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ABSTRACT

Cyanide compounds are widely used in some electroplating, chemical, and metallurgical industries.
They are often found in their liquid discharges. This work highlights the performance of an
activated alumina-supported copper catalyst in the removal of cyanide by oxidation with hydrogen
peroxide in aqueous solution. The influence of catalyst dose, initial molar ratio of hydrogen
peroxide/cyanides, temperature, and catalyst reuse was studied. The activated alumina-supported
copper significantly enhanced the reaction rate showing a good catalytic activity. The efficiency of
cyanide elimination was increased after 30 minutes of oxidation from 48% to 98% by increasing the
catalyst dose from 1 to 10 g/L. Rising the temperature from 30°C to 40°C promoted cyanide
removal. The catalyst can be recycled four times and show good stability. The kinetics of cyanide
oxidation was revealed to be pseudo-first-order regarding cyanides. The rate constants as well as the
activation energy were determined.

Keywords: Cyanide; Oxidation; hydrogen peroxide; Catalysis; Activated alumina-supported

copper.
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1. Introduction

Today, the industry is experiencing an increasing use of chemicals. Some products, although very
useful in production or transformation processes, are considered very dangerous and end up in the
discharges of the industries that use them. Cyanides are among these compounds. They are found in
the liquid effluents of a large number of industries, namely chemical, metallurgical, and even food
(Somboonchai & Nopharatana 2008; Kuyucak & Akcil 2013; Anupong et al, 2022; Costa et al,
2022). Cyanides can be in the form of stable metal complexes (Strong Acid Dissociable SADs),
nonstable metal complexes (Weak Acid Dissociable WADs), or free cyanides (Akcil 2010). The
latter two forms are the most dangerous because they have the ability to release very toxic cyanide
ions (Kuyucak & Akcil 2013; Uppal et al, 2016). The removal of cyanides from industrial effluent
can be done by different processes, like hydrogen peroxide oxidation (Yubo ef al, 2018; Amaouche
et al, 2019), Alkaline chlorination oxidation (Kuyucak & Akcil 2013; Kamrani et a/, 2019), electro-
oxidation (Berenguer ef al, 2017; Dobrosz-Gomez et al, 2020; Ken & Sinha 2021), ozone oxidation
(Morillo Esparza et al, 2019), photo-oxidation (Nufiez-Salas et al, 2019; Chegini et al, 2020)
biological oxidation (Singh & Balomajumder 2016), precipitation (Liu ef al, 2021) and adsorption
on activated carbon (Halet et al, 2015; Ravuru et al, 2019; Eskandari et al, 2021; Chergui et al,
2022).

The hydrogen peroxide oxidation catalyzed by dissolved copper Cu (II) is currently widely used and
is very effective. It allows cyanides to be oxidized to much less toxic cyanates (Knorre & Griffiths
1984; Akcil 2010). This process has the advantage of not producing dangerous by-products.
However, copper is not recoverable and is itself a heavy metal that should be removed. To
circumvent this, heterogeneous catalysis could be the right alternative. Indeed, much work on the
elimination of pollutants by oxidation proposes to use heterogeneous catalysts based on oxides of
transition metals (Hussain et al, 2020; Magalhaes et al, 2020). These oxides can be supported on

materials such as activated carbon (Ruimei ef al/, 2018), activated alumina (Covinich et al, 2016;
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Bousalah et al, 2021), and even on natural supports (Kitis et al, 2005). Following several works to
improve cyanide hydrogen peroxide oxidative removal using heterogeneous catalysts (Yeddou et al,
2010; Chergui et al, 2015; Amaouche et al, 2019; Tu et al, 2019; Behnami et al, 2021) we propose
here to prepare a catalyst having both good stability and high efficiency. We thus suggest using
activated alumina-supported copper. Activated alumina is renowned for its great surface area and
surface characteristics, while copper is chosen for its catalytic performance. The study addresses the
influence of different parameters such as catalyst dose, the initial molar ratio of hydrogen
peroxide/cyanides, and temperature on catalyst efficacy, and studies catalyst stability.

