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ABSTRACT

This study investigated the removal of sodium isopropyl xanthate (SIPX) by capacitive deion-
ization using an ion exchange resin/PVDF electrode. The electrode was prepared by coating a
layer of ion exchange resin (Amberlite FPA54) and polyvinylidene fluoride (PVDF) on the car-
bon electrode. Batch experiments demonstrated that 96% of SIPX was removed through elec-
trosorption and electrochemical advanced oxidation processes at 1 V. Carbon disulfide (CS,)
was generated as a by-product of the xanthate oxidation. Adsorption/desorption cycle tests re-
vealed that the ion exchange resin/PVDF electrode has high adsorption capacity, and the max-
imum adsorption could not be achieved within 60 min of adsorption times. The total xanthate
removed in the final adsorption stage of eight cycles was 323 mg/m?, corresponding to 34.1%
of xanthate from a 20 mg/L xanthate solution that flowed 0.4 mL per min at 1 V for 60 min of
adsorption. At the end of the 30 min. desorption, 32.1% of the adsorbed xanthate was released
back into the solution and oxidized to CsS,, which was adsorbed by the electrodes in the follow-
ing adsorption stage. The percentage of the concentrate flow at the end of the desorption stage
was 33%. The findings of the study suggest that CDI is a promising tool for the mining industry.
However, further research is needed to evaluate its efficiency for specific mining applications.

Cite this article as: Oztiirk Y. Removal of sodium isopropyl xanthate by capacitive deioniza-
tion process. Environ Res Tec 2025;8(1)65-72.

INTRODUCTION

Mineral processing operations consume significant
amounts of water. Mining represents a small fraction of to-
tal water use worldwide but has a major effect on the quan-
tity and quality of water resources at mine sites [1]. Envi-
ronmental concerns have led to the need to reuse water to
conserve freshwater resources [2].

Froth flotation is the most water intensive process in min-
ing operations due to the significant water usage involved.
However, among the other mineral processing methods it
is the most affected by water quality [3]. Water reuse in flo-
tation results in the accumulation of dissolved compounds
that change the chemistry of the system and often have a
detrimental effect on recovery and grade [4].

*Corresponding author.
*E-mail address: yozdil@hacettepe.edu.tr

Xanthates are common collectors used in the flotation of
sulphide minerals. They are not stable. Upon oxidation
and hydrolysis, they form species such as perxanthate,
monothiocarbonate, and dixanthogen, which affect the ac-
tion of the collector [5]. In addition, the remaining xanthate
and its degradation compounds in the process water can
reduce the selectivity among minerals [4]. Although many
flotation plants reuse tailings water at high levels, some dis-
charge may occur. Without proper treatment, releases to
the environment can result in contamination of water re-
sources at the mine site. This study offers a novel and effec-
tive method for the removal of xanthate, aiming to reduce
environmental impacts and conserve water resources.

In the last decade, xanthate removal via chemical oxidation
using ozone [6], hydrogen peroxide, Fenton, and solar pho-
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tofenton processes [7], biodegradation [8], and adsorption
by bentonite [9], montmorillonites [10], and activated car-
bon [11] have been extensively studied. The drawbacks of
conventional methods, such as high reagent consumption,
slow removal rate, and by-product formation, have led to
the investigation of treatment methods that reduce xanthate
to small molecules such as CO,, H,0, and SO,*. For this
purpose, the electrochemical advanced oxidation process,
which utilizes very powerful oxidizing hydroxyl radicals
(-OH), was employed to eliminate xanthate from flotation
water. During the process, 95% of the xanthate was removed
by producing carbon disulfide as an oxidation product,
which was removed by the electrodes to some extent [12].

