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Abstract

Water from tailing ponds of mineral processing plants can be discharged to natural water bodies if the
concentration of xanthates is below 1 mg/L. The paper presents the removal of potassium ethyl
xanthate from model wastewater by silver nanoparticles-zeolite composite. The impact of adsorbent
dose, initial pH value of polluted water and initial pollutant's concentration was investigated. The
process kinetics is fast. The kinetics of the xanthate immobilization is best described by the pseudo
second order model and the equilibrium - by the Langmuir adsorption isotherm. The material exhibits
high capacity with respect to the pollutant when the latter is spiked into natural waters. Even more,
over 75 % of the pollutant present in clarified real wastewater from zinc-lead ore flotation experiment
have been removed in 120 min at adsorbent dose of 0.2 g/L.
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1. INTRODUCTION

Xanthates are widely-used collector compounds in the flotation of sulfide ores. Most of the xanthate is
consumed in the flotation process; however some residue amounts remain in the enterprises'
wastewater [1]. Xanthates are also used to control radical polymerization and thus they are applied as
additives in the curing and vulcanization of rubber and as high-pressure lubricant additives [2].
Xanthates are also commonly used to manufacture cellulose film (cellophane) and rayon. They are
also deployed as defoliants, herbicides, insecticides and fungicides in agricultural production [3].
Some antiviral medicines can be prepared based on xanthates [4]. The above mentioned and other
industrial applications can lead to a release of water polluted with xanthates into the surrounding
surface waters. This is the most common route of exposure for aquatic plants, invertebrates and fish.
Under ambient environmental conditions, the half-life of xanthate is approximately four days.
Xanthates are toxic to aquatic biota at concentrations of less than 1.5 mg/L [5, 6]. Giving this fact, the
waste streams bearing residual xanthates should not be discharged to natural water-bodies without
additional treatment.

Different methods have been proposed for xanthate removal from wastewater. Fenton reagent was
applied in the degradation experiments of residual xanthate in flotation wastewater. The xanthate
removal was 99.5 % (of the initial concentration of 125 mg/L) at initial pH 4, concentrations of
reagents: Fe?* - 20 mg/L and H,O, - 20 mg/L and treatment time of 60 min [7]. Beneficiation
wastewater containing butyl xanthate was treated by oxidation with sodium hypochlorite. The removal
rate of 99.05 % was achieved in 50 min at initial pH 4 and sodium hypochlorite 120 mg/L [8]. A
combined use of ultrasound and Fenton reagent was studied to deal with the artificial and real mineral
processing wastewater. The removal efficiency is higher than when ultrasound and Fenton reagent are
used individually. Removal efficiency of 96.8 % was achieved for simulated wastewater at initial
xanthate concentration of 120 mg/L, initial pH 4, and concentrations of reagents: H.O, - 20 mg/L and
Fe?* - 12 mg/L. Removal efficiency of 97.6 % was achieved for real wastewater at initial pH 3, and
concentrations of reagents: H,O; - 24 mg/L and Fe?" - 18 mg/L [9]. The elimination of butyl xanthate
by catalytic ozonation process using Mn-Ce-Al,O3 catalyst was studied. The removal ratio of 98.72 %
was achieved at initial pH =7.22, 1.75 g/h of ozone dosage, 0.5 g/L of catalyst loading, 100 mg/L of
initial butyl xanthate concentration, and reaction time of 8 min [10].
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Application of oxidative and corrosive chemicals, such as Fenton reagent, sodium hypochlorite,
hydrogen peroxide, and o0zone, requires careful and proper handling and the corresponding equipment.
Sorption is considered an environmentally friendly and relatively cheap method for water treatment.
Combination of adsorption on materials containing approximately 48% clinoptilolite and 30%
mordenite and subsequent dissolved air flotation was proposed for removing isopropyl xanthate from
water [11]. The zeolite was preliminary converted to homoionic form by contacting it with NaCl
solution. Modified bentonite adsorbents were synthesized and used for the removal of the residual
potassium amyl xanthate from the synthetic solutions at adsorbent dosage 7500 mg/L, xanthate
concentration 2000 mg/L, pH=12.2, 45 min [12]. Under optimum conditions Al-modified bentonite
immobilized 99% of the residual xanthate.