2. Materials and Methods

2.1. Reagents and Analytical Procedure

The chemicals employed in this study are of analytical reagent grade and are utilized as obtained
without additional purification (sourced from Merck, Darmstadt, Germany, and Sigma-Aldrich, St.
Louis, USA). Cyanide solutions were produced using potassium cyanide (99%). The pH of the
solution was adjusted with NaOH solution (1 N) or HCI solution (1 N).

The cyanide concentration was assessed through two methods: a titrimetric approach utilizing silver
nitrate, and a potentiometric method employing a cyanide-specific electrode (Orion 96-06, Boston,
USA) (Baird et al, 2017). pH measurement was conducted with a pH meter (HI 221, HANNA
instruments). Cyanates concentration was determined by quantifying the ammonia resulting from
their acid hydrolysis (1.5-2.0) through a potentiometric method (Baird er al, 2017) using the
ammonia-specific electrode WTW NH 500/2. Copper (Cu**) in the aqueous solution was analyzed
using an atomic absorption spectrophotometer (Perkin Elmer, Model A Analyst 700).

2.2. Preparation and characterization of the activated alumina-supported copper

The catalyst support utilized in this study was neutral activated alumina obtained from Sigma-
Aldrich (St. Louis, USA) with a particle size of 149-250 um, BET surface area of 155 m?/g, and
pores volume of 0.4 cm?/g. The activated alumina-supported copper, denoted as Al,O3-CuO, was

prepared using the pore volume impregnation method (Zhao et al, 2004; Yeddou et al, 2011;
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Shelepova et al, 2017). This involved impregnating the activated alumina with an aqueous solution
of copper (II) nitrate (Cu(NO3)2, 3H20), followed by drying for 12 hours in ambient air at 50 °C,
then at 110 °C for 12 hours, and finally calcination in air at 450 °C for 2 hours. The resulting Al>O3-
CuO catalyst holds 5 wt.% of copper.

The analysis of Al,03-CuO was performed by X-ray diffraction (XRD) (Inel cps 120, iron anti-
cathode, k=1.936 A°) allowing angular measurements in the range of 20 = 5-125°. The surface
morphology of the activated alumina-supported copper catalysts was determined using scanning
electron microscopy (SEM, Philips ESEM XL 30). The mass titration method was used for the
determination of the zero-charge point (pHzc).

2.3. Experimental

The experiments were conducted in a double-walled glass batch reactor containing 1 liter of cyanide
solution. The solution was mixed with activated alumina-supported copper (Al,O3-CuO) using a
magnetic stirrer at a speed that allows a homogeneous suspension of the catalyst. At different times,
the residual cyanide concentration was measured. The concentration of cyanate was analyzed at the
time the experiments were completed. The studied parameters were the Al203-CuO dose, the initial
molar ratio of hydrogen peroxide/cyanide concentration ([H202]o/[CN]o), and the temperature. The
study of catalyst stability was evaluated by measuring its activity when reused.

3. Results and discussion

3.1. Characterization of activated alumina supported-copper (Al203-CuO)

Figure 1 illustrates the X-ray diffraction spectra of Al2O3-CuO. The presence of crystalline CuO is
shown in our catalysts (peaks at 20 = 32.5°, 35.4°, 38.9° 48.7°, 61.5°, 68.1°, and 72.3°). This
crystalline structure is still present after four successive oxidation tests with no visible thinning or
widening of the peak indicating good stability in time.

The scanning electron micrograph (Figure 2) of Al,O3-CuO shows the appearance of aggregate
particles (probably of CuO) on the surface of the alumina. They are distributed in a homogeneous

way. The pH of zero charges (pHzc) for Al,03-CuO is found to be 6.2.
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Figure 1. XRD spectra of (a) fresh Al,03-CuO, (b) Al203-CuO (fourth use)