Electrosorption, also known as capacitive deionization
(CDI), is a two-stage desalination process; the first stage
is an ion electrosorption process that immobilizes ions on
pairs of carbon electrodes to purify water. The second stage
is the regeneration of the electrodes through the release of
the adsorbed ions [13]. CDI has recently become an ener-
gy-efficient and cost-effective water treatment method as
it requires lower operational voltages than other technol-
ogies such as reverse osmosis (RO), electrodialysis (ED),
and distillation. Besides, unlike membrane-based methods
such as RO and nanofiltration, CDI does not require the
use of high-pressure pumps or membranes [14]. The en-
ergy demand of the CDI process is approximately 0.1-1.5
kWh/m’, depending on the influent concentration and
the effluent requirements. On the other hand, the typical
energy requirement for RO treatment of feed water with a
salinity of less than 5 g/L is about 0.8-2.5 kWh/m?®. Other
emerging technologies, such as membrane CDI (MCDI)
and flow-electrode CDI (FCDI), can further improve the
energy efficiency of treatment compared to CDI [15].

Activated carbon (AC) is a viable electrode material due
to its characteristic properties such as high pore volume,
pore size, and pore connectivity, in addition to electronic
conductivity and electrochemical stability. However, it has
several limitations impeding its desalination capacity [16].
Various studies in the literature have shown that combin-
ing AC with other materials improves its desalination per-
formance. For instance, adding ion exchange resin to the
electrode improved performance by 35% due to increased
hydrophilicity [17]. The anion exchange resin/QPVA coated
carbon electrode removed sulfate selectively [18]. The AC
electrode loaded with titanium dioxide improved the desali-
nation performance by 62.7% [19]. Reduced graphene oxide
and activated carbon composite (GAC) is a promising ma-
terial with higher electrosorption capacity mainly based on
the advantages of graphene acting as a bridge to form a con-
ductive network, that prevents the aggregation of AC [20].

This study investigated the removal of SIPX by capacitive
deionization. An electrochemical cell was fabricated us-
ing a carbon electrode coated with an ion exchange resin/
PVDF layer as the anode and a cation exchange membrane
attached to the carbon electrode as the cathode. The fab-
rication and characterization of the resin/PVDF electrode
are presented here. The process efficiency was evaluated by
batch and continuous flow experiments.

Table 1. Characteristics of the ion exchange resin*

Amberlite FPA54

Copolymer Crosslinked phenol-formaldehyde
polycondensate

Matrix Highly porous

Functional group Tertiary amine

Physical form Gray, opaque, granules
Ionic form as shipped Free base

Total exchane capacity >1.8 Eq/L

Water retention capacity 60-65%

Particle size 470-740 pm

*Manufacturer supplied.

S
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Figure 1. Structural formula of sodium isopropyl xanthate (SIPX).

MATERIALS AND METHODS

Powdered activated carbon (PAC; CEP-21K, PCT Co., sur-
face area of 2040 m?*/g) was used to fabricate electrodes. A
cation exchange membrane with an exchange capacity of
2.0 mol/kg was received from Shanghai Shanghua, LLC. A
weak base anion exchange resin (Amberlite FPA-54) was
purchased from DOW. Characteristics of the ion exchange
resin are given in Table 1. Polyvinylidene fluoride (PVDE
molecular weight: 534,000 g/mol) and N, N-Dimethylfor-
mamide (DMF 299.8%) were obtained from Sigma Al-
drich. Sodium isopropyl xanthate (SIPX) was provided by
a commercial supplier. The structural formula of SIPX is
presented in Figure 1.

Preparation and Characterization of Electrodes

The carbon electrodes consisted of 90% PAC and 10%
PVDF binder, based on the total electrode mass. The
preparation of the electrodes consisted of three main
steps: preparing the slurry, casting, and drying. To pre-
pare the slurry, PVDF was dissolved in DMF (4%) by
mixing for 1 hour. After complete dissolution, PAC was
added to be 90% of the total mass. The resulting mixture
(30% solids) was stirred overnight for homogenization.
The carbon slurry was then cast onto the graphite sheet
with a thickness of 300 pm using a flow coater (Newport,
USA). The electrodes were dried at room temperature af-
ter deposition.

