0.1 150 Absent 55.56
18 0.1 75 Absent 44.33
19 0.1 20 Absent 25.20
20 0.1 200 Present 99.74
21 0.1 0 Absent 12.63
22 0 20 Absent 18.17
23 0 0 Present 0.00

To obtain a comprehensive understanding of the optimal composition of the reaction
system, a response surface methodology (RSM) was used [66]. Figure 13 provides a visual
representation of the relationship between UVB light, ZnTiO3/TiO, concentration, and
H,0; concentration in achieving efficient cyanide removal. The graph clearly indicates
that the presence of UVB light significantly enhances cyanide removal. Furthermore, it
demonstrates that to attain maximum efficiency (100%) while minimizing Hy,O, usage
(0.4%), a ZnTiO3/TiO, concentration of 200 mg L.~! is necessary.

On the other hand, given that the stability and reusability of materials utilized in
adsorbent and photocatalytic applications are decisive factors for their potential large-
scale implementation, this study conducted a series of reuse experiments comprising five
consecutive cycles of cyanide removal. Figure 14 illustrates the cyanide removal efficiency
of the ZnTiO3 /TiO, /HpO, /UVB system following 60 min of reaction, spanning these five
cycles. The composition of the reaction system was as follows: ZnTiO3/TiO, = 200 mg L1,
Hy0; =0.1%, and UVB light irradiation.
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Figure 13. Response surface plot for optimization of the cyanide removal process.
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Figure 14. Cyanide removal efficiency of the ZnTiO3/TiO,/HyO,/UVB system for five cycles
(Cyanide concentration = 100 mg L, Solution pH = 10.0 4 0.1, Temperature = 20 °C, n = 3).

2.6. Toxicity Studies

As depicted in Figure 15, the detoxification effectiveness of the ZnTiO3 /TiO,/UVB
system was assessed using the brine shrimp toxicity test. In the absence of treatment,
nearly all nauplii experienced near 100% mortality. However, as the treatment duration
increased, a notable reduction in mortality became apparent, with mortality levels reaching
a maximum of approximately 10% after 90 min of treatment. In contrast, the cyanide-free
solution exhibited an insignificant percentage of nauplii mortality.

Final del formulario
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Figure 15. Acute toxicity profile in nauplii of the brine shrimp of the cyanide solutions treated by the
system: ZnTiO3/TiO, (200 mg g 1) + H,O; (0.1%) + UVB light. (Cyanide concentration = 100 mg L1,
Solution pH = 9.0 £ 0.1, Temperature = 20 °C, n = 3).

3. Discussion
3.1. Characterization of the Nanoparticles
3.1.1. XRD Analysis

XRD analysis provides information on the structural characteristics and dimensions of
the synthesized ZnTiO3 /TiO, nanoparticles. The phases and sizes of the crystals observed
are important since they directly influence the photocatalytic properties of the semicon-
ductor. The diffraction pattern shown in Figure 1 confirms the presence of the ZnTiO;
and TiO, phases in the catalyst, so based on previous results, it is inferred that the com-
posite material could exhibit improved photocatalytic activity compared to the individual
components. Furthermore, the relatively small crystallite sizes suggest the presence of
a high surface area, which would facilitate a greater interaction between the photocat-
alyst and the target contaminant in aqueous solutions, potentially leading to improved
photocatalytic performance.

3.1.2. SSA and pHpzc Analysis

The specific surface area (SSA) of the nanoparticles is an important parameter since,
as mentioned in the previous section, it is directly related to the surface area available for
interactions with the target contaminant. A relatively large SSA suggests a high degree
of surface exposure, which may facilitate greater adsorption and catalytic activity. The
extensive surface area provides ample active sites for the binding of contaminants and
the initiation of photocatalytic reactions. Therefore, the observed SSA of ZnTiO3/TiO;
nanoparticles is advantageous for its potential application in the removal of contaminants
from aqueous solutions.

On the other hand, the identification of the point of zero charge (pHpzc) of nanopar-
ticles is important as it provides information about their surface chemistry and charging
behavior. In particular, the literature suggests that the presence of oxygen functional groups
in adsorbent materials plays an essential role in determining their surface properties and
basic characteristics [17]. In the case of ZnTiO3/TiO; nanoparticles, the observed pHpzc of
7.0 implies a slight predominance of basic functional groups on their surface. This surface
chemistry could influence the adsorption and interaction of various molecules, particularly
those with acidic or basic properties, in aqueous solutions. It is important to mention that
Figure 2 shows that there is a sudden change in ApH at an initial pH of 10. As the pH
increases above 7, the concentration of hydroxide ions (OH") begins to increase sharply,
resulting in a more alkaline medium. In addition to hydroxide ions, other ions may also be
present in the solution depending on the chemical components used in the experiment. In
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fact, since in this study, NaOH was added to the solution to adjust the pH, sodium ions
(Na*) would also be present. On the other hand, chloride ions (CI") would also be present
from sodium chloride (NaCl), which is the salt used to prepare the solutions. Although
sodium chloride does not have a direct effect on pH, it can influence the charge balance on
the surface of the material and therefore the ApH, depending on the concentration used. In
this way, it is suggested that the presence of the aforementioned chemical species in the
reaction medium could alter the surface charge of ZnTiO3/TiO,, which would explain the
abrupt change in ApH at an initial pH of 10.

The combination of a significant SSA and a pHpzc of 7.0 suggests that ZnTiO3/TiO,
nanoparticles could be well suited for applications involving the removal of a wide range
of contaminants from aqueous solutions. The presence of basic surface groups suggests
potential interactions with acidic contaminants, while the large SSA provides an extensive
surface area for the binding and subsequent degradation of target compounds during pho-
tocatalysis. These surface properties contribute to the overall effectiveness and versatility
of ZnTiO3/TiO, nanoparticles in environmental remediation applications.