Figure 2. Scanning electron micrograph of Al>O3-CuO

3.2. Effect of activated alumina supported-copper dose (A>03-CuQO)

The influence of the concentration of activated alumina-supported copper on the cyanide oxidation
(Figure 3) was studied for doses of 0, 1, 2, 5, and 10 g/L, for an initial cyanide concentration of 10
mM (260 mg/L), and for an initial molar ratio [H2O2]o/[CN]o equal to 3. Temperature and pH were
maintained at 20°C and 11, respectively. In the case without an Al,O3-CuO catalyst (Figure 3),

cyanide oxidation is very slow. The presence of Al,O3-CuO significantly improves the kinetics and
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efficiency of the oxidation, especially at high doses. Indeed, after 30 minutes, cyanide
concentrations of 255, 124, 58, 11, and 5 mg/L (elimination percentages of 2, 52, 78, 96, and 98%)
are reached for the respective doses of Al,O3-CuO of 0, 1, 2, 5 and,10 g/L. As reported in the
literature (Bradu et al, 2010; Covinich et al, 2016; Bousalah et al, 2021 ; Meng et al, 2021) copper
oxide CuO was able to decompose the hydrogen peroxide and to produce highly reactive hydroxyl
radicals that oxidize the pollutant. Therefore, it can be hypothesized that the activated alumina-
supported copper catalyst produces hydroxyl radicals according to reaction equation 1 which allows
for the oxidation reaction of cyanide ions.

Al,0; — Cu0 + H,0, » Al,0, — Cu0* + OH + OH™ (1)

—#%— Al203-CuQ 0 gL
—— Al203-CuQ 1 gL
—e— A1203-Cu0 2 gL
—— Al203-CuQ 5 gL
—a— AI203-Cu0 10 gL

Cyanide concentration (mg/L)

0 60 120 180
Time (min}

Figure 3. Effect of Al2O3-CuO dose on cyanide removal by peroxide hydrogen oxidation:
[H202]o/[CNJo= 3, CNo =260 mg/L, T=20 °C,pH=11.0

3.3. Initial concentration effect of hydrogen peroxide

The effect of hydrogen peroxide dose was studied for initial molar ratios [H202]o/[CN]o varying
from 1.5 to 20. The initial cyanide concentration was 10 mM (260 mg/L), the catalyst dose was 3
g/L, and the temperature was fixed at 20° C. Figure 4 showed that after 30 minutes, the cyanide
concentrations of 30, 20, 15, and 11 mg/L were reached for the molar ratios of 1.5, 5, 10 and 20,
respectively. This corresponds to percentages of elimination of 88, 92, 94, and 96 %, respectively. It
could be pointed out that for the range of hydrogen peroxide initial concentration studied, the

cyanide elimination rate was high, thus showing the beneficial contribution of the catalyst even for
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low molar ratios, that is to say with molar ratios close to the stoichiometry of oxidation reaction.
This is because, at a molar ratio of 1.5, the catalyst can produce enough OH° radicals to oxidize the
cyanide ions. The presence of the catalyst significantly improved the rate and yield of cyanide
oxidation. Yeddou et al. (2010) studied the removal of cyanides by hydrogen peroxide without,
under the same conditions as the present work, they found the oxidation kinetics to be slow and they

obtained an 80% of cyanide elimination for an initial molar ratio [H202]o/[CN]o of 20 after 8 hours.

300 —e—[H202]0/[CN-]0= 1.5
2 550 —B—[H202]0/[CN-]0=5
-T1]
E ] —&— [H202]0/[CN-]0 = 10
s ]
g 2% —< [H202]0/[CN-]0 = 20
F -
= 150 ]
= :
=
g ]
S 100
E .
= 50 ]
5]
S

0 T T - T T 1
0 50 100 150

Time (min)

Figure 4. Effect of initial molar ratio [H202]o/[CN]o on cyanide removal by peroxide hydrogen
oxidation: Al,03-CuO (3 g/L), CN7o =260 mg/L, T=20 °C,pH=11.0

3.4. Effect of temperature
The influence of temperature on the cyanides oxidation by hydrogen peroxide catalyzed by Al,O3-
CuO was performed for 20, 30, and 40° C. The initial cyanide concentration ions were 10 mM (260
mg / L), the pH was maintained at 11.0, the initial molar ratio [H2O2]o/[CN]o was equal to 3 and the
dose ofAl03-CuO was 3g/L. An improvement in yield and kinetics is observed (Figure 5) with
increasing temperature. Indeed, after fifteen minutes removal rates of 62, 85, and 92% are achieved

for temperatures of 20, 30, and 40° C, respectively.
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Figure 5. Effect of temperature on cyanide removal by peroxide hydrogen oxidation:

