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Abstract The widespread use of cyanidation in
gold beneficiation leads to a large amount of SCN™
in the gold extract tail solution, which poses a threat
to the environment and human health. The present
study successfully synthesized octadecyltrimethylam-
monium bromide/bentonite/titanium dioxide (OTAB/
Bt/Ti0,) photocatalysts through a sol-gel hydrother-
mal approach. Evaluation of the BET specific sur-
face area, X-ray diffraction (XRD) analysis, UV-vis
diffuse reflectance spectroscopy, and zeta potential
experiments unveiled the beneficial impact of incor-
porating OTAB. This inclusion led to an enlargement
of the pore size and layer spacing of Bt, broadening
the range of photoresponses. Additionally, it effec-
tively neutralized the negative charge residing on
the surface of Bt. Consequently, these enhancements
contributed to the improved performance of the pho-
tocatalytic material in terms of adsorption and cata-
lytic degradation of SCN™. The degradation rate of
SCN™ reached 98.78% under the reaction conditions
of initial SCN™ concentration of 50 mg/L, OTAB/
Bt/TiO, dosage of 0.8 g/L, pH=8, and reaction time
of 300 min. The degradation of the SCN™ compos-
ite through the OTAB/Bt/Ti0O, photocatalytic process
followed a zero-order kinetic model with a calculated
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rate constant (k value) of 0.1148 min~". Notably, this
rate constant was 1.9 times greater than the degra-
dation rate observed in the pure TiO, system. The
free radical quenching test showed that h*, «<OH and
«0?~ were the main oxidizing substances for pho-
tocatalytic degradation. The identification of inter-
mediates proved that the complete mineralization of
SCN™ could be achieved by OTAB/Bt/TiO, adsorp-
tion and photocatalytic degradation without generat-
ing the highly toxic intermediate CN™. Overall, this
study provides guidance for the development of more
photocatalysts with strong adsorption properties and
more effective removal of SCN™ from gold extraction
tailings.

Keywords OTAB/Bt/TiO, - Adsorption -
Photocatalytic - SCN™ - Wastewater treatment

1 Introduction

As cyanide is easy to form different forms of com-
plexes with metallic elements, it is often used as
an inhibitor in the flotation process and as a leach-
ing agent for the extraction of gold and silver in
the gold beneficiation process (Li, 2018; Tai et al.,
2007). During the cyanide leaching process, the
metal sulfides react with the cyanate (CN™) to pro-
duce a large amount of thiocyanate (SCNT) into
the gold extract tail solution (Eqs. 1-4) (Wu et al.,
2011). Unlike CN~, the cyanide-breaking process
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commonly used for gold extract tail solution treat-
ment is not effective in degrading the more stable
SCN™ (Yuan et al., 2021). Chlorination is a com-
mon disinfection process for cyanide-containing
wastewater. During this treatment process, SCN~,
which cannot be effectively degraded, tends to react
chemically with chlorine, as shown in Eq. (5), to
produce the highly toxic substance cyanogen chlo-
ride, resulting in elevated effluent toxicity and a
potential hazard to the health of the operator and
the surrounding ecological environment (Pan et al.,
2009). Therefore, there is an urgent need for a safe
and efficient method to degrade SCN™.

S+CN™ = SCN- (D
28?7 +2CN™ 4+ 0, + 2H,0 = 2SCN*™ + 40H™  (2)
2S +20H™ + 0, = S,0,>" + H,0 3)
S,0,* + CN™ = $,0;*" + SCN~ 4)

SCN~ + 8Cl, + 9H,0 = NO*~ + SO,* + CO, + CI~ + I8H*
&)

Several methods have been used to remove
SCN™ from wastewater, including biodegradation
(Bezsudnova et al., 2007; Combarros et al., 2015;
Karavaiko et al., 2000), physical adsorption (Wu
et al., 2011), persulfate (Budaev et al., 2015), and
photocatalytic (Vohra, 2011) degradation. Adsorp-
tion photocatalysis provides a new method for
environmental treatment and energy conversion by
synergistically degrading organic and inorganic pol-
lutants through photocatalytic redox reactions and
adsorption. The technology is currently achieving
encouraging results in areas such as lignin removal
(Gao et al., 2019), formaldehyde purification (Gu
et al., 2019), and waste leachate treatment (Azadi
et al., 2020). In addition, the renewable nature of
the photocatalyst and adsorbent demonstrates the
environmental friendliness and high economic
effect of this technology.