3.1.3. SEM and EDS Analysis

The SEM images in Figure 3a,b clearly show the morphology of TiO; and ZnTiO3/TiO;
nanoparticles, respectively. Both materials have a nearly spherical shape and are densely
packed. However, significant differences in the shape and tendency to form clusters were
observed between the two semiconductors. TiO, nanoparticles exhibited a more irregular
shape compared to ZnTiO3 /TiO, nanoparticles. Furthermore, ZnTiO3/TiO;, nanoparticles
tend to form clusters. Image analysis using Image]2 software version 1.54g allowed for
determining the average size and standard deviation of the nanoparticles of each material.
The results revealed that the size of TiO, nanoparticles had an average value of 37.6 nm
with a standard deviation of 7.2 nm. On the other hand, ZnTiO3/TiO; nanoparticles
showed an average size of 27.4 nm, with a standard deviation of 4.9 nm. The small size
and nearly spherical shape of the nanoparticles contribute to their high specific surface
area, as discussed above, which can be advantageous for various applications, including
adsorption and photocatalysis.

When considering standard deviations, it is observed that both TiOp and ZnTiO3/TiO,
nanoparticles exhibit some variability in particle size. However, the standard devia-
tion of 7.2 nm in TiO, nanoparticles indicates a slightly larger dispersion compared to
ZnTiO3/TiO; nanoparticles, which have a standard deviation of 4.9 nm. These data indi-
cate that TiO, nanoparticles have a broader size distribution compared to ZnTiO3/TiO,
nanoparticles. It is important to note that a larger standard deviation implies a wider spread
of particle sizes around the average value. The difference in size distributions between
ZnTiO3/TiO; and TiO, nanoparticles can have important implications for their properties
and applications. Nanoparticles with a narrower and more homogeneous size distribution
may be preferable in certain cases where uniformity and consistency in performance are
sought. On the other hand, a broader distribution may be acceptable or even beneficial in
applications that require specific properties related to size variability.

Regarding the specific elemental composition of the nanoparticles, shown in Figure 3¢,d,
both TiO; and ZnTiO3/TiO, have a relatively high proportion of titanium and oxygen, as
expected from titanium oxide-based materials. In contrast, the detection of carbon in both
samples is due to the use of sample holders based on this element. In fact, given the particle
size of the dust samples, it is possible that during the test there were uncoated spaces, which
provided the signal from the sample holder, that is, from the carbon. Finally, from the results
shown in Table 2, it was determined that the ratio of zinc titanate to titanium oxide in the
ZnTiO3/TiO, nanoparticles is approximately 1:10. These findings support the results of the
XRD analysis regarding the composition of the hybrid semiconductor and suggest potential
applications in several fields, including environmental remediation and catalysis.
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3.2. Optimization of Cyanide Removal Process

In this study, the cyanide removal capacity (qe) was first evaluated for different
combinations of ZnTiO3/TiO, and H,O, concentrations. When analyzing Figure 4 and
considering an initial cyanide concentration of 100 mg L™, it is observed that both the
ZnTiO3/TiO; concentration and the H,O, concentration influence the removal capacity of
the system. In fact, it can be observed that a lower concentration of ZnTiO3/TiO, results in
a lower cyanide removal capacity. This suggests that the availability of adsorption sites on
the surface of the photocatalyst plays an important role in capturing the cyanide present.
As the concentration of ZnTiO3/TiO, decreases, the number of active sites available for
cyanide adsorption is reduced. Therefore, it is crucial to optimize the concentration of
ZnTiO3/TiO, to maximize the adsorption capacity. Likewise, in Figure 4, it is observed that
as the H,O, concentration decreases, the removal capacity also decreases. This implies that
the oxidation and decomposition of cyanide species are affected by the amount of H,O,
present in the system. H,O; plays an important role in the oxidation of cyanides, converting
them into less toxic compounds. At a lower concentration of H,O,, the oxidation efficiency
is reduced, which decreases the removal capacity of the system. However, it is important
to note that the use of large quantities of HyO, may be impractical on a large scale due to
economic and safety considerations. Therefore, it is necessary to find a balance between
adsorption efficiency and the amount of HyO, used, taking into account the practical
aspects of large-scale treatment.

It is important to mention that the removal capacity presented in Figure 4 for the
ZnTiO3/TiO,/H0O, system is generally considerable. However, it is essential to note
that these results are based on the experimental conditions used in this study. Therefore,
additional research considering a variety of conditions and scales is necessary to achieve a
more complete and accurate understanding of the performance of cyanide treatment with
the ZnTiO3/TiO, and H,O, system in different situations.

On the other hand, the results of the analysis of variance (ANOVA) described in Table 2
confirm the importance of the ZnTiO3/TiO, concentration and the H,O, concentration
on the cyanide removal capacity. The variations in the values of qe between the different
compositions of the system are not random but are due to the deliberate manipulation
of these two factors. Consequently, it is essential to optimize the concentrations of the
semiconductor and the oxidizing agent to achieve the highest cyanide removal capacity.
From the results obtained, a specific composition of 200 mg L~! of ZnTiO3/TiO; and 0.1%
of H,O, was chosen to continue with the cyanide removal experiments, in order to achieve
a balance between effective cyanide removal and practicality.

3.3. Adsorption Studies
3.3.1. Effect of pH on Cyanide Adsorption

As seen in Figure 5, the pH of the solution plays a crucial role in influencing the
adsorption of ions on the surface of ZnTiO3/TiO, nanoparticles. The pH affects both the
surface charge of the adsorbent material and the ionization state of the ions in the solution.
The adsorption mechanisms at play in the case of cyanide species on nanoparticle surfaces
depend on the pH-dependent distribution of cyanide species in the solution [17].

Inorganic cyanides, such as KCN and NaCN, have the characteristics of weak acids and
undergo hydrolysis reactions. At pH levels below 9.4, hydrocyanic acid (HCN) becomes the
dominant species in the aqueous solution. In contrast, at pH levels above 9.4, HCN begins to
dissociate into H* and CN~ ions [67]. It is important to mention that several investigations
have been carried out on the adsorption of cyanide at pH values of approximately 7.0
(where pH is lower than the pKa value), suggesting that the strong adsorption of HCN
species would be driven by interactions with the existing Lewis acid sites on the adsorbent
surface [68,69]. CN™ ions, on the other hand, exhibit nucleophilic properties and show
pronounced electrostatic attraction in solutions with a pH greater than 9.0. This observation
has led several researchers to indicate a higher cyanide adsorption capacity within the pH
range of 9 to 11 [56].
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The results indicate that the combined adsorption capacity for total cyanide (HCN +
CN™) by ZnTiO3/TiO; nanoparticles remained relatively stable within the pH range of 9 to
11, even though the point of zero charge (pHpzc) of the nanoparticles was 7.0. This suggests
that the adsorption of cyanide species on the surface of nanoparticles can be influenced by
multiple mechanisms, including interactions with Lewis acid sites and electrostatic forces.