[H202]o/[CN]o = 3, Al,03-CuO (1 g/L), CN7o =260 mg/L, pH =11.0

3.5. Reuse of catalyst

The stability of AlO3-CuO was studied by the reuse of the sample for four successive times. Before
each use, the sample was washed with deionized water and dried at 60 °C for a few hours. The
results (Figure 6) showed no major loss of activity between the first and the fourth use, indeed, after
sixty minutes, the cyanide elimination yield was 98 and 93 %, respectively. The identical XRD
patterns (Figure 1) for fresh under-reused reused four successive times catalyst confirmed the

catalytic stability.
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192
193 Figure 6. Cyanide removal by peroxide hydrogen oxidation: reuse of Al,03-CuO (3 g/L),
194 [H202]0/[CN]o =3, CNo =260 mg/L, T =20 °C, pH = 11.0.

195  3.6. Kinetics of cyanide oxidation and determination of the activation energy
196  Kinetics of cyanide elimination in the presence of Al03-CuO, for different doses, were studied
197  using the pseudo-first-order (Eq.2) and the pseudo-second-order (Eq. 3) models with regard to
198  cyanide:
199  Pseudo-first order model

dc _

200 ——=kg,C (2

201  Pseudo-second order model

200 —E=Fk_.c* @3

ac  app
203 Where Co, C, and Ky are the initial cyanide concentration, cyanide concentration at time t, and

204  apparent rate constant, respectively.

205  Plotting the curves representing ln% and [% — Ei ) versus time (figures not shown) showed that the
o

206  cyanide oxidation kinetics data are fitted well by the pseudo-first-order model with highly

207  determination coefficients R? values. The values of the apparent kinetic constants as well as the
208  coefficients of determination R? for each model are given in Table 1. It is noted that the Kap, values
209  calculated under different conditions increase significantly with the presence of activated alumina-

210  supported copper, supporting its role as a catalyst.
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The activation energy of the cyanide elimination by hydrogen peroxide catalyzed with Al,O3-CuO
is determined from the linearized Arrhenius equation (Eq.4)

(4)

InK,,, = InK, —E,/RT

Where K, is the pre-exponential factor and E. is the apparent activation energy (kJ/mol).

The apparent activation energy value is determined from the plot of In Kapp versus 1/T (Figure 7).
It is 32.36 kJ/mol for cyanide oxidation in the presence of 3 g/ Al,O3-CuO. In a previously
reported study, Yeddou et al. (2010) found values of 82.7 and 46.2kJ/mol in the absence of a
catalyst and the presence of 10 g/L of activated carbon, respectively= Chergui et al. (2015) reported
a value of 55.7 kJ/mol with 10 g/L of alumina (Al2O3). Amaouche et al. (2019), with similar
working conditions, found a value of 32.2 kJ/mol by using copper oxide CuO (1 g/L) as a catalyst.
The activated alumina-supported copper Al.O3-CuQO, with a dose of 3 g/L, significantly reduced the

value of activation energy, demonstrating its role as a catalyst.

3 v=3801619x-10393
R2=0,003

- LN (Kapp)
"

0 T T T T T 1
000315 0,0032 000325 00033 000353 0,0034 000345

LT (KY)

Figure 7. Validation of the Arrhenius law for cyanide removal in the presence of Al2O3-CuO:

[H202]o/[CNTJo = 3, AbO3-CuO (3 g/L), CN7o =260 mg/L, pH = 11.0.

Initial molar Pseudo-first-order Pseudo-second-order
[H202]0o/[CN]o R R

(min™) (L.mmol




! min™)

0 3 20 0.0005 0.960 0.0001 0.614
1 3 20 0.031 0.928 0.004 0.882
2 3 20 0.058 0.934 0.023 0.555
5 3 20 0.117 0.913 0.094 0.614
10 3 20 0.143 0.932 0.571 0.341
3 3 20 0.067 0.989 0.027 0.893
3 3 30 0.109 0.953 0.053 0.912
3 3 40 0.155 0.954 0.087 0.954
3 1.5 20 0.054 0.957 0.080 0.815
3 5 20 0.069 0.962 0.122 0.883
3 10 20 0.078 0.960 0.184 0.772
3 20 20 0.093 0.961 0.275 0.865