Ion exchange resin, AMBERLITE FPA54 was used to fab-
ricate anode by casting a layer of PVDF and grounded res-
in on the carbon electrode surface. To prepare the slurry
AMBERLITE FPA54 resin was grinded by mortar grind-
er (Retsch RM200, Retsch Gmbh, Germany). The ion ex-
change resin powder was mixed with 10% PVDF at a 1:1
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Figure 2. Schematic diagram of bench-scale desalination test setup [13] (a) and photograph of the CDI cell (b).

resin to PVDF ratio. Ion exchange resin/PVDF slurry was
deposited on the carbon electrode with a thickness of 30
pum and dried at room temperature.

The size of ground resin was measured by dynamic light
scattering using a Zetasizer (Brookhaven, OMNI, USA).
The surface and cross-sectional morphologies of the ion ex-
change resin/PVDF electrode were characterized by scan-
ning electron microscopy (TESCAN, GAIA3, Triglav, Brno,
Czech Republic).

Desalination Experiments

A schematic representation of the bench-scale capacitive
deionization test setup is given in Figure 2. The feed solu-
tion was pumped with a peristaltic pump (Cole Parmer,
Masterflex, LS Easy Load 7518-00, USA) through a flow
by type capacitive deionization cell. A potential was ap-
plied by using a potentiostat (Gamry PCI-4750, Warm-
inster, PA, USA) during the process. pH of the effluent
solution was measured. The CDI cell consisted of two
electrodes, an ion exchange resin/PVDF coated carbon
electrode as the anode, and a cation exchange membrane
placed on top of the carbon electrode as the cathode. The
size of the electrode was 10X50 mm. The electrodes were
separated from each other by a non-conductive nylon
separator. In all experiments, the flow rate of the solution
was 0.4 mL per minute.

Batch electrosorption tests were conducted to observe the
xanthate removal efficiency by capacitive deionization. 20
ml SIPX solution at various concentrations; 10 mg/L, 50
mg/L, and 100 mg/L was cycled through the CDI test setup
for 24 hours at 1 V. The final concentration of the solution
was measured by UV-Vis spectrophotometer (Multispect
1501, Shimadzu, Kyoto, Japan) to determine the concentra-
tion of residual SIPX.

Continuous flow tests were performed for adsorption/de-
sorption periods of 60 minutes and 30 minutes, respective-

ly. The influent concentration of SIPX solution was 20 mg/L.
The operating voltage was set to 1 V for adsorption and -10
V for desorption. A multi-step potential method was used
to maintain a constant voltage during operation by poten-
tiostat. Effluent samples were collected continuously at 10
min. intervals for adsorption and 3 min. intervals for de-
sorption for the determination of SIPX by UV-Vis spectro-
photometer. Four adsorption and desorption cycles were
conducted before sampling, and then data collection began
for four cycles after ensuring the system had reached a dy-
namic steady state.

Process efficiency was determined by the amount of total
salt removed (SR, mg/m?* (eql)) and salt removal efficiency
% (SRE %, (eq2)) during the adsorption stage.

_ Q fi(c—cp)ar
Ae

J(€i—Cp)d
#xmo% )

SR (D

SRE[%] =

Q: flow rate (L/s); Ci: initial concentration (mg/L); Cf: final
concentration (mg/L); t: time (s); Ae: effective frontal area
of the anode (m?).

Cost Analysis
The energy consumption for the adsorption and desorption
steps was approximately determined using eq3 [21].

Energy Demand for Ads.and Des.= (55) = (a™ss) + (pfesiees) (3)

m

Tads: average current for adsorption (A); Vads: average volt-
age for adsorption (V); Ides: average current for desorption
(A); Vdes: average voltage for desorption (V); Q: flow rate
(m*/h); a: water recovery rate; b: concentrate flow rate.