However, xanthate removal, when it is present in relatively low concentrations and at neutral to
slightly alkaline pH of the fluid subjected to the treatment, still needs further optimization.

Silver nanoparticles (AgNPs) have attracted the interest of scientists due to their unique properties.
They have been studied for different environmental applications, such as water disinfection, removal
of pollutants from water, etc. Those applications require stable and non-aggregable nanoparticles. In
order to improve AgNPs stability and make them more accessible they can be directly produced and
immobilized onto a support, such as natural zeolite, thus forming a nanocomposite material. This
makes their application in environmental protection more convenient, long-lasting and cost effective.

In this paper we present results from a study on the capability of the new synthesized AgNPs-natural
zeolite composite to immobilize potassium ethyl xanthate from model and real wastewater.

2. MATERIALS AND METHODS
2.1. Preparation and characterization of AgNPs-clinoptilolite composite

Zeolitic rock from East Rhodopes region of Bulgaria was used in the study. After milling and sieving,
the fraction 0.09-0.325 mm was deployed. The material was washed, dried and subjected to classical
silicate analysis to find its chemical composition that was (in wt. %): SiO, — 70.19, Al,Os — 10.90,
CaO - 2.87, MgO - 0.51, K;0 — 3.41, Na,O — 0.36, Fe,0; — 0.28, MnO — 0.04, TiO — 0.06, P,0O3 <
0.05, SOz < 0.05, LOI — 10.99. The theoretical cation exchange capacity of the material was 211
meq/100 g zeolite. The XRD analysis of the washed material has revealed that it contains 73 %
clinoptilolite.

Silver ions (Ag") were loaded on the zeolite by placing it in contact with 0.05 M AgNOj; solution at
solid to liquid ratio = 1 : 40 for 4 hours. Ag-loaded zeolite (75 mg Ag/g zeolite) was washed with
distilled water till negative reaction for Ag* in washings was observed. Then it was dried at 50 °C
overnight. All experiments were carried out under dark conditions, thus taking into account silver light
sensitivity. Samples of the Ag-loaded zeolite were heated at 400 °C under air conditions for 2 hours to
obtain AgNPs-clinoptilolite composite.

The specific surface area of AgNPs-composite, measured by applying the Brunauer, Emmett and
Teller (BET) method and using Quantachrome NOVA 1200e Analyzer working with N, was Sger = 16
m?/g. EDS elemental mapping (carried out with JEOL - JSM-6010PLLIS/LA) showed that silver is
uniformly distributed in the zeolitic material and it presents in amount of around 11 wt. % Ag on the
surface of the sample. TEM analysis of prepared composite (carried out on JEOL, model JEM 2100,
200 kV analytical electron microscope) indicated that AgNPs with diameter in the range of 20-25 nm
were observed on the material's surface and particles with diameter in the range of 3-5 nm were
situated in the zeolite secondary pores. Details on the preparation of the Ag-loaded zeolite and the
composite, as well as on composite characterization, can be found in our previous work [13,14] .

2.2. Adsorption experiments

Solutions containing different concentrations of potassium ethyl xanthate (CsHsKOS;) were prepared
by dissolving CsHsKOS; (p.a. — Acros organics) in distilled water. In addition, corresponding amount
of solution containing 1 g/L CsHsKOS; was spiked in three types of natural water with composition
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presented in Table 1 in order to obtain xanthate concentration of 20 mg/L. Additionally, an experiment
was carried out with wastewater obtained from flotation laboratory experiment with zinc-lead ore,
after the wastewater treatment with lime (in “classical method”) and its clarification - this water
sample is referred to as “real wastewater”. This water contained Zn - 16 mg/L, Pb 1 mg/L, and Cu - 1
mg/L, as determined by an ICP-OES analysis. In experiments aimed at studying the influence of the
adsorbent dose different amounts of AgNPs-composite were added to 200 mL of solution containing
20 mg CsHsKOS; per liter, considering the concentration of C3HsKQOS; in wastewater released by
flotation [1]. The solutions pH was 7.1. To study the influence of the initial water pH value additional
experiments were conducted with solutions containing 20 mg C3HsKOS; per liter at initial pH values
of 8.3 and 9.7 (achieved by dropwise addition of 2 M NaOH solution) and 0.2 g AgNPs-composite per
liter. The impact of the initial pollutant's concentration was studied at different concentrations of
C3HsKOS; (10, 20, 30, 40 and 60 mg/L) and predetermined conditions (pH 7 and 0.2 g AgNPs-
composite per liter).