Bentonite, an adsorbent material renowned for
its porous nature, features montmorillonite as its
principal constituent. Embellished with a unique
crystal structure consisting of an aluminum-oxygen
octahedron layer and twin silica-oxygen tetrahedron
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layers, its prominence arises from its expansive sur-
face area, exceptional adsorptive capabilities, and
potent ion exchange capacity (Bhattacharyya &
Sen Gupta, 2008). Consequently, it has been exten-
sively employed in combating environmental con-
tamination, notably heavy metal wastewater (Aminy
et al., 2022), dye wastewater (Huang et al., 2017),
and electroplating wastewater (Amaya et al., 2020).
Esteemed for its cost-effectiveness and ready avail-
ability vis-a-vis alternative solids like activated car-
bon and zeolite, it also marvelously mitigates envi-
ronmental concerns associated with post-treatment
recycling (El-Korashy et al., 2016; Maxim et al.,
2016). The uneven substitution of cations within
natural bentonite gives rise to anionic interlayers
that lack the necessary capacity for the adsorptive
elimination of anionic contaminants and hydro-
phobic substances (Anirudhan & Ramachandran,
2015). Various methods have been introduced to
activate natural bentonite, encompassing high-
temperature modification (Selim et al., 2020), acid
modification (Kaleta et al., 2013), organic modifica-
tion (Haciyakupoglu & Orucoglu, 2013), and inor-
ganic modification (Tomic et al., 2015). The organic
modification of bentonite enables the degradation of
a broad spectrum of water pollutants, encompassing
the extraction of xylene from industrial wastewater
(Ma et al., 2023), the elimination of naphthalene
(Kaya et al., 2013), and the adsorption of tetracy-
cline (Alkizwini & Alquzweeni, 2021). Utilizing
quaternary ammonium surfactants serves as one
of the prevailing techniques for organic modifica-
tion (He et al., 2023; Olafadehan et al., 2022). By
forming feeble hydrogen bonds between the methyl
hydrogen atoms on the polar head group of quater-
nary ammonium surfactants and the surface mol-
ecules of bentonite, the anions within the interlay-
ers are effectively neutralized. Octadecy trimethyl
ammonium bromide (OTAB) finds widespread util-
ity in the modification of layered clays, owing to
its elongated alkyl chain. With the ability to effec-
tively integrate within the interlayers of layered
clays or adsorb onto their surfaces, OTAB achieves
the formation of a durable structure while altering
the hydrophobic milieu between the layers. This
transformative action results in a notable expansion
of the interlayer spacing, consequently exhibiting
exceptional proficiency in the adsorption of various
pollutants (Huang et al., 2006; Soegijono, 2017).
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Adsorption photocatalysis represents an advanced,
highly efficient, enduring, stable, and environmen-
tally sound technology. Through the amalgamation
of photocatalytic redox and adsorption, the decom-
position of both organic and inorganic pollutants
can be accomplished, generating harmless, non-
toxic molecules (Lin et al., 2012; Zhuang et al.,
2020). In recent years, numerous researchers have
undertaken studies on bentonite-based TiO, com-
plexes to heighten photocatalytic activity, such as
TiO,-bentonite for the degradation of Rhodamine
B (Li Jing-Yi et al., 2007), TiO,/chitosan/benton-
ite composite for the adsorption and photocatalytic
degradation of methylene blue (Li et al., 2022), and
TiO,/bentonite for the removal of arsenic (Saleh
et al., 2021).

In this scholarly endeavor, we embarked on an in-
depth exploration and validation of the adsorption
and degradation of SCN™ in aqueous milieus, facili-
tated by the use of OTAB/Bt/TiO, composites under
the stimulus of UV light irradiation. The investigation
was guided by three primary objectives: (1) The utili-
zation of X-ray diffraction (XRD), scanning electron
microscopy (SEM), BET-specific surface area meas-
urements, Fourier infrared spectroscopy (FT-IR), and
ultraviolet—visible near-infrared spectrophotometry
(UV-Vis) to characterize the synthesized OTAB/Bt/
TiO, composites meticulously; (2) The scrutiny of
the influence exerted by the OTAB/Bt/TiO, compos-
ites’ dosage, pH, and initial SCN™ concentration on
the efficacious degradation of SCN™ from water; (3)
The elucidation of the pathways and mechanisms of
SCN™ photocatalytic degradation through the modu-
lation of zeta potential, radical quenching tests, and
the identification of intermediate products.