229  Table 1. Kinetic model parameters for cyanide removal in oxidation by hydrogen peroxide, pH =

230 11.0, [CN]o= 10 mM (260 mg/L)
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4. Conclusion

This study consists of the oxidation of cyanides by hydrogen peroxide in the presence of the
activated alumina-supported copper Al,O3-CuO as the catalyst, prepared by the impregnation
method. The characterization of Al>03-CuO shows the presence of copper oxide CuO on the surface
of the catalyst. The alumina-supported copper considerably enhanced the reaction rate indicating
good catalytic activity. The rate of cyanide removal is improved by increasing the catalyst dose,
initial hydrogen peroxide concentration, and temperature. In almost all cases, over 90% of the
cyanides are removed within 30 minutes. Good stability was observed after four consecutive reuses
of the catalyst. The kinetic study showed that the oxidation of cyanides with hydrogen peroxide
catalyzed by Al03-CuO is of pseudo-first order.

The benefit of the proposed process is that it avoids the use of soluble catalysts, whose disposal
after treatment can be problematic. In another aspect, this process allows for rapid cyanide removal
kinetics and, at the same time, only consumes hydrogen peroxide as a chemical. Good cyanide
removal rates can be achieved even with lower initial molar ratios [H2O2]o/[CNo.
Acknowledgments

This work was supported by the Ministry for Higher Education and the scientific research of

Algeria (Project PRFU No. BOOLOIEN160220180001).



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

References

Akcil A. (2010), A New Global Approach of Cyanide Management: International Cyanide
Management Code for the Manufacture, Transport, and Use of Cyanide in the Production of
Gold. Mineral Processing and Extractive Metallurgy Review, 31, 135-149.

https://doi.org/10.1080/08827501003727022

Amaouche H., Chergui S., Halet F., Yeddou A.R., Chergui A., Nadjemi B. and Ould-Dris A.
(2019), Removal of cyanide in aqueous solution by oxidation with hydrogen peroxide catalysed
by copper oxide, Water Science and Technoly, 1, 126-133.

https://doi.org/10.2166/wst.2019.254

Anupong W., Jutamas K., On-uma R., Sabour A., Alshiekhei M., Karuppusamy I., Lan Chi N.T.
and Pugazhendhi A. (2022), A Sustainable bioremediation approach to treat the sago industry
effluents and evaluate the possibility of yielded biomass as a single cell protein (SCP) using
cyanide  tolerant  Streptomyces  tritici DS, Chemosphere, 304, 135248.

https://doi.org/10.1016/j.chemosphere.2022.135248

Baird R., Eaton A. and Rice, E. 2017, Standard Methods for the Examination of Water and
Wastewater. twenty third edition, American Public Health Association, American Water Works
Association, Water Environment Federation, Washington D.C.

Behnami A., Croué J.P., Aghayani E. and Pourakbar M. (2021), A catalytic ozonation process using
MgO/persulfate for degradation of cyanide in industrial wastewater: mechanistic interpretation,
kinetics and by-products. RSC Advances, 11, 36965-36977.

https://doi.org/10.1039/D1IRA07789A

Berenguer R., La Rosa-Toro A., Quijada C. and Morallon E. (2017), Electrocatalytic oxidation of
cyanide on copper-doped cobalt oxide electrodes. Applied Catalysis B: Environmental, 207,

286-296. https://doi.org/10.1016/j.apcatb.2017.01.078



https://doi.org/10.1080/08827501003727022
https://doi.org/10.2166/wst.2019.254
https://doi.org/10.1016/j.chemosphere.2022.135248
https://doi.org/10.1039/D1RA07789A
https://doi.org/10.1016/j.apcatb.2017.01.078

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

Bousalah D., Yeddou A.R., Hachemi M., Chergui A. and Nadjemi B. (2021), Oxidation of azo dye
carmoisine (E122) in aqueous solution by heterogeneous catalyst CuO/Al,Oz system,
Environmental Engineering and Management Journal, 20, 167-175.

https://doi.org/10.30638/eemj.2021.017

Bradu C., Frunza L., Mihalche N., Avramescu S.M., Neatd M. and Udrea I. (2010), Removal of
Reactive Black 5 azo dye from aqueous solutions by catalytic oxidation using CuO/Al,O3 and
NiO/Al>O3 Author links open overlay panel, Applied Catalysis B: Environmental, 96, 548-556.