3.3.2. Maximum Cyanide Adsorption Capacity

Langmuir, Freundlich, and Temkin isotherms were used to assess their suitability
as equilibrium models to describe the adsorption of cyanide species on ZnTiO3/TiO,
nanoparticles. The Langmuir model, which assumes uniform surface adsorption energies
and no lateral transmigration of the adsorbate on the surface, was found to fit the cyanide
adsorption data remarkably well. The Freundlich isotherm, which is exponential in nature,
suggests an increase in the adsorbate concentration at the surface of the adsorbent as
the adsorbate concentration increases. The Temkin isotherm postulates that the heat of
adsorption for all molecules in the adsorbed layer decreases linearly with coverage due to
interactions between the adsorbent and adsorbate [70].

The experimental results demonstrate that the Langmuir model fits the cyanide ad-
sorption data remarkably well across a range of temperatures. The separation factor RL,
a critical parameter in the Langmuir model, supports the favorable nature of cyanide
adsorption on ZnTiO3/TiO, nanoparticles. This finding suggests that the adsorption pro-
cess is not only favorable but also very efficient. The excellent agreement between the
Langmuir model and the experimental data suggests that the adsorption of cyanide species
on ZnTiO3/TiO, nanoparticles follows a monolayer adsorption mechanism with uniform
adsorption energies. This insight is essential to understand and optimize the adsorption
process in environmental and wastewater treatment applications.

3.3.3. Adsorption Thermodynamics

Thermodynamic parameters, including the Gibbs free energy change (AG®), enthalpy
change (AH?), and surface entropy change (AS°), were determined to shed light on the
spontaneity and feasibility of the adsorption process under various temperature conditions.
The Gibbs free energy change (AG®°), which serves as a key indicator of the spontaneity
of a process, showed negative values, supporting a spontaneous and highly favorable
adsorption process. The negative values of AG® at all tested temperatures suggest that
the adsorption of cyanide species on ZnTiO3/TiO, nanoparticles is thermodynamically
favorable and spontaneous. Furthermore, the progressively more negative AG® values
with increasing temperature further emphasize the spontaneous nature of the adsorption
process. On the other hand, the enthalpy change (AH®) indicates that the adsorption process
is endothermic. Positive AH® values suggest that the adsorption of cyanide species onto
the nanoparticles releases heat into the surroundings, indicating an endothermic reaction.
Finally, the surface entropy change (AS°®) offers insights into the change in randomness at
the solution-solid interface during the adsorption process. A positive AS® value indicates
an increase in randomness. The provided value of AS® suggests a major increase in entropy
at the interface, which aligns with the adsorption process.

3.3.4. Kinetic of Cyanide Adsorption

Figure 8 illustrates the behavior of three kinetic models, namely pseudo-first-order,
pseudo-second-order, and Elovich models, in relation to cyanide adsorption. All three
models show an initial phase of rapid adsorption followed by a plateau phase. However,
the crucial distinction lies in their ability to accurately represent experimental data. Table 4
provides an overview of the model performance based on its correlation coefficients (R?).

Among the three models, the pseudo-second-order model stands out with the highest
correlation coefficient (R? = 0.99), indicating that it provides the best fit for the experimental
data. This observation suggests that the adsorption of cyanide species on ZnTiO3/TiO,
nanoparticles is likely governed by a chemisorption process, which is consistent with the
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existing literature [20]. The pseudo-second-order model is based on the assumption that
the rate-limiting step of adsorption involves the sharing or exchange of electrons between
the adsorbent surface and the adsorbate. The kinetic parameters obtained for this model,
including the maximum adsorption capacity (qmax) and the rate constant (ky), are valuable
for understanding and predicting the kinetics of the adsorption process.

While the Elovich model also provides a reasonable fit to the data (R = 0.95), it
appears to be slightly less accurate than the pseudo-second-order model. The Elovich
model describes adsorption as a multilayer process involving interactions between the
adsorbent surface and adsorbate molecules. Despite its slightly lower precision, the Elovich
model can still provide valuable insights into adsorption kinetics. In addition to the kinetic
models, the intraparticle diffusion model was employed to obtain more insights into the
rate-limiting step of the adsorption process. Figure 9 demonstrates the changes in the
cyanide adsorption curve over time, and Table 6 presents the estimated kinetic parameters
of this model. The relatively low value of R? (0.84) suggests that intraparticle diffusion
alone does not entirely govern the adsorption process; instead, multiple kinetic steps may
be involved. In fact, Figure 9 indicates that two steps occurred in the adsorption process.
The first adsorption stage had the largest slope and was attributed to external surface
adsorption or instantaneous adsorption, while the second adsorption stage showed a
moderate slope compared to the first, indicating a gradual adsorption stage. Consequently,
the rate-limiting step was diffusion within the particles [71,72].

3.3.5. DFT Study of the Cyanide Adsorption onto ZnTiO3/TiO, Nanoparticles

The objective of the computational analysis using the DFT method was to obtain
information on the adsorption mechanisms and chemical interactions between the cyanide
species CN~ and HCN and the surfaces (101) of the semiconductor structures of TiO,
and ZnTiOj3. Bader’s charge analysis revealed a net transfer of charge between the atoms
involved in the chemical bonds. Specifically, for CN-TiO, and CN-ZnTiOj3 interactions,
there was an average decrease of 1.21e in the magnitude of the net charge of CN™ species. In
contrast, for both HCN-TiO, and HCN-ZnTiOs interactions, there was an average decrease
of 0.07e in the magnitude of the net charge of the HCN species. According to the literature, a
non-zero Bader charge transfer signifies a bond ionicity equal to zero. Similarly, a very small
charge transfer, approximately 0.05e, between bonded atoms indicates weak bond ionicity.
In contrast, a substantial charge transfer (e.g., 1.5e) indicates significant bond ionicity [73].
Therefore, in line with previous research, the results from Bader’s analysis suggest that a
charge transfer occurs between the cyanide species and the semiconductor surfaces, leading
to changes in the charge distribution around these atoms. The magnitude of these charge
transfers indicates a moderate ionic character in the CN-TiO, and CN-ZnTiO3 bonds, while
the HCN-TiO, and HCN-ZnTiO3 bonds appear to have a more covalent character [59,60].