2 Materials and Methods
2.1 Regents

Titanium dioxide (anatase,>99.5%) and potassium
ferricyanide (>99.5%) were obtained from Tianjin
Chemical Reagent No. 3 Factory. Sodium benton-
ite (>90%) was purchased from Shandong Yusuo
Chemical Technology Co. Sodium hydroxide (97%),
tetrabutyl titanate (98%), glacial acetic acid (99.5%),
ethanol (99.7%), and disodium EDTA (>99%) were
purchased from Shanghai Macklin Biochemical Co.,

Ltd. Sodium hydroxide (97%), octadecyltrimeth-
ylammonium bromide (OTAB, 99%), anhydrous
ethanol (99.7%), isopropanol (99.5%), silver nitrate
(0.1 mol/L), and p-benzoquinone (99.5%) were pur-
chased from Shanghai Aladdin Biochemical Tech-
nology Co., Itd, China. Hydrochloric acid (HCI) was
purchased from Sinopharm Chemical Reagent Co.,
Itd, China. Milli-Q water (> 18 MQ-cm) was used to
prepare different solutions of required concentrations.

2.2 Preparation of Photocatalysts
2.2.1 Synthesis of OTAB/Bt Materials

A specified quantity of OTAB is dissolved in water
and combined with 5 g of sodium bentonite, undergo-
ing stirring for a duration of 3 h. After the reaction
is completed, the resulting slurry is diligently washed
with ultrapure water until the absence of boron ions
is confirmed, prior to filtration through a water recir-
culation vacuum pump. The filtrate is subsequently
dried at 90 °C for a period of 12 h. Finally, the sam-
ple is finely ground to pass through a 200 mesh sieve,
yielding the OTAB/Bt powder.

2.2.2 Synthesis of OTAB/Bt/TiO, Composite
Photocatalysts

The synthesis of the photocatalyst OTAB/Bt/TiO, was
performed using the sol-gel hydrothermal method
outlined as follows: A: 10 mL of tetra butyl titanate
and 2 mL of glacial acetic acid were dissolved in a
solution of 20-mL anhydrous ethanol. B: A solution
of 13.23-mol/L. anhydrous ethanol was prepared. The
dispersion of 2.5 g of OTAB/Bt powder (with a cation
exchange capacity of 0.4) was dissolved into liquid A.
Liquid B was then gradually added drop by drop to
liquid A. The resulting mixture was subjected to mag-
netic stirring for 24 h at room temperature, resulting
in the formation of a yellow gel. Subsequently, the gel
was allowed to age for 8 h before being transferred
into a reactor and subjected to hydrothermal reaction
at 120 °C for 12 h. Afterward, it was allowed to cool
down to 25 °C and washed three times with ultrapure
water. The sample was filtered by a vacuum water cir-
culation pump, dried overnight at 90 °C, ground, and
passed through a 200-mesh sieve to obtain OTAB/
Bt/TiO, photocatalyst. The preparation process of
OTAB/Bt/TiO, photocatalysts is shown in Fig. 1.
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Fig. 1 The preparation diagram of OTAB/Bt/TiO, photocatalyst

2.3 Characterization

X-ray diffraction (XRD, D8 ADVANCE, Ger-
many) was used to determine the crystallinity
and phase structure of the samples using a copper
target (40 kV, 30 mA) with a scanning range of
3-80° and a scanning rate of 8°smin~!. The micro-
morphology of the samples was observed using a
scanning electron microscope (SEM, Quanta 250,
USA). The specific surface area of bentonite before
and after modification was obtained by analyz-
ing the nitrogen adsorption—desorption isotherm
(BET, ASAP2460, Shanghai, China) at 77.3 K and
an equilibrium interval of 10 s. The pore size of
the bentonite was calculated as the amount of N,
adsorbed (p/p,=0.99). The infrared spectra of ben-
tonite and modified bentonite were obtained using
a Fourier infrared spectrometer (FT-IR, VERTEX
80v, Bruker, Germany). UV-Vis diffuse reflectance
spectra were acquired on a UV-Vis near infrared
spectrophotometer (UV-Vis, UV-2600-ISR-Plus,
Japan) to obtain the light absorption properties of

=g

120°C 12h

OTAB/Bt/TiO; photocatalyst

the different catalysts, with a scanning wavelength
range of 200—800 nm.

2.4 Experimental Procedure

The evaluation of the photocatalytic activity of OTAB/
Bt/TiO, was conducted by measuring the degradation
of SCN™ in an aqueous solution. For this purpose, a
175W UV high-pressure mercury lamp (manufactured
by Shanghai Mingyao Glass Hardware Tools) was
utilized as the light source. The experimental setup is
illustrated in Fig. 2. To initiate the experiment, 0.8 g
of OTAB/Bt/TiO, was dispersed in SCN™ simulated
wastewater (150 mL, with an initial SCN™ concentra-
tion of 50 mg/L) and positioned directly beneath the
UV lamp. Prior to exposure to light, the suspension was
subjected to magnetic stirring for 30 min, allowing for
the establishment of an adsorption—desorption equilib-
rium of SCN™ on the surface of OTAB/Bt. This step,
referred to as the dark reaction. Following the equi-
libration period, the UV lamp was activated and the
suspension was continuously stirred for 5 h. During the

Fig. 2 Schematic diagram
of photocatalytic degrada-
tion test device
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/
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degradation process, 2-mL samples were withdrawn
from the photocatalytic system at hourly intervals using
a pipette gun, in order to perform subsequent analysis.