Table 1. Main parameters of natural water samples spiked with potassium ethyl xanthate and of real

wastewater
Water sample No Water 1 Water 2 Water 3 Real waste
Water parameter water (water 4)
Ca?*, mg/L 11,58 5.01 73.1 69.5
Mg?*, mg/L 3.6 2.4 8.2 3.7
Na*, mg/L 90.26 49.95 26.2 314
K*, mg/L 0.69 1.93 3.3 1.5
HCOgz, mg/L 115.93 67.12 237 82.1
COs%, mg/L 6.00 18.00 - -
SO.*, mg/L 109.05 23.66 66 77.2
Cl', mg/L 12.41 7.80 7.2 8.7
NOs", mg/L - 1.5 - -
F, mg/L 0.48 4.81 0.48 -
H,SiO3;, mg/L - 45.69 - -
M, mg/L 387 234 436
pH 8.33 8.51 7.23 7.8
Water type Sulfate - hydrogen hydrogen sulfate -
hydrogen carbonate - carbonate - hydrogen
carbonate - carbonate-sodium | sulfate-calcium- carbonate -
sodium sodium calcium - sodium

All experiments were conducted batch-wise. The solutions were stirred with magnetic stirrer. Aliquot
portions were taken at particular time (5, 10, 15, 30, 45, 60, 90, and where it was needed - 120, 150,
180 min) and the amount of xanthate remained in the solution was determined by UV spectrometry.
Absorption at 301 nm, where aqueous solutions of xanthate have an absorbance maximum, and
corresponding preliminary prepared calibration line was used.
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2.3. Equations used
The pollutant removal from the initial solution, was calculated using the equation (1):
Removal, % = [(Co- Ct) / Co] x 100 @
where C, is the initial and Cis the pollutant concentration (mg/L) at time t (min).
The quantity of immobilized pollutant q: (mg/g) is calculated according to equation (2):
0:=(Co-C)xV/m (2)

where C, is the initial concentration and C; is the residual concentration (mg/L) of the pollutant at time
t (min), m is the mass of the adsorbent (g) and V is the volume of the solution, contacting with the
adsorbent (L). When equilibrium is reached the relation gives the amount ge, (mg/g) of pollutant
immobilized per unit mass of the adsorbent at equilibrium:

0e = (Co-Ce)XxV/m (2"
and Ce is the residual concentration of the pollutant at equilibrium (mg/L).

Experimental data have been fitted to the equations describing the kinetics of the first and second
order irreversible reactions [15]. The following equations in linear form have been used:

For the first order irreversible reactions:
INnCi=-kxt+InC, (3)
where Coand C; - initial and at time t reactant concentration, k - rate constant [time™] .
For the second order irreversible reactions:
1/Ci=kxt+1/C, (4)
where Kk is the reaction rate constant [concentration x time™]; C,, C. and t - as described above.
For the pseudo first order kinetic equation [16] (5):
log (de - qr) = log qe - (k/2.303) x t (5)
where t, ge and g are as described above and k is the rate constant [time™].
For the pseudo second order (PSO) kinetic equation [16] (6):
t/g=1/(kxqe) +t/qe (6)

where k is the rate constant of PSO adsorption reaction [concentration x time™] and t, ge and o are as
described above.

Pseudo first and PSO Kkinetic equations are macroscopic models usually applied for explaining the
adsorption mechanism. The pseudo-first-order kinetic model assumes that physical factors mainly
influence the adsorption process. The adsorption kinetics best described by the PSO model is an
indication that the chemisorption is the rate-limiting step of the adsorption [17].