https://doi.org/10.1016/j.apcatb.2010.03.019

Chegini Z.G., Hassani A.H., Torabian A. and Borghei S.M. (2020), Comparing the efficacy of
catalytic ozonation and photocatalytical degradation of cyanide in industrial wastewater using
ACF-TiOz: catalyst characterisation, degradation kinetics, and degradation mechanism,
International  Journal of Environmental Analytical —Chemistry, 102, 3023-3042.

https://doi.org/10.1080/03067319.2020.1762874

Chergui S., Yeddou A.R., Chergui A., Halet F., Amaouche H., Nadjemi B. and Ould-Dris A.
(2015), Removal of cyanide in aqueous solution by oxidation with hydrogen peroxide in
presence of activated alumina, Toxicological & Environmental Chemistry, 97, 1289-1295.

https://doi.org/10.1080/02772248.2015.1093129

Chergui S., Yeddou A.R., Chergui A., Halet F., Nadjemi B. and Ould-Dris A. (2022), Removal of
Cyanide from Aqueous Solutions by Biosorption onto Sorghum Stems: Kinetic, Equilibrium,
and Thermodynamic Studies, Journal of Hazardous, Toxic and Radioactive Waste, 26, 1-8. .

https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000647

Costa R.C., Ramos M.D.N., Fleck L., Gomes S.D. and Aguiar A. (2022), Critical analysis and
predictive models using the physicochemical characteristics of cassava processing wastewater
generated in Brazil, Journal of Water Process Engineering, 47, 102629.

https://doi.org/10.1016/1.jwpe.2022.102629



https://www.scilit.net/journal/2865908
https://doi.org/10.30638/eemj.2021.017
https://doi.org/10.1016/j.apcatb.2010.03.019
https://doi.org/10.1080/03067319.2020.1762874
https://doi.org/10.1080/02772248.2015.1093129
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000647
https://doi.org/10.1016/j.jwpe.2022.102629

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

Covinich L.G., Massa P., Fenoglio R.J. and Area M.C. (2016), Oxidation of hazardous compounds
by heterogeneous catalysis based on Cu/Al,O; system in Fenton-type reactions, Critical
Reviews in Environmental Science and Technology, 46, 1745-1781.

https://doi.org/10.1080/10643389.2016.1267449

Dobrosz-Gomez 1., Garcia MA.G., Gaviria G.H. and Gilpavas E. (2020), Mineralization of cyanide
originating from gold leaching effluent using electro-oxidation: multi-objective optimization
and kinetic study, Journal of Applied  Electrochemistry, 50, 217-230.

https://doi.org/10.1007/s10800-019-01392-1

Eskandari P., Farhadian M., Solaimany Nazar A. and Goshadrou A. (2021), Cyanide adsorption on
activated carbon impregnated with ZnO, Fe>O3, TiO2 nanometal oxides: a comparative study,

International Journal of  Environmental Science and Technology, 18, 297-316.

https://doi.org/10.1007/s13762-020-02791-0

Halet F., Yeddou A.R., Chergui A., Chergui S., Nadjemi B. and Ould-Dris A. (2015). Removal of
Cyanide from Aqueous Solutions by Adsorption on Activated Carbon Prepared from
Lignocellulosic By-products, Journal of Dispersion Science and Technology, 36, 1736-1741.

https://doi.org/10.1080/01932691.2015.1005311

Hussain S., Eleonora A., Sara B., Michele M., Vito G., Igino C., Luciano Z., Alessandro T. and Goi
D. (2020). Enhanced ibuprofen removal by heterogeneous-Fenton process over Cu/ZrO> and
Fe/ZrO, catalysts, Journal of  Environmental Chemistry Engineering, 8, 103586.

https://doi.org/10.1016/j.jece.2019.103586

Kamrani M.S., Seifpanahi-Shabani K., Seyed-Hakimi A., Agarwa G.A.M., Al Sh. and Gupta V.K.
(2019), Degradation of cyanide from gold processing effluent by H>O2, NaClO and Ca(ClO)
combined with sequential catalytic process. Bulgarian Chemical Communications, 51, 384-