2.5 Analysis

The absorbance of SCN™ was measured at 452 nm
using a visible spectrophotometer (722, China). A
standard curve (7 concentration gradients): The base-
line of solvent water was established, a set volume of
SCN™ solution (2 ml) was injected, and Fe (NO3); solu-
tion (7 mL, 50 g/L) was added, shaken well, and the
color was developed in a dark environment for 5 min.
Absorbance was measured, the concentration was taken
as the abscissa, the corrected absorbance was taken
as the abscissa, and the standard curve was plotted, as
shown in Fig. 3. Sample determination, the sample to
be measured was filtered through a 0.45-pm polyether-
sulfone filter (the color development process was con-
sistent with that of the standard sample), placed in a
10-mm quartz cuvette, and the absorbance of residual
SCN™ was corrected using ultrapure water as the blank
reference. The concentration of residual SCN™ in the
sample was determined from the standard curve equa-
tion and the absorbance (corrected). The removal effi-
ciency was calculated as follows (Eq. 6):

n = (Cy—C,)/Cy * 100% (6)

3.0

y=0.06737x+0.03521

2
55| R=0.9999

2.0 F

Absorbance (A)

0.5

0.0 1 1 1 1
0 10 20 30 40

SCN" concentration (mg/L)

Fig. 3 Standard curve of SCN™ concentration

where, y, is the SCN™ removal rate (%); C, is the ini-
tial SCN™ concentration (mg/L); C, is the SCN™ con-
centration (mg/L) at reaction time t.

3 Result and Discussion
3.1 Characterization

Figure 4 presents SEM images of Bt, OTAB/Bt, and
OTAB/BYTiO,. In Fig. 4a, b, c, it can be observed
that Bt exhibits a smooth and layered structure, while
the surface of OTAB/Bt appears rough. Notably,
OTAB/BY/TiO, displays a granular structure with
particles of varying sizes and uneven distribution,
along with the presence of a pore structure (Mishra
et al., 2017). It can be seen that the introduction of
OTAB/TiO, disrupts the crystalline surface order of
Bt (001), forming more crystalline sequences, and
no significant agglomeration of TiO, occurs. Addi-
tionally, the structure of OTAB/Bt/TiO, prepared by
sol-gel method facilitates the convenient channeling
of electrons during the reaction, thereby enhancing
the rate of photogenerated electron—hole separation
(Gao et al., 2020).

Additionally, unlike the energy-dispersive X-ray
spectroscopy (EDS) pattern of Bt, the EDS pattern of
OTAB/BUTiO, clearly displays characteristic peaks
of Ti alongside the characteristic ions (Si, Al, Mg,
Ca, C) of OTAB/Bt. This further confirms the suc-
cessful attachment of TiO, nanoparticles onto the sur-
face of OTAB/Bt, as depicted in Fig. 4d, e, f. Also,
the distribution of titanium is more homogeneous
(Fig. 4g). Fascinatingly, our analysis of the OTAB/Bt/
TiO, composite revealed the absence of Na* ions and
a reduction in the quantity of K* ions. This phenom-
enon can potentially be attributed to the substitution
of the inorganic cation Na® within the interlayer of
Bt by the positively charged groups present in OTAB.
Remarkably, similar occurrences have been docu-
mented in other literature sources, further supporting
this observation (Garcia-Garcia et al., 2023).

The determination of specific surface area and
pore size distribution of the materials was conducted
using the multi-point BET method, and the results are
summarized in Table 1. The specific surface area of
OTAB/Bt exhibited a reduction to 1.2646 mzlg, and
the total pore volume experienced a change to 0.0065
cm?/g when compared to Bt alone. The incorporation
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Fig. 4 SEM images and EDS-mapping of samples: a—d Bt; b—e OTAB/Bt; c—f OTAB/Bt/TiO,; g Ti elements

Table 1 The analysis of Bt and organic bentonite

Sample  Specific Pore diam-  Pore Zeta
surface area  eter (nm) volume potential
(m/g) (em’g) ~ (mV)

Bt 50.8947 6.7367 0.0586 -30

OTAB/Bt  1.2646 14.6156 0.0065 17

of OTAB brought about the aggregation of crys-
tals on the Bt surface, resulting in the formation of
clustered structures and a subsequent modification
of the original layered arrangement. This alteration
in structure contributed to the observed decrease in