Freundlich and Langmuir isotherm equations were tested for their ability to describe the adsorption
equilibrium. The isotherms were used in their linear form [18]:

Freundlich equation:
log ge = log Kr+ 1/n x log Ce @)

where e, and Ce - as described above, Kr - Freundlich constant [mg¥™ x LY / g] or given as [(mg/g)
/ (L/mg)*".

Langmuir equation:
Ce / qe = 1 / (Kl_ X qmax) + Ce/ qmax (8)
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where gmax (MQ/g) is the maximum adsorption capacity, and Ky is the Langmuir equilibrium constant
(L/mg) related to the energy of adsorption, ge, and Ce - as described above.

3. RESULTS AND DISCUSSION
3.1. Effect of the adsorbent dose

To study the influence of the adsorbent dose different amounts of AgNPs-composite were added to

200 mL of solution containing 20 mg CsHsKOS; per liter. Results from the experiments are presented
in Figure 1.
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Fig. 1. Potassium ethyl xanthate removal at different adsorbent dose and initial pollutant concentration
20 mg/L

As it can be seen in Figure 1, the amount of adsorbent impacts significantly the process kinetics.
Practically, the pollutant is entirely removed in only 10 min at the highest added dose of the composite
- 0.5 g/L. The total pollutant removal (final concentration < 0.02 mg/L) was achieved in 90 min at
composite dose of 0.2 g/L, while at dose of 0.1 g/L only approximately 60 % of the pollutant were
removed for 180 min. In order to achieve a high removal and at the same time to ensure a room for
evaluating the impact of the initial pH value of the water and initial pollutant's concentrations, the
further studies were carried out at composite dose of 0.2 g/L.

3.2. Effect of the initial pH value

The effect of initial pH was studied in the neutral - alkaline range, due to the following reasons: (a) it
is well known that xanthates are unstable in the acidic solutions [3], (b) the natural decomposition of
ethyl xanthate in the pH range 7-11 at room temperature is independent of pH [19], and (c) this is the
pH of the natural wastewater polluted with xanthates and released by the mineral processing. Xanthate
removal in dependence on the water pH is presented in Figure 2.
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Fig. 2. Potassium ethyl xanthate removal at different initial pH values, initial pollutant concentration
20 mg/L and adsorbent dose 0.2 g/L

As it can be seen in Figure 2, an increase in the initial pH value of the polluted water leads to faster
xanthate removal. This could be attributed to the higher degree of dissociation of potassium xanthate
at the higher pH value. Since as mentioned above, in the studied pH range the natural decomposition
of xanthate in the pH range 7-11 at room temperature is independent of pH, our findings could be
related to the facilitated chemisorption of xanthate on the composite at higher pH values (see also
sections 3.4 and 3.5). In addition, it has been found that the natural decomposition of water solutions
of xanthate follows the first order kinetics [3, 19] while in our case the xanthate removal is best
described by the PSO equation. This finding supports the suggestion that the influence of the initial pH
value on the xanthate removal is not related to the xanthate natural decomposition.

3.3. Effect of the initial pollutant concentration

The impact of the initial pollutant’s concentration has been studied at concentrations 10, 20, 30, 40
and 60 mg/L. Results are presented in Figure 3.
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Fig. 3. Potassium ethyl xanthate removal at different initial pollutant concentration and adsorbent dose
0.2g/L
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As it can be seen in Figure 3, practically 100 % removal is achieved at initial concentrations of 10 and
20 mg/L. Further increase in the initial pollutant concentration leads to a decrease in the removal.
However, the absolute removed amount of xanthate at equilibrium is practically the same for
concentrations equal or higher than 20 mg/L. This could be related to a saturation of the available
adsorption sites of composite.

3.4. Adsorption isotherm

It has been found that the process is well described by the Langmuir isotherm - Figure 4.
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Fig. 4. The Langmuir isotherm model fitting: adsorbent dose 0.2 g/L, 22 °C

The Langmuir isotherm assumes mono-layer coverage on the adsorbent with uniform surface with a
finite number of equivalent adsorption sites that are saturable. Maximum capacity of adsorption is
achieved when all the sites are saturated with adsorbates. Generally, it describes chemisorption [18].