Furthermore, electron localization function (ELF) analysis provided additional in-
sights into the nature of the interactions. The ELF sections for CN-TiO; and CN-ZnTiO3
interactions indicated connections between the nitrogen (N) atom of the CN™ species and
the oxygen (O) atom on the surface of the semiconductors. The distribution of the region
of maximum density (RMD) along the line connecting the nuclei and its separation from
the nuclei themselves by a path suggests the generation of polar covalence in these bonds.
This observation is consistent with a covalent character in the CN-TiO, and CN-ZnTiOj3
interactions. These findings collectively suggest that the adsorption of cyanide species
on the semiconductor surfaces involves chemical interactions characterized by weak to
moderate ionic and covalent bonds. Understanding these interactions is important for the
design and optimization of adsorption processes involving cyanide removal using TiO,
and ZnTiO3 semiconductor materials.

However, it should be noted that in the context of materials selectivity for cyanide
removal, the lack of selectivity can be a major challenge in the application of these materials
in environmental pollution remediation. In this regard, experimental and theoretical studies
play complementary roles in understanding and addressing material selectivity in cyanide
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adsorption. Experimental studies can evaluate the adsorption capacity of different materials
in the presence of various cyanide species, as well as the influence of other components
present in the aqueous solution. On the other hand, theoretical studies, such as molecular
simulation and energy calculations, can provide valuable information on the molecular
interactions between the material and cyanide. These theoretical approaches can help
understand the mechanisms of cyanide adsorption and displacement, as well as predict the
relative selectivity of different materials based on their structural and chemical properties.
Consequently, the evidence from this study suggests that the combination of experimental
and theoretical studies could allow for a better understanding of adsorption mechanisms
and the development of more effective strategies for the selective removal of cyanide, thus
contributing to the mitigation of environmental pollution.

3.4. Photodegradation Studies

The photodegradation of cyanide species in aqueous solutions has received significant
attention in previous research due to the promising capabilities of titanium-based semi-
conductor materials as photocatalysts under ultraviolet (UV) radiation. In this study, we
extend the exploration of photocatalytic degradation of cyanide to a hybrid semiconductor,
ZnTiO3/TiOy, and investigate its performance under UVB radiation, taking into account
the influence of hydrogen peroxide (H,O;) in the reaction system.

The results of our photodegradation experiments, as shown in Figure 12, highlight the
effectiveness of the ZnTiO3 /TiO, photocatalyst and the oxidizing agent HyO, in remov-
ing cyanide species from aqueous solutions. We performed four different tests, varying
the proportions of ZnTiO3/TiO, and H;O; in the reaction system. The ZnTiO3/TiO,
(200 mg L~1)/H,0, (0.10%) system exhibited the highest percentage (99%) of cyanide
photodegradation after 60 min of exposure to UVB light. This finding is significant as
it demonstrates the exceptional potential of the ZnTiO3/TiO, hybrid semiconductor to
achieve complete photodegradation of cyanide species while reducing the consumption of
the oxidizing agent H,O,.

Furthermore, we evaluated the kinetics of the photodegradation reaction using the
Langmuir-Hinshelwood equation. Table 8 presents the apparent rate constants (kapp) for
the photodegradation of cyanide species in the various test systems. The ZnTiO3/TiO,
(200 mg L™1)/H,0; (0.10%) system exhibited the highest kapp value, further supporting
the superior performance of this configuration in facilitating the rapid degradation of
cyanide species.

The heterojunction between ZnTiO3 and TiO; serves as a strategic interface that en-
ables a cascade of advantageous effects in the photocatalytic system. First, this interface
greatly improves the separation of photogenerated charge carriers (electrons and holes).
Photogenerated electrons (e~) and holes (h*) tend to recombine rapidly in traditional
photocatalytic materials, limiting their effectiveness. However, in the ZnTiO3/TiO, hetero-
junction, the interface acts as a charge sink, effectively trapping the electrons and preventing
their immediate recombination with holes. This prolongs the lifetime of photogenerated
charge carriers, ensuring their availability to participate in photocatalytic reactions. Sec-
ondly, the heterojunction enhances the interfacial charge transfer to adsorbed substrates.
When contaminants such as cyanide species are adsorbed on the surface of the photocata-
lyst, the heterojunction facilitates efficient charge transfer to these adsorbates. This rapid
charge transfer initiates redox reactions on the surface of the contaminants, leading to
their degradation.

Furthermore, the introduction of hydrogen peroxide (H,O,) into the reaction system
plays a critical role in boosting the generation of reactive oxygen species (ROS). These ROS,
including hydroxyl radicals (*OH) and superoxide radicals (*O; ™), are highly reactive and
possess strong oxidative capabilities. In the presence of the ZnTiO3/TiO; heterojunction
and UVB radiation, H,O, undergoes photocatalytic activation, resulting in the production
of ROS. These ROS are particularly fundamental in two essential aspects of the process.
First, they react directly with cyanide species, initiating oxidation reactions that ultimately
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lead to the degradation of cyanide compounds. This direct oxidation is a fundamental step
in the photocatalytic degradation mechanism. Second, ROS also contributes to the regen-
eration of photogenerated charge carriers (e~ and h*). Hydroxyl radicals (*OH) can trap
photogenerated holes (h*) and convert them into hydroxide ions (OH™), while superoxide
radicals (*O, ™) can react with photogenerated electrons (e™) to produce superoxide ions
(*O; 7). These regenerated charge carriers can continue to participate in the degradation of
cyanide species, thus enhancing the overall photocatalytic efficiency.