@ Springer

specific surface area and pore volume, findings that
align with the scanning electron microscopy (SEM)
results. However, it is noteworthy that the presence of
OTAB also led to a twofold increase in the average
pore size, enhancing the overall capacity for adsorp-
tion by creating a larger adsorption space. Further-
more, in the adsorption of SCN™, electrostatic inter-
actions emerged as a crucial factor. The zeta potential
results presented in Table 1 indicate that the posi-
tively charged groups of OTAB effectively neutral-
ize all the negative sites on the surface of Bt, render-
ing the OTAB/Bt composite positively charged. This
positive charge facilitates the efficient adsorption of
negatively charged SCN™ ions.
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Figure Sa illustrates the X-ray diffraction (XRD)
patterns of Bt, OTAB/Bt, and OTAB/Bt/TiO,. The
distinctive diffraction peaks (28) for the pristine Bt
and OTAB/Bt were observed at 7.038° and 4.229°,
respectively. Notably, the layer spacing of OTAB/Bt
(2.088) was found to be larger than that of the pris-
tine Bt (1.255), as calculated using Bragg’s equation
(nA=2dsinB). This observation indicates that the
introduction of OTAB can enhance the layer spacing
of Bt, thereby improving the adsorption capabilities
of the photocatalytic material for SCN™ and ulti-
mately enhancing its photocatalytic activity. Moreo-
ver, in the XRD pattern of OTAB/Bt/Ti0O,, distinct
diffraction peaks were observed at 25.4°, 37.9°, and
55.2°, corresponding to the crystal planes (101),
(004), and (211) of anatase-type TiO,. This signifies
the successful synthesis of anatase-type TiO, in the

OTAB/Bt matrix (Wang et al., 2012). No other dif-
fraction peaks (rutile-type TiO,) were detected in
OTAB/BUTiO,, affirming the good crystallinity and
high purity of anatase TiO, in OTAB/Bt/TiO, (Du
etal., 2019).

Figure 5b displays the Fourier-transform infrared
(FT-IR) spectra of various photocatalytic materials.
The absorption peaks observed at 2918 cm™' and
2850 cm™! correspond to the -CH, antisymmetric
stretching vibration and the -CH; symmetric stretch-
ing vibration peaks of OTAB, respectively. The
absorption peaks within the wave number range of
1100-1000 cm™" are commonly associated with the
stretching vibrations of Si—O-Si and Si-O-Al. As a
result, the intensity of the absorption peaks observed
in OTAB/Bt and OTAB/Bt/TiO, remains rela-
tively stable within this range when compared to Bt.

-
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* TiO,
OTAB/BUTIO, . .
— .. A’ OV em———y
110, A 2
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Fig. 5 a X-ray diffraction (XRD) patterns; b Fourier transform infrared spectroscopy (FTIR) spectra; ¢ ultraviolet—visible diffuse

reflectance spectra
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Vibration peaks within the range of 500-800 cm™
can be attributed to the Ti—O bond. Moreover, in the
FT-IR spectra of TiO, and OTAB/Bt/TiO,, distinctive
peaks at 1500 cm™! and 3500 cm™' are indicative of
the stretching of the -OH bond. These peaks predomi-
nantly arise from the attachment of hydroxide ions
and hydroxyl groups on TiO, to the Bt surface.

In Fig. 5c, the ultraviolet—visible diffuse reflectance
spectra are depicted to explore the efficacy of various
photocatalytic materials in harnessing visible light.
The conventional TiO, exhibits an absorption band
edge located at 390 nm. However, upon integration
with OTAB/Bt, an intriguing phenomenon occurs as
the absorption band edge undergoes a redshift, with
the peak now observed at 408 nm. Consequently, this
redshift extends the range of photoresponse (Kuo et al.,
2021). Remarkably, the utilization of OTAB/Bt in con-
Jjunction with TiO, results in an exceptional visible-
light response. This attribute amplifies the efficacy of
its photocatalytic activity, thereby facilitating the sub-
sequent degradation of SCN™ (Jiang et al., 2022).