393. https://doi.org/10.34049/bcc.51.3.5052



https://doi.org/10.1080/10643389.2016.1267449
https://doi.org/10.1007/s10800-019-01392-1
https://doi.org/10.1007/s13762-020-02791-0
https://doi.org/10.1080/01932691.2015.1005311
https://doi.org/10.1016/j.jece.2019.103586
https://doi.org/10.34049/bcc.51.3.5052

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

Ken D.S. and Sinha A. (2021), Dimensionally stable anode (Ti/RuO;) mediated electro-oxidation
and multi-response optimization study for remediation of coke-oven wastewater, Journal of

Environmental Chemical Engineering, 9, 105025. https://doi.org/10.1016/j.jece.2021.105025

Kitis M., Karakaya E., Yigit N., Civelekoglu G. and Akcil A. (2005), Heterogeneous catalytic
degradation of cyanide using copper-impregnated pumice and hydrogen peroxide, Water

Research, 39, 1652-1662. https://doi.org/10.1016/j.watres.2005.01.027

Knorre H. and Griffiths A. (1984), Cyanide Detoxification with Hydrogen Peroxide Using,
Proceedings of the Cyanide and the Environment Conference, Tucson, Arizona.

Kuyucak N. and Akcil A. (2013), Cyanide and removal options from effluents in gold mining and
metallurgical processes, Minerals Engineering, 50-51, 13-29.

https://doi.org/10.1016/;.mineng.2013.05.027

Liu Q., Zhang M., Cao Y., Peng B. and Barvor J.B. (2021), Zinc cyanide removal by precipitation
with quaternary ammonium salts, Separation and Purification Technology, 274, 119057.

https://doi.org/10.1016/j.seppur.2021.119057

Magalhaes V.M., Mendes G.P., Costa-filho J.D.B., Cohen R., Partiti C.S., Vianna M.M.G.R. and
Chiavone-Filho O. (2020), Clay-based catalyst synthesized for chemical oxidation of
phenanthrene contaminated soil using hydrogen peroxide and persulfate, Journal of

Environmental Chemical Engineering, 8(2), 103568.

https://doi.org/10.1016/j.jece.2019.103568

Meng G., Liu B., Sun M., Miao Q., Ding S., Zhang J. and Liu Z. (2021), Sludge-based activated
carbon catalyzed H>O> oxidation of reactive azo dyes, Environmental Technology, 42, 682-693.

https://doi.org/10.1080/09593330.2019.1643409

Morillo Esparza J., Cevallos Cueva N., Sandoval Pauker C., Vargas Jentzsch P. and Mufioz Bisesti
F. (2019), Combined treatment using ozone for cyanide removal from wastewater: A

comparison, La Revista Internacional de Contaminacion Ambiental, 35, 459-467.

https://doi.org/10.20937/RICA.2019.35.02.16



https://doi.org/10.1016/j.jece.2021.105025
https://doi.org/10.1016/j.watres.2005.01.027
https://doi.org/10.1016/j.mineng.2013.05.027
https://doi.org/10.1016/j.seppur.2021.119057
https://doi.org/10.1016/j.jece.2019.103568
https://doi.org/10.1080/09593330.2019.1643409
https://doi.org/10.20937/RICA.2019.35.02.16

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

Nuiez-Salas R.E., Herndndez-Ramirez A., Hinojosa-Reyes L., Guzman-Mar J. L., Villanueva-
Rodriguez M. and Maya-Trevifio M.D.L. (2019), Cyanide degradation in aqueous solution by
heterogeneous photocatalysis using boron-doped zinc oxide. Catalysis Today, 328, 202-209.

https://doi.org/10.1016/j.cattod.2018.11.061

Ravuru S.S., Jana A. and De S. (2019), Synthesis of NiAl- layered double hydroxide with nitrate
intercalation: Application in cyanide removal from steel industry effluent. Journal of

Hazardous Materials, 375, 791-800. https://doi.org/10.1016/j.jhazmat.2019.03.122

Ruimei F., Haibao H., Jian J., Miao H., Qiuyu F., Yujie Z. and Leung D.Y.C. (2018), Efficient
MnOx supported on coconut shell activated carbon for catalytic oxidation of indoor
formaldehyde at room temperature, Chemical Engineering Journal, 334, 2050-2057.