3.5. Optimization of Process Variables and Reuse of Nanoparticles

The effectiveness of the ZnTiO3/TiO, hybrid photocatalyst in cyanide removal was
further investigated by examining the impact of varying its concentration in the presence of
H,0, under UVB light. These experiments aimed to understand the relationship between
catalyst concentration, HyO, concentration, and cyanide removal efficiency. The utilization
of HyO, is an important option for CN oxidation of free and weakly complexed metals as
follows [10]:

CN™ +H;O0, — OCN™ 4+ H,;O (20)

M(CN)2~ + 4H,0, + 20H™ — 40CN~ + 4H,0 + M(OH), (solid) (21)

The excess HyO, used for the oxidation of CN can be decomposed to produce oxygen
and water; however, the use of large quantities of this oxidizing agent in large-scale
processes is impractical [12].

Additionally, cyanate formed during the reactions can be hydrolyzed to bicarbonate
and ammonia. Generally, almost 10-20% of CN is hydrolyzed to ammonia in the treatment
process as follows [10]:

OCN™ +H" +2H,0 — HCO; + NH; (22)

The results, summarized in Table 9, provide important insights into how to optimize
the composition of the reaction system for efficient cyanide removal. In the absence of
light, increasing the concentration of the ZnTiO3/TiO, hybrid photocatalyst by 10 times,
from 20 to 200 mg L~!, while keeping the H,O, concentration constant, led to a notable
improvement of approximately 37% in the cyanide removal efficiency. In contrast, when
the concentration of H,O, was increased by 10 times, from 0.1 to 1.0%, while maintain-
ing a constant amount of ZnTiO3/TiO,, the reaction system exhibited a 10% increase in
cyanide removal efficiency. These results suggest that variations in catalyst concentration
have a more significant impact on the rate of cyanide removal compared to changes in
H,0O, concentration.

For the photocatalytic degradation experiments performed under UVB light, different
combinations of the ZnTiO3 /TiO; concentration and H,O, concentration were explored to
understand their effects on cyanide removal. In particular, when UVB light was present,
the highest cyanide removal efficiency of 99.74% was achieved with a ZnTiO3;/TiO, con-
centration of 200 mg L1 and an H,O, concentration of 0.1%. This result underscores the
crucial role of UVB light in enhancing the photocatalytic degradation of cyanide.

Regarding the findings shown in the response surface plot from Figure 13, these have
practical implications for the design of cyanide removal processes using the ZnTiO3/TiO;
hybrid photocatalyst. By carefully optimizing the composition of the reaction system,
it is possible to achieve efficient and environmentally friendly removal of cyanide from
aqueous solutions.

On the other hand, the long-term stability and reusability of materials used in adsorbent
and photocatalytic applications are critical factors to consider for their practical and large-scale
implementation. Therefore, a series of reuse experiments were conducted to assess the perfor-
mance and robustness of the ZnTiO3/TiO, /H,O, /UVB system in cyanide removal. These
experiments involved five consecutive cycles of cyanide removal. Figure 14 provides a visual
representation of the cyanide removal efficiency achieved by the ZnTiO3/TiO, /H,O,/UVB
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system after 60 min of reaction over these five cycles. The results indicate that the hybrid
photocatalyst retains its catalytic activity even after multiple cycles of use, with only a slight
decrease observed over time. The cyanide removal efficiency remained remarkably satisfac-
tory across the five consecutive cycles. The ability of the ZnTiO3 /TiO; hybrid photocatalyst to
maintain its efficacy over repeated applications is a promising characteristic for real-world
applications. It implies that the material can be reused without a significant loss of catalytic
performance, making it a cost-effective and environmentally friendly option for treating
cyanide-contaminated water sources. Furthermore, the preservation of catalytic activity over
multiple cycles is indicative of the material’s stability and durability, further supporting its
potential for practical use.

3.6. Toxicity Studies

The detoxification efficiency of the ZnTiO3;/TiO,/H;0,/UVB system was assessed by
a brine shrimp toxicity test. Figure 15 illustrates the results of this toxicity test, highlighting
the significant impact of the treatment on the survival of brine shrimp nauplii. In the
absence of any treatment, the mortality rate among the brine shrimp nauplii approached
100%, indicating the serious toxicity of the cyanide-containing solution. However, as the
duration of treatment with the ZnTiO3 /TiO, /H,0O, /UVB system increased, a clear trend of
reduced mortality emerged. In particular, after 90 min of treatment, the mortality rate of the
brine shrimp nauplii reached a maximum of approximately 10%. This significant reduction
in mortality is a testament to the detoxification capability of the ZnTiO3/TiO, /UVB system
in effectively degrading cyanide species, rendering the solution less toxic to aquatic life.
Furthermore, it is essential to highlight the comparison with the cyanide-free solution,
which exhibited an insignificant percentage of nauplii mortality. This serves as a control
group, confirming that the mortality reduction observed in the treated solution is attributed
to the treatment process rather than any inherent toxicity of the experimental setup.

The brine shrimp toxicity test results demonstrate the potential of the ZnTiO3 /TiO, /UVB
system to detoxify cyanide-contaminated water, rendering it less harmful to aquatic organisms.
This is a crucial consideration for environmental applications, as it suggests that the system can
contribute to the remediation of cyanide contamination in natural water bodies and ultimately
safeguard aquatic ecosystems.