In addition, a fundamental parameter of the Langmuir model can be represented by a dimensionless
constant, R, which is determined by the equation (9) :

RL=1/(1+K.XxCo) (9)

where K_ is the Langmuir constant (L/mg) and C, is the initial concentration (mg/L) of adsorbate in
solution. The adsorption is: (i) favorable when 0 < R. < 1; (ii) unfavorable if R > 1 ; (iii) linear at
R.=1; and (iv) irreversible at R_.= 0.

In our case the calculated maximum adsorption capacity is 93.46 mg/g, and 0 < R < 1 - showing a
favorable process.

3.5. Adsorption kinetics

The experimental data presented in Figure 3 have been fitted to the kinetic equations (3) - (6). It has
been found that the xanthate removal is best described by the PSO kinetic equation, for which the
coefficients of determination (R-squared) was the highest - Table 2.

Table 2. The R? value for the studied kinetic models of xanthate removal from model wastewater

Initial concentration, mg/L; 10 20 30 40 60
Reaction order

First 0.9730 0.9912 0.8704 0.9304 0.8547
Second 0.6410 0.5873 0.9442 0.9691 0.8920
Pseudo-first 0.9672 0.9921 0.9945 0.9664 0.9929
Pseudo-second 0.9985 0.9997 0.9990 0.9754 0.9932
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Generally kinetics description by the pseudo-second-order equation indicates that the rate-limiting step
of adsorption is the chemisorption [17]. Chemisorption of xanthate on silver admixtures in gold-
bearing ores is well documented [20]. The very pronounced dependence of the xanthate removal on
the AgNPs-composite dose, as well as practically the same amounts removed at the same composite
dose at different initial pollutant's concentration also support the suggestion that the xanthate
chemisorption is the rate determining stage of the xanthate removing process.

3.6. Effect of the different water matrices

It is known that different ions presenting in water can change or modify the processes of pollutants
removal [21, 22]. Results from studies on the xanthate removal from different types of water are
presented in Figure 5.

As it can bee seen in Figure 5, the different water matrices do not impact significantly the xanthate
removal from natural waters spiked with xanthate. The process is slowed down a little in time but over
96 % removal is achieved in 120 min. Even more, for the water with the highest pH value over 99 %
removal is achieved in 120 min which is similar to the case of model water with the near pH value
(compare Figures 2 and 5). In the three waters the xanthate concentration after 120 min was < 1 mg/L.
It is worth noting that even from real wastewater over 75 % of the pollutant are removed in 120 min.

The experimental data for natural waters were also fitted to the kinetic equations (3) - (6). The data on
the coefficients of determination (R-squared) are given in Table 3. As it can be seen from the Table,
the xanthate removal is again best described by the PSO kinetic equation. This finding implies that the
xanthate removal mechanism is not changed and the chemisorption is again the rate determining stage
of the removing process.
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Fig. 5. Potassium ethyl xanthate removal from different water matrices and initial pollutant
concentration of 20 mg/L (23.7 mg/L for the real wastewater) and adsorbent dose 0.2 g/L

Table 3. The R? value for the studied kinetic models of xanthate removal from natural water spiked
with xanthate and from real wastewater

Initial concentration, Water 1 Water 2 Water 3 Real wastewater (water 4)
mg/L; Reaction order

First 0.9584 0.9496 0.9579 0.7124

Second 0.8928 0.7326 0.9205 0.8707
Pseudo-first 0.9952 0.9315 0.9970 0.9908
Pseudo-second 0.9986 0.9993 0.9980 0.9984
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4. CONCLUSIONS

Based on the studies carried out the following conclusions can be drawn:

1.

AgNPs-clinoptilolite composite is a suitable material for removing xanthates from the wastewater
in concentrations typical of clarified wastewater from mineral processing industry. Starting from
20 mg/L, concentrations lower than 1 mg/L can be achieved in 60 min at initial pH 7 of polluted
model wastewater. In the initial pH range 8 - 10 the process is faster and concentration lower than
1 mg/L is achieved in 20 min.