https://doi.org/10.1016/j.cej.2017.11.176

Shelepova E.V., Vedyagin A.A., Illina LY., Nizovskii A.l. and Tsyrulnikov P.G. (2017), Synthesis
of carbon-supported copper catalyst and its catalytic performance in methanol
dehydrogenation, Applied Surface Science, 409, 291-295.

https://doi.org/10.1016/j.apsusc.2017.02.220

Singh N. and Balomajumder C. (2016), Batch growth kinetic studies for elimination of phenol and
cyanide using mixed microbial culture. Journal of Water Process Engineering, 11, 130-137.

https://doi.org/10.1016%2Fj.jwpe.2016.04.006

Somboonchai W. and Nopharatana M. (2008), Kinetics of cyanide oxidation by ozone in cassava
starch  production  process, Journal of Food  Engineering, 84, 563-568.

https://doi.org/10.1016/j.jfoodeng.2007.06.015

Tu Y., Wei P.H.L., Zhang X., Yu B., Qian P. and Ye S. (2019), Removal of cyanide adsorbed on
pyrite by H2O: oxidation under alkaline conditions, Journal of Environmental Sciences, 718,

287-292. https://doi.org/10.1016/1.je5.2018.10.013



https://doi.org/10.1016/j.cattod.2018.11.061
https://doi.org/10.1016/j.jhazmat.2019.03.122
https://doi.org/10.1016/j.cej.2017.11.176
https://doi.org/10.1016/j.apsusc.2017.02.220
https://doi.org/10.1016%2Fj.jwpe.2016.04.006
https://doi.org/10.1016/j.jfoodeng.2007.06.015
https://doi.org/10.1016/j.jes.2018.10.013

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

Uppal H., Tripathy S., Chawla S., Sharma B., Dalai M., Singh S. and Singh N. (2016), Study of
cyanide removal from contaminated water using zinc peroxide nanomaterial. Journal of

Environmental Sciences, 55, 76-85. https://doi.org/10.1016/j.jes.2016.07.011

Yeddou A.R., Chergui S., Chergui A., Halet F., Hamza A., Nadjemi B. and Belkouch J. (2011),
Removal of cyanide in aqueous solution by oxidation with hydrogen peroxide in presence of
copper-impregnated  activated  carbon,  Minerals  Engineering, 24,  788-793.

https://doi.org/10.1016/;.mineng.2011.02.012

Yeddou A.R., Nadjemi B., Halet F., Ould-Dris A. and Capart R. (2010), Removal of cyanide in
aqueous solution by oxidation with hydrogen peroxide in presence of activated carbon prepared

from olive stones. Minerals Engineering, 23, 32-39.

https://doi.org/10.1016/;.mineng.2009.09.009

Yubo T., Peiwei H., Lianqi W., Xiaomeng Z., Bo Y., Peng Q. and Shufeng Y. (2018), Removal of

cyanide adsorbed on pyrite by HxO: oxidation under alkaline conditions, Journal of

Environmental Sciences (China), 78, 287-292. https://doi.org/10.1016/j.jes.2018.10.013
Zhao J., Liu Z. and Sun D. (2004), TPO-TPD study of an activated carbon-supported copper
catalyst sorbent used for catalytic dry oxidation of phenol, Journal of Catalysis, 227, 297-303.

https://doi.org/10.1016/j.jcat.2004.07.020



https://doi.org/10.1016/j.jes.2016.07.011
https://doi.org/10.1016/j.mineng.2011.02.012
https://doi.org/10.1016/j.mineng.2009.09.009
https://doi.org/10.1016/j.jes.2018.10.013
https://doi.org/10.1016/j.jcat.2004.07.020

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

List of tables and figure captions

TABLES
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Figure 6. Cyanide removal by peroxide hydrogen oxidation: reuse of AlO3-CuO (3 g/L),
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Figure 7. Validation of the Arrhenius law for cyanide removal in the presence of Al2O3-CuO:

[H20:]0/[CNTo = 3, Al,O3-CuO (3 g/L), CNo = 260 mg/L, pH = 11.0.