4. Materials and Methods
4.1. Materials

In the course of this study, the subsequent analytical-grade substances were employed
in their as-received state, devoid of any additional purification: Titanium (IV) isopropoxide
(Ti(OC3Hy)4, Sigma Aldrich, St. Louis, MO, USA, 98.0%), Isopropyl alcohol (C3HgO, Sigma
Aldrich, St. Louis, MO, USA, >99.5%), Zinc acetate dihydrate (Zn(CH3COO),-2H,0, ACS,
St. Louis, MO, USA, >98.0%), Acetic acid (CH3COOH, Sigma Aldrich, St. Louis, MO, USA,
99.8%), Hydrogen peroxide solution (H,O,, Sigma Aldrich, St. Louis, MO, USA, 30.0%
in HyO), Hydrochloric acid (HCl, Sigma Aldrich, St. Louis, MO, USA, 37.0%), Sodium
hydroxide (NaOH, Sigma Aldrich, St. Louis, MO, USA, >85.0%), Potassium cyanide (KCN,
Sigma Aldrich, St. Louis, MO, USA, >97.0%), Picric acid ((O2N);C¢HyOH, Sigma Aldrich,
St. Louis, MO, USA, >99.0%), Sodium carbonate (NayCO3, Sigma Aldrich, St. Louis, MO,
USA, >99.0%), Sodium chloride (NaCl, Sigma Aldrich, St. Louis, MO, USA, >99.0%),
Potassium chloride (KCl, Sigma Aldrich, St. Louis, MO, USA, >99.0%), Magnesium
chloride hexahydrate (MgCl,-6H,0, Sigma Aldrich, St. Louis, MO, USA, >99.0%), Sodium
sulfate (NaySOy, Sigma Aldrich, St. Louis, MO, USA, >99.0%), and Calcium chloride
dihydrate (CaCl,-2H,0O, Sigma Aldrich, St. Louis, MO, USA, >99.0%).

4.2. Synthesis of the ZnTiO3/TiO, Nanoparticles

The synthesis of ZnTiO3/TiO, nanoparticles (referred to as ZTO/TO NPs) followed a
sol-gel methodology as outlined in previous publications [74]. To prepare the ZTO/TO
NPs, an alcoholic solution (designated as Solution 1) comprising titanium (IV) isopropoxide
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(TIPP) and isopropyl alcohol (iPrOH) was formulated with a TIPP/iPrOH ratio of 70 v/v%.
Concurrently, an aqueous solution (referred to as Solution 2) was prepared, consisting
of zinc acetate dihydrate (Zn(acet)), water (H,O), and isopropyl alcohol (iPrOH). In the
preparation of Solution 2, a molar ratio of 3:1 for TiO, /ZnO was employed, along with a
volumetric ratio of 1:1 for iPrOH/H;0O, such that the quantity of H,O used could facilitate
the hydrolysis of TIPP within the iPrOH medium. Subsequently, Solution 2 was incre-
mentally added to Solution 1 under continuous agitation at room temperature. Following
the formation of a white precipitate, the reaction mixture was stirred for a duration of
60 min at room temperature. The resultant precipitate was subjected to drying at 60 °C for
24 h, followed by calcination at 500 °C for a period of 4 h. Ultimately, the resulting solid
materials were allowed to cool to room temperature. The scheme in Figure 16 provides an
overview of the methodology for the synthesis of ZnTiO3/TiO, nanoparticles.

Titanium isopropoxide Zinc acetate
Isopropyl alcohol Isopropyl alcohol Water
Stoichiometric Stoichiometric
mixture mixture
Magnetic stirring at Magnetic stirring at
§0°C \ 50°C

Drop by drop J

Molar ratio ZnO/TiO2
(1:3)

Magnetic stirring at
20°C

Drying at
60 °C

Calcination at
500 °C for4 h

Obtaining ZnTiO4/TiO5

Figure 16. Schematic representation of the methodology for the synthesis of ZnTiO3 /TiO, nanoparticles.

4.3. Characterization of the Nanoparticles

The characterization of the ZnTiO3/TiO, nanoparticles (ZTO/TO NPs) included a
comprehensive suite of analytical techniques. X-ray diffraction (XRD) measurements were
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executed employing a Bruker-AXS D8-Discover diffractometer (Bruker AXS, Karlsruhe,
Germany) equipped with Cu Ka radiation (A = 1.5406 A). Data acquisition spanned an
angular range from 5 to 90° in terms of 20. To identify the crystalline phases present, the
Crystallography Open Database (COD database, version 2021) was employed.

The specific surface area (SSA) of the ZTO/TO NPs was determined using a ChemiSorb
2720 instrument (Micromeritics, Norcross, GA, USA) through liquid nitrogen physisorption
analysis performed at —196 °C. This analysis involved the use of a gas mixture comprising
30% nitrogen (Ny) diluted in helium (He). The SSA was calculated utilizing the Brunauer—
Emmet-Teller (BET) equation, employing the Chemisoft TPx system (version 1.03; data
analysis software; Micromeritics, Norcross, GA, USA, 2011) via the single-point method.

Micrographs and energy-dispersive X-ray (EDX) spectra were acquired using a JEOL
JSM 6400 scanning electron microscope (SEM) (JEOL, Peabody, MA, USA). The photoactiv-
ity of the samples was assessed at a wavelength of 310 nm using the IPW-UV-610 Stainless
Steel Inner Sterilizer Light (IPW Industries Inc., Santa Ana, CA, USA), while the quan-
tification of residual cyanide in the solutions was conducted at a wavelength of 490 nm
employing a Jenway 7350 spectrophotometer (Cole-Parmer, Staffordshire, UK).

Furthermore, the point of zero charge (PZC) for the ZTO/TO NPs at room temperature
(20 £ 1.0 °C) was determined utilizing the pH drift method, wherein ApH = pH¢ — pH; = 0.
This experimental procedure involved adding 0.1 g of the solid sample to a 50 mL tube
containing 25 mL of a 0.1 M NaCl solution. The pH of these solutions was adjusted to values
ranging from 6 to 13 using 0.1 M HCI or NaOH solutions, and these values were recorded
as pH;. The tubes were agitated for 24 h at 250 rpm, and the final pH of the supernatant
liquid in each tube, denoted as pHy, was measured. By plotting ApH (ApH = pH; — pH;)
against pH;, the PZC was determined. This process was replicated for the ZTO/TO NPs
using 0.01 and 0.05 M NaCl solutions. All experiments were conducted in triplicate, and
the average pHPZC value was reported [75].

Lastly, IBM SPSS software (version 25.0; statistical software for Windows; IBM Corp.;
Armonk, NY, USA, 2017) was employed for the analysis of variance (ANOVA).

4.4. Adsorption Studies
4.4.1. Experimental Methodology

The investigation involved a series of cyanide species adsorption experiments on
ZnTiO3/TiO; nanoparticles (ZTO/TO NPs) using aqueous KCN solutions. These exper-
iments were designed to assess the influence of various factors, namely (a) the solution
pH, (b) the initial adsorbate concentration, (c) the reaction system temperature, and (d) the
contact time between adsorbate and adsorbent. The data obtained from these adsorp-
tion experiments were subjected to fitting with isotherm and kinetic models through the
least-squares non-linear regression method [70].