AgNPs-clinoptilolite composite removes xanthate at initial concentration 20 mg/L from different
natural waters spiked with the pollutant. A concentration lower than 1 mg/L is achieved in 120
min.

The prepared composite removes over 75 % of the xanthate present in clarified wastewater from
flotation of zinc-lead ore in 120 min. For example, concentration of 5.8 mg/L was reached starting
from 23.7 mg/L.

Under all studied conditions, the kinetics of the uptake process is best described by the equation of
pseudo second order reactions. The data obtained are best fitted to the Langmuir adsorption
isotherm. The calculated maximum adsorption capacity is 93.46 mg/g and the process is favorable.
Findings for the adsorption kinetics and isotherm imply that the xanthate chemisorption is the rate
determining stage of the xanthate removing process.

ACKNOWLEDGEMENTS

The authors thank the National Science Fund of Bulgaria for the financial support of the project DN-
17/20.

REFERENCES

1.

Muzinda, I & Schreithofer, N 2018, ‘Water quality effects on flotation: Impacts and control of
residual xanthates’, Minerals Engineering, vol. 125, pp. 34-41.

Laot, Y 2011, 'Nouvelles applications de la chimie radicalaire des xanthates a la synthese’
heterocycles azotes'. PhD thesis, Ecole Polytechnique X, Paris.

Shen, Y, Nagaraj, DR, Farinato, R & Somasundaran P 2016, ‘Study of xanthate decomposition in
aqueous solutions’, Minerals Engineering, vol. 93, pp. 10-15.

Sauer, G, Amtmann, E, Melber, K, Knapp, A, Miller, K, Hummel, K & Scherm A 1984, ‘DNA
and RNA Virus Species are Inhibited by Xanthates, a Class of Antiviral Compounds with Unique
Properties’, Proc. Natl. Acad. Sci USA, vol. 81, no. 11, pp. 3263-3267.

Xu, Y, Lay, JP & Korte F 1988, ‘Fate and effects of xanthates in laboratory freshwater systems’,
Bull. Environ. Contam. Toxicol, vol. 41, no. 5, pp. 683-689.

Boening, D. W. 1998, Aquatic toxicity and environmental fate of xanthates, SME Transactions,
vol. 304, pp. 50-57.

Xu, J, Sun, S, Zhang, P & Cai H 2005, ‘Degradation of remainder xanthate in flotation wastewater
by Fenton reagent’, Environmental Protection of Chemical Industry, vol. 2, pp. 63-69.

Qun, Y, Jun-wen, H, Mei-xiang, T & Yang, Y 2011, ‘Experimental study on the treatment of butyl
xanthate from beneficiation wastewater by sodium hypochlorite’, Proceedings Electric
Technology and Civil Engineering (ICETCE) International Conference, pp. 1262 — 1264.

Guanghua, A, Yong, W, Xiuxiang, T & Yulin, C 2011, ‘Removal of xanthate in flotation
wastewater by ultrasound and Fenton reagent’, in Proceedings Electric Technology and Civil
Engineering (ICETCE) International Conference, pp. 6106 — 6110.

Page 66


http://www.scientific-publications.net/
https://www.researchgate.net/scientific-contributions/62492284_G_Sauer?_sg=bgO0gnC3FYtWhXM4HMOZ2Lhtj6zbQ86kuYDc8sLydJFWD_MVtqC9LCPAlchU21U7aGCDamA.yD5q9s2fDnrFneVGceF2QA5yBUc7NN1YJAPjlhxmBdnPJ-d9IQo9I-IBYP0P0N7jGOT8OM_nS5RjUBW99dfArQ
https://www.researchgate.net/profile/Eberhard_Amtmann2?_sg=bgO0gnC3FYtWhXM4HMOZ2Lhtj6zbQ86kuYDc8sLydJFWD_MVtqC9LCPAlchU21U7aGCDamA.yD5q9s2fDnrFneVGceF2QA5yBUc7NN1YJAPjlhxmBdnPJ-d9IQo9I-IBYP0P0N7jGOT8OM_nS5RjUBW99dfArQ
https://www.researchgate.net/scientific-contributions/46709541_Karl_Melber?_sg=bgO0gnC3FYtWhXM4HMOZ2Lhtj6zbQ86kuYDc8sLydJFWD_MVtqC9LCPAlchU21U7aGCDamA.yD5q9s2fDnrFneVGceF2QA5yBUc7NN1YJAPjlhxmBdnPJ-d9IQo9I-IBYP0P0N7jGOT8OM_nS5RjUBW99dfArQ