3.2 Analysis of Photocatalytic Performance of
OTAB/B/TiO,

3.2.1 Comparison of the Photocatalytic Properties
of TiO,and OTAB/BY/TiO,

The catalytic efficacy of the OTAB/Bt/TiO, pho-
tocatalysts was assessed through the removal of

100 T

| —m— Bt N
a
| —8—TiO, < (@
goL | —A—BUTIO,
| v OTAB/TIO, <
| —¢— OTAB/BY/TiO,
1
& 60 bark: Light ~ /
= 1
g | — s
£ |
~ 40+ :
1
20
-— " -
0 ' 1 1 1
30 0 60 120 180 240 300
Time (min)

SCN™ from the aqueous phase via photocatalysis after
exposure to UV high-pressure mercury lamps, with
TiO, utilized as a benchmark. The results of the pho-
tocatalytic experiments are depicted in Fig. 6a. The
outcomes of the dark reaction revealed that OTAB/
Bt/TiO, exhibited commendable adsorption perfor-
mance towards SCN™ (20.03%), facilitating the bind-
ing of SCN™ to active sites and thereby enhancing
the photocatalytic performance. In the absence of a
catalyst, Bt removed only 10% of SCN™ after 300 min
of photocatalytic reaction. The catalytic degradation
effect of OTAB/TiO, (27.98%) was inferior to that
of pure TiO, (52%) due to the limited modulation of
TiO, by OTAB, and the presence of OTAB impeded
the reaction between SCN™ and active radicals. The
influence of TiO,/Bt on SCN™ degradation was mar-
ginally superior to that of pure TiO,, but it exhibited
a significant disparity when compared to OTAB/Bt/
TiO, (59.11% vs. 98.78%). The surface area ratio
and adsorption capacity of Bt/TiO, were constrained,
necessitating the incorporation of OTAB into Bt.
The photocatalytic efficiency of the OTAB/Bt/TiO,
material was improved by uniformly dispersing TiO,
on Bt, which reduced the long-range diffusion of
free radicals in the solution and enhanced light uti-
lization efficiency. The uniform loading of TiO, on
OTAB/Bt/TiO, exposed a higher number of active
sites, while the aggregation of pure TiO, in water
impeded the interaction of active sites with SCN™.
Moreover, the continuous adsorption and oxidation of

= Bt k=0.0131 (b
® TiO, k=0.0618
30 | A BYTIO, k=0.0628
v OTAB/TIO, k=0.0281
< OTAB/BY/TiO, k=0.1148
=)
Eo0t
g
(=}
@)
10
0
0 60 120 180 240 300

Time (min)

Fig. 6 a Removal efficiency and b pseudo-zero-order kinetic fitting of SCN™ in various reaction systems tested under UV light irra-

diation
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SCN™ facilitated the migration of substances on the
photocatalyst’s surface, which inhibited the complex-
ation of photogenerated electrons and holes in TiO,,
ultimately achieving efficient treatment of SCN™.

To delve deeper into the photocatalytic efficacy of
OTAB/BU/TiO,, the reaction kinetics were simulated
employing a zero-order kinetic equation as depicted
below.

Cy—C, =kt (7)

where C, is the pollutant concentration at time ¢
(mg/L), C, is the initial pollutant concentration
(mg/L), t is the reaction time, and k is the apparent
zero-level kinetic reaction constant.

As represented in Fig. 6b, the OTAB/Bt/TiO, pho-
tocatalytic degradation of SCN™composite zero-order
kinetics (R*>0.95) with a k value of 0.1148 min™'
was 1.9 times higher than the degradation rate of the
pure TiO, system (0.0618 min~'), which further dem-
onstrated the excellent photocatalytic performance of
OTAB/BU/TiO,.

3.2.2 Analysis of Factors Affecting Photocatalytic
Degradation Efficiency

Figure 7a illustrates the impact of composite dosage
on SCN™ photocatalytic degradation. As the dosage of
OTAB/Bt/TiO, escalated from 0.2 to 0.8 g/L, the rate
of SCN™ degradation exhibited a remarkable surge
from 57.41 to 98.78%. This enhanced photocatalytic
degradation efficiency can be attributed to the aug-
mented adsorption capacity of the composites and the
proliferation of reactive sites. However, when the dos-
age reached 1.0 g/L, the SCN™ degradation efficiency
experienced a decline. This decrement can be ascribed
to the excessive dosing, which led to the aggregation of
some photocatalyst particles, impeding the interaction
and reaction between the pollutants and the active sub-
stances. Furthermore, the scattering of ultraviolet light
proved unfavorable for the progression of the photocat-
alytic reaction. Taking into account both economic and
effective factors, the optimal dosage of the composite
material was determined to be 0.8 g.

The initial pH of the solution exerted an influence
on the photocatalytic performance by modulating the
generation of active radicals during the OTAB/Bt/
TiO, photocatalytic process. As depicted in Fig. 7b,
the photodegradation efficiency of SCN™ exhibited a

decline with an increase in pH within the pH range
of 8 to 12 for the investigated system. Notably, at pH
8, the degradation rate of SCN™ reached a remarkable
98.78%, whereas at pH 12, it plummeted to a mere
11.98%. This observation indicates that in highly
alkaline solution environments (pH 11 and 12), the
*OH radical undergoes a reaction with OH™ in the
solution, resulting in the generation of less reactive
O~ (Eq. 8), which exerts an inhibitory effect on the
photocatalytic degradation of SCN™.