The adsorption experiments involving cyanide species were conducted in a batch
reactor while maintaining the pH of the solutions at 10 & 0.1. This pH control was achieved
by introducing 0.1 M solutions of hydrochloric acid or sodium hydroxide. Additionally,
the experiments were carried out at room temperature (20 + 1.0 °C), with a constant
catalyst quantity of 0.2 ¢ L~!. To investigate the maximum cyanide adsorption capacity, the
concentration of a 500 mL KCN solution was varied within the range of 2.5 to 100 mg L.
Moreover, the adsorption thermodynamics and kinetic behavior of cyanide adsorption
were explored utilizing a 500 mL water sample containing 100 mg L.~ of KCN.

The alkaline picrate analytical method was employed to quantify the total cyanide
content in aqueous solutions [76-78]. In this method, an alkaline picrate solution (PAS) was
prepared, consisting of 1 g of picric acid ((O;N)3C¢H,OH) and 5 g of sodium carbonate
(NapCOs) dissolved in 200 mL of HPLC-grade water. Subsequently, 4 mL of this PAS was
added to 1 mL of either the cyanide solution or a blank solution (comprising HPLC-grade
water) in a test tube. This tube was then incubated for 5 min in a water bath maintained at
95 °C. Following incubation, the absorbance at 490 nm was measured using a UV-visible
spectrophotometer. Concentration determination relied on a pre-established calibration
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curve (R? = 0.9994) in accordance with the Lambert-Beer Law. Triplicate experiments were
conducted, and the results were expressed as the average of three repetitions. The quantity
of cyanide adsorbed onto the nanoparticles was estimated using Equation (2), as presented
in Table 1 [79].

The total equilibrium cyanide adsorption was assessed based on the Langmuir [80],
Freundlich [81], and Temkin [82] isotherm models, each expressed by Equations (3)—(5),
respectively, as outlined in Table 1. Furthermore, the constants pertaining to heat adsorption
(B) and the separation factor (Rp), providing insights into adsorption characteristics, were
calculated employing Equations (6) and (7), also detailed in Table 1 [80].

For thermodynamic investigations, the experimental data were fitted based on the
parameters of thermodynamic laws, specifically Gibbs free energy (AG’, k] mol 1), enthalpy
(AHY, k] mol™1), and entropy (ASY, k] mol~! K~1). These parameters were determined
conventionally using Equation (8) provided in Table 1 [83]. Additionally, the relationship
between AG?, AHY, and ASY was deduced through the well-established van’t Hoff equation,
denoted as Equation (9) in Table 1. In this equation, k¢ is a dimensionless parameter,
calculated by multiplying ki by the molecular weight of the adsorbate (M, g mol~1), and
then further adjusting for factors 1000 and 55.5, representing the number of moles of pure
water present in a liter, as elucidated in Equation (10) in Table 1 [84].

The kinetics of adsorption were investigated utilizing pseudo-first-order, pseudo-
second-order, Elovich, intraparticle diffusion, external-film diffusion, and internal-pore
diffusion models [81,82], each characterized by the respective mathematical expressions
(11)-(16), all detailed in Table 1.

Furthermore, after the adsorption test, the materials that had adsorbed cyanide were
subjected to a leaching process in water at pH 4, 7, and 10 for 24 h at room temperature.
During this period, constant agitation was carried out to simulate leaching conditions in an
aqueous environment. After the leaching period, an analysis was performed to determine
the presence of cyanide in the aqueous solution.

4.4.2. Theoretical Methodology

The Density Functional Theory (DFT) study was conducted employing the Vienna
Ab Initio Simulation Package (VASP) version 6.0, developed by VASP Software GmbH in
Vienna, Austria [85,86]. For the modeling and visualization of molecular structures, the
molecular modeling software BioVia Materials Studio, version 5.5, provided by BioVia in
San Diego, CA, USA, was employed.

In this study, the ionic potential of both inner nuclei and electrons was represented
using pseudopotentials, which followed the projector augmented wave (PAW) methodol-
ogy [87]. All calculations were performed utilizing the Perdew—Burke-Ernzerhof (PBE) gen-
eralized gradient approximation (GGA) function to describe electronic exchange-correlation
interactions [88]. The plane wave cutoff energy was set to 500 eV. The Kohn—-Sham equa-
tions [89] were solved in a self-consistent manner, ensuring that the energy variation
between computational cycles remained below 10> eV.

The molecular adsorption of cyanide species on the (101) surface of ZnTiOs was
simulated using the following optimized parameters: a hexagonal ZnTiOj3 crystal structure
with lattice dimensions of a = 5.15 A, b =5.15 A, and ¢ = 13.94 A, with angles between
the lattice vectors <90° x 90° x 120°> [62]. Semiconductor properties were assessed by
sampling the first Brillouin zone with Monkhorst-Pack [90] k-point meshes of 3 x 2 x 1.
Similarly, the molecular adsorption of cyanide species on the (101) surface of TiO; in
its anatase phase was modeled with the following optimized parameters: a tetragonal
TiO; crystal structure with lattice parameters a = 3.82 A, b =3.82 /3\, and ¢ =9.70 A, and
angles between the lattice vectors <90° x 90° x 90°> [61]. Semiconductor properties were
estimated using Monkhorst-Pack k-point meshes of 1 x 3 x 1. All calculations were
conducted under non-spin-polarized conditions. To enhance the convergence of the total
energy, the Gaussian smearing method was employed with a width (o) of 0.10 eV. Atomic
positions were relaxed until the respective forces were reduced to less than 0.001 eV/A.
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For the study of cyanide species adsorption, both the ZnTiO3; and TiO, materials were
cleaved at their stable (101) surfaces [91-93]. The ZnTiO3 (101) slab model was constructed
as a p(2 x 3) supercell, containing 36 Zn atoms, 36 Ti atoms, and 108 O atoms. Conversely,
the TiO, (101) slab model was formulated as a p(3 x 3) supercell, comprising 168 Ti atoms
and 336 O atoms. The surface energies (vs) for the ZnTiO3 and TiO; structures, with a
vacuum distance of 20 A, were calculated using Equation (17) as described in Table 1 [94,95].
Additionally, the adsorption energy (E,4s) of cyanide species on the (101) surface of both
ZnTiO3 and TiO; oxides was determined using Equation (18) outlined in Table 1 [96,97].