Ecology & Safety Journal of International Scientific Publications
ISSN 1314-7234, Volume 13, 2019 www.scientific-publications.net

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhang, Y, Wu, C, Lin, Z & Lin, J2011, ‘Catalytic ozonation of mineral processing wastewater
containing butyl xanthate’, Proceedings Computer Distributed Control and Intelligent
Environmental Monitoring (CDCIEM) Int. Conference, pp. 1998 — 2001.

Oliveira, CR & Rubio J 2009, ‘Isopropyl xanthate ions uptake by modified natural zeolite and
removal by dissolved air flotation’, Int. J. Miner. Process., vol. 90, pp. 21-26.

Massinaei, RRM & Moghaddam, AZ 2018, ‘Removal of the residual xanthate from flotation plant
tailings using modified bentonite’, Minerals Eng., vol. 119, pp. 1-10.

Panayotova, M, Mintcheva, N, Djerahov, L & Gicheva, G 2018, ‘Kinetics and thermodynamics of
silver ion immobilisation by natural clinoptilolite’, J Mining Geological Sci, vol. 61, Part II,
Mining, Technology and Mineral Processing, pp. 87-91.

Panayotova, M, Mintcheva, N, Gemishev, O, Tyuliev, Gicheva, G & Djerahov L 2018,
‘Preparation and antimicrobial properties of silver nanoparticles supported by natural zeolite
clinoptilolite’, Bulg. Chem Commun., vol. 50F, pp. 211-218.

Atkins, PW & De Paula, J 2006, Physical Chemistry for the Life Sciences, Freeman and Company,
New York.

Wang, YY, Liu, YX, Lu, HH, Yang, RQ & Yang, SM 2018, ‘Competitive adsorption of Pb(Il),
Cu(Il), and Zn(lIl) ions onto hydroxyapatite-biochar nanocomposite in aqueous solutions’, J Solid
State Chemistry, vol. 261, pp. 53-61.

Pei H, Wang J, Yang Q, Yang W, Hu N, Suo Y, Zhang D, Li Z & Wang J. 2018, ‘Interfacial
growth of nitrogen-doped carbon with multi-functional groups on the MoS; skeleton for efficient
Pb(IT) removal’, Sci. Total Environ., vol. 631-632, pp. 912-920.

Foo, K.Y. & Hameed, BH 2010, ‘Insights into the modeling of adsorption isotherm systems’,
Chemical Engineering Journal, vol. 156, pp. 2-10.

Tipman NR 1962, 'The reactions of potassium ethyl xanthate in aqueous solution', University of
Alberta, 140 pp.

Adams, MD 2016, Gold Ore Processing: Project Development and Operations, Second Edition,
Elsevier, Amsterdam, 1040 pages.

Dolar, D, Vukovi¢, A, Asperger, D & Kosuti¢, K 2011, 'Effect of water matrices on removal of
veterinary pharmaceuticals by nanofiltration and reverse osmosis membranes’, Journal of
Environmental Sciences, vol. 23, no. 8, pp. 1299-1307.

Tokumura M, Sugawara A, Raknuzzaman, M, Habibullah-Al-Mamun, M & Masunaga S 2016,
'‘Comprehensive study on effects of water matrices on removal of pharmaceuticals by three
different kinds of advanced oxidation processes', Chemosphere, vol. 159, pp. 317-325.

Page 67


http://www.scientific-publications.net/
https://www.sciencedirect.com/science/article/abs/pii/S0892687518300220#!
https://www.sciencedirect.com/science/article/pii/S1001074210605451#!
https://www.sciencedirect.com/science/article/pii/S1001074210605451#!
https://www.sciencedirect.com/science/article/pii/S1001074210605451#!
https://www.sciencedirect.com/science/article/pii/S1001074210605451#!