«OH + OH™ = O™ + H,O((pK = 10'"?) 8)

The initial concentration of SCN™ plays a piv-
otal role in the photocatalytic degradation of OTAB/
Bt/TiO,. As depicted in Fig. 7c, the elimination of
SCN™ escalated from 46.5 to 62.2 mg/L, and the
adsorption capacity rose from 8 to 11 mg/g as the
SCN™ concentration increased from 50 to 100 mg/L.
This phenomenon can be attributed to the fixed
number of effective active sites within the OTAB/
Bt/TiO, (0.8 g). When the initial concentration of
SCNT™ reached 100 mg/L, the adsorption capacity on
the surface of the composite material reached equilib-
rium. As the SCN™ concentration continued to rise,
the pollutant molecules impeded the propagation of
light, resulting in a decrease in light transmittance and
penetration depth (Chen et al., 2017). Consequently,
when the SCN™ concentration increased from 100 to
400 mg/L, the adsorption capacity remained stable,
while the removal rate decreased by 4 mg/L.

3.3 OTAB/Bt/TiO, Removal of SCN™ Reusability

Taking into consideration the economic and environ-
mental aspects of the actual wastewater treatment pro-
cess, it is imperative to assess the stability and reus-
ability of catalysts through cyclic degradation tests of
OTAB/Bt/TiO,. Following the photocatalytic degra-
dation test, the OTAB/Bt/TiO, present in the solution
was recovered via filtration, washed with ultrapure
water, and subsequently reused after undergoing dry-
ing in an oven at 90 °C for 10 h. This recycled OTAB/
Bt/TiO, was then employed in the subsequent pho-
tocatalytic degradation test. After three cycles of test-
ing, it can be observed that the removal efficiency of
SCN™ exhibited no significant changes, decreasing
from 98.78 to 95.37% (Fig. 7d). The decline in pho-
tocatalytic efficiency can be attributed to two factors:
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firstly, the loss of catalyst resulting in decreased crystal-
linity, diminished crystal quality, and reduced stability
of TiO,, thereby suppressing the photocatalytic activity
and photoelectric conversion efficiency of the compos-
ites; Secondly, certain degradation intermediates that
occupy the active sites and pores persistently adhere
to the washed and recovered OTAB/Bt/TiO,, which
may lead to a decrease in the photocatalytic ability of
the material. Remarkably, even in the fourth cycle test,
OTAB/Bt/TiO, was still capable of removing 80% of
SCN™. This indicates its high stability and reusability in
the photocatalytic process, which makes it competitive
among the reported photocatalytic materials (Table 2).

@ Springer

Consequently, it holds promising value and prospects
for industrial production applications (Pandey, 2017).

3.4 Degradation Mechanisms
3.4.1 Quenching Test

Various radical burst tests were conducted to
investigate the role of different reactive groups
in the photocatalytic degradation process. To
differentiate the oxidation of -OH, photogenerated
electrons (e”), photogenerated holes (h*), and -O,",
0.5 mmol/L isopropanol (IPA), AgNO;, disodium
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Table 2 Comparison

3 TiO,/clay composite  Pollutant (mg/L) Cycle  Removal (%) Ref
of cycling performance number
of OTAB/Bt/TiO, with
rf‘ilported blentomte'based OTAB/BUTIO, Thiocyanide Ton (50) 4 80 This work
photocatalysts TiO,/Fe;O, /benonite  Methylene blue (30) 4 82 (Chen et al., 2015)
Ag/WO;/Bent Humic acid (30) 5 75 (Ajel & Al-Nayili, 2022)
A-TiO,-BiOBr-Bt Phenol (20) 6 83 (Dlamini et al., 2022)
Fe,0,-B-TiO, Methyl blue (10) 4 78 (Cao et al., 2017)
18.57%. This finding suggests that -O,” is another
100 | o _
98.83 contributing factor to the removal of SCN™.
80 3.4.2 Analysis of the Main Transformation Products
S 7201 and Degradation Mechanisms of SCN~
— 60
é Based on the change rule of zeta potential on the sur-
& 40 b face of the photocatalytic materials, the results of free
radical quenching test, and the changes of intermedi-
2ok ate product concentration during the photocatalytic
200 degradation process (Fig. 9), the possible pathways
of SCN™ degradation by photocatalysis of OTAB/Bt/
0 . . .
Compare IPA AgNO, EDTA-2Na  BQ TiO, were inferred (Fig. 10).