To elucidate the chemical characteristics of the cyanide-semiconductor interaction, a
population analysis was conducted using Bader’s method. This analysis serves as a valuable
tool for assessing the ionicity of a bond by quantifying the charge transfer between the
atoms participating in the chemical bond [59,60]. Specifically, charge difference analysis was
employed to quantify the redistribution of charge on the semiconductor surface resulting
from the adsorption of cyanide species [60]. Additionally, the electron localization function
(ELF) was utilized to gain deeper insights into the nature of the cyanide—semiconductor
interaction [64]. In ELF analysis, the distribution of maximum electron density (referred
to as the Region of Maximum Density or RMD) around the atomic nucleus provides
information on the nature of the interaction. When RMD is symmetrically distributed
around the nucleus, it indicates a more ionic or van der Waals interaction. Conversely, as
the covalent character of a bond increases, the migration of RMD between atomic centers
becomes more pronounced until an ideal covalent interaction is achieved, characterized by
complete symmetry [65].

4.5. Photodegradation Studies

The heterogeneous photocatalysis experiments were conducted following the method-
ology outlined in our prior investigation [74]. These experiments were carried out under
UVB irradiation conditions. The batch approach was employed, and the solution pH was
maintained at 10 & 0.1 by the addition of 0.1 M hydrochloric acid or sodium hydroxide
solutions. Typically, semiconductor nanoparticles were subjected to magnetic stirring in a
500 mL aqueous KCN solution (100 mg L1 containing 0.1-1.0% hydrogen peroxide (H,O»).
The degradation rate of cyanide species in the heterogeneous photocatalytic systems ex-
posed to UVB light was monitored using the Langmuir-Hinshelwood equation [98,99],
which is expressed by Equation (19) as presented in Table 1.

4.6. Reuse of Nanoparticles

To assess the reusability of the nanoparticles in the degradation of cyanide, a recycling
experiment was devised, following the methodology delineated in our prior study [74]. This
recycling experiment was carried out over five consecutive cycles. After the completion
of each treatment cycle, the suspensions were allowed to settle for a minimum of 1 h.
Following this settling period, the supernatant liquid was decanted, and the nanoparticles
were meticulously washed three times with HPLC-grade water to prevent any loss of
solid material. In each treatment cycle, 500 mL of a fresh KCN solution (100 mg L) was
employed, with the nanoparticle concentration set at 0.2 g L1 and the HyO, concentration
at 0.1% (v/v).

4.7. Toxicity Studies

Bioassay tests are essential for evaluating the suitability of synthesized materials in
water treatment applications. Artemia salina, commonly referred to as brine shrimp, serves
as a pertinent model organism in toxicological and ecotoxicity studies of nanoparticles
and aqueous systems [100], with its usage endorsed by the United States Environmental
Protection Agency (US-EPA) for acute toxicity assessments [101].

In conducting the bioassay with Artemia salina, an adapted method described by previ-
ous researchers was employed [102]. In a glass container, a 1 L solution of artificial seawater
was prepared according to the Dietrich and Kalle formula, which comprises distilled wa-
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ter, NaCl, MgCl,-6H,0, NaySO,, CaCl,y-2H,0, KCl, and the pH was adjusted to 9.0 with
NayCOs [103]. For hatching Artemia salina cysts, 500 mL of this artificial seawater was
utilized, shielded with aluminum foil except for a small opening on the upper surface exposed
to illumination from a 20 W lamp situated approximately 32 cm away. Oxygenation was
ensured for 15 min before introducing the cysts, and continuous aeration was maintained
throughout the incubation period at a temperature of 28 °C, with a salinity of 32 pg mL~!
and a pH of 9.0. Consistent oxygenation/aeration was upheld to prevent cyst agglutination.

To assess acute toxicity, cyanide solutions treated with the most efficient removal
system at various time intervals were diluted in artificial seawater. The negative control
consisted of artificial seawater without the test substance (cyanide), while the positive
control comprised artificial seawater with an untreated cyanide solution. The bioassay
was organized in test tubes, each containing 10 mL of the test or control solution, to which
10 nauplii were introduced and incubated for 48 h at 25 °C. After 24 and 48 h, the number
of live nauplii was quantified, and any aberrant behavior, such as swimming difficulties,
was noted. All tests were conducted in triplicate.

5. Conclusions

In this study, the use of a ZnTiO3/2/Hy0O,/UVB system for cyanide removal is de-
scribed for the first time. The experimental results were complemented by theoretical
studies. Both practical results and in silico results demonstrate that it is possible to remove
cyanide ion and hydrogen cyanide from aqueous solutions using ZnTiO3/TiO, nanopar-
ticles in a system that includes UVB radiation and hydrogen peroxide. The amount of
hydrogen peroxide used was minimized, in order to reduce its impact when using this
system on an industrial scale. The results presented in this research can be used as a basis
for new studies with other contaminants. For future studies, it is proposed to test the
ZnTiO3,TiO, /H;O, /UVB system on a pilot scale and/or with other contaminants.

Finally, from a molecular perspective, the hybrid semiconductor material ZnTiO3/TiO,
is justified as a highly effective choice for cyanide remediation through adsorption and
photocatalysis. Its unique molecular properties, including its adsorption and photocatalysis
capacity, as well as its charge transfer capacity, enable the efficient and complete removal of
cyanide from contaminated wastewater. Adsorption facilitates the capture and retention
of cyanide on the surface of the material, while photocatalysis and charge transfer reac-
tions promote its degradation into non-toxic compounds. These molecular mechanisms
strongly support the choice of ZnTiO3/TiO, as a material for the design of advanced
treatment systems aimed at cyanide remediation. This enriched molecular understanding
lays the foundation for future research and applications in the efficient removal of cyanide
contaminants from the environment.
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