Free radicals

Fig. 8 Effects of different scavengers on the photocatalytic
degradation efficiency for SCN™

ethylenediaminetetraacetic acid (EDTA-2Na),
and p-benzoquinone (BQ) were added (Guo et al.,
2022). Figure 8 illustrates the results of these tests.
In the absence of any bursting agent (control), the
degradation efficiency of SCN~ was 98.78%. The
addition of AgNO; had no significant impact on the
photocatalytic degradation of SCN™, indicating that
the oxidation of e~ can be ruled out as a contributing
factor. However, the presence of IPA hindered the
degradation of SCN™, resulting in a reduction in
removal efficiency by 26.77%. This suggests that -OH
groups do contribute to the photocatalytic degradation
process, albeit not as the primary oxidizing agents. On
the other hand, when EDTA-2Na was introduced into
the photocatalytic system, a significant decrease in
SCN™ degradation efficiency to 20.01% was observed,
highlighting the crucial role of photogenerated holes
(h*) as the main active groups in the photocatalytic
degradation of SCN™. Additionally, the addition of BQ
also considerably inhibited the photocatalytic activity,
leading to a reduction in degradation efficiency to

Firstly, during the adsorption stage and the early
stages of photocatalytic degradation, there exists a
strong electrostatic interaction between SCN™ (high
electronegativity) and OTAB/Bt (positively charged).
This leads to the selective adsorption of SCN™ on the
surface of OTAB/Bt/TiO,, resulting in a decrease in
the zeta potential on the photocatalytic material’s sur-
face. Secondly, the free radical burst test revealed the
involvement of both -O,™ and -OH in SCN™ removal,
with h* and -O,~ acting as the primary active species.
When the photocatalyst is irradiated by the UV light
source, electrons in the valence band of TiO, undergo
a transition to the conduction band, generating e and
h* in OTAB/Bt/TiO,. The h* species possess strong
oxidative properties, directly oxidizing adsorbed H,O
and O, on the surface into hydroxyl radicals (-OH),
superoxide radicals (-O,7), and other potent oxidiz-
ing species (Hirakawa & Nosaka, 2002). Ion chroma-
tography was employed to analyze the SCN~, SO,>~,
NO?*~, NO?*~, CN~, and NH4Jr present in the photo-
catalytic degradation samples of OTAB/Bt/TiO,.
Under the influence of -OH and -O,~, SCN™ gradually
underwent degradation. As depicted in the figure, the
concentration of SO,*~ increased from 0 to 30 mg/L
(after 300 min of light exposure), and elemental

@ Springer
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sulfur was ultimately converted to SO,>~, with a por-
tion escaping as SO, gas. Concurrently, as the pho-
tocatalytic reaction progressed, the concentration of
CN~ gradually rose, eventually reaching a production
rate that matched the oxidation rate. CN~ was con-
tinuously oxidized to NH*, CO,, and H,0, accom-
panied by a small amount of NO*~ and NO*~ pro-
duction, until CN~ was completely converted. NH**
then became the primary form of nitrogen in the
SCN™ samples.

4 Conclusion

In this research endeavor, an innovative adsorption
photocatalytic material, namely OTAB/Bt/TiO,, was
successfully synthesized through a simple hydrother-
mal method. Optimal reaction conditions facilitated
the material’s impressive ability to adsorb and pho-
todegrade up to 98.78% of SCN™ ions, surpassing
the performance of the original sample. This remark-
able photodegradation efficacy can be attributed to
the following pivotal factors: (1) OTAB/Bt/TiO,
exhibits expanded pore size and layer spacing, lend-
ing to enhanced adsorption capabilities; (2) OTAB/
Bt/Ti0, displays an extended photoresponsive range,
broadening its photocatalytic potential; (3) The pres-
ence of positively charged OTAB groups effectively
counterbalances the negatively charged sites on
the Bt surface. This positive charge on OTAB/Bt/
TiO, facilitates the efficient adsorption of negatively
charged SCN™ ions. Quenching experiments further
demonstrated the pivotal role of abundant of h*, «OH,
and 0>~ species catalytically generated by OTAB/
Bt/TiO, under UV irradiation, contributing to the
SCN™ degradation process. In addition, the OTAB/
Bt/TiO, photocatalyst demonstrated good reusability
as verified by four catalytic cycles. The efficient deg-
radation of SCN™ and the complete mineralization of
the intermediate product, CN~, at the reaction’s con-
clusion establish OTAB/Bt/TiO, as a secure and envi-
ronmentally sustainable solution for the treatment of
gold extraction tailing solutions.
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