The unit price of electricity ($0.08/kWh in US Dollars) pro-
vided by the Turkish Electricity Distribution Corporation
was used to convert energy consumption into cost [22].
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Figure 3. Size distribution of resin powder after grinding.

RESULTS AND DISCUSSION

Characteristics of the Resin/PVDF Electrode

Figure 3 illustrates the size distribution of the resin pow-
der after grinding, with an average particle diameter of 447
nm. The SEM images of the resin/PVDF electrode surface
and cross-section given in Figure 4 demonstrated a uni-
form distribution of resin nanoparticles. They showed that
the thickness of the carbon layer was approximately 195
pum. Resin/PVDF coating resulted in a dense surface with
a thickness of ~38 pm. The size of the resin particles varied
between 0.2 um and 0.6 um (Fig. 4).

Desalination Experiments

20 ml of SIPX solution with three different concentrations
of 10 mg/L, 50 mg/L, and 100 mg/L was recycled through
the CDI cell at a flow rate of 0.4 mL/min and 1 V for 24
hours. The UV spectra of the effluent solutions are present-
ed in Figure 5. Absorptions at 226 nm and 301 nm corre-

sponded to residual xanthate in the effluent. The concentra-
tions of SIPX in the effluent were 0.94 mg/L, 2.59 mg/L, and
4.46 mg/L for the 10 mg/L, 50 mg/L, and 100 mg/L influent
solutions, respectively.

In acidic media, water discharges on the electrode, lead-
ing to the production of hydroxyl radicals (-OH) on the
electrode surface (eq4). These radicals facilitate the elec-
trochemical oxidation of organic compounds. The electro-
chemical oxidation of an organic compound by -OH then
occurs on the anode surface (eq 5) [23].

M+H,0->M(-OH)+H"+e
M(-OH)+R->M+OxidationProducts+H*+e

M: the electrode, R: the organic compound.

(4)
(5)

A peak was detected at 206 nm in the UV spectra of 50
mg/L and 100 mg/L SIPX solutions (Fig. 5). It indicated the
formation of carbon disulfide (CS,) [24] by electrochemical
oxidation of the -CSS- group of the xanthate by hydroxyl
radicals during the process [6]. The CS, peak was not de-
tected in the UV spectrum at an influent xanthate concen-
tration of 10 mg/L due to the absorption of the released
CS, by the electrode. As the initial xanthate concentration
increased to 50 mg/L and 100 mg/L, the amount of carbon
disulfide in the effluent increased since the resin/PVDF
electrode reached its maximum absorption capacity.

Total xanthate removal was 3800 mg xanthate per m” of elec-
trode in 20 mL of 100 mg/L SIPX solution. For solutions
containing 10 mg/L, 50 mg/L, and 100 mg/L SIPX, 91%,
95%, and 96% of the xanthate was removed, respectively.

Adsorption/desorption cycle tests were performed with 60
min. adsorption and 30 min. desorption phases for eight
cycles to investigate the removal efficiency of xanthate from

A 027 um

4 029 pm

SEM MAG: 20.0 kx | View field: 10.4 pm I 11t

GAIA3 ‘rssgﬁ 5'1
Det: SE HUNITEK (Lb.l

Date(m/dly): 07/06/23

WD: 15.38 mm
HiVac

2 pm

Date(m/dly): 07/06/23

LY, G G, T v

View field: 415 pm | |

WD: 8.64 mm 100 pm
HiVac

SEM MAG: 500 x
Det: SE

Figure 4. SEM images of surface (a) and cross-section (b) of resin/PVDEF electrode.
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Figure 5. UV spectra for 20 mL SIPX solutions with the initial
concentrations of 10 mg/L, 50 mg/L and 100 mg/L after batch
electrosorption for 24 h at 1V.

the initial concentration of 20 mg/L SIPX solution. The ap-
plied voltage was set to 1 V for adsorption and -10 V for
desorption stages. The xanthate solution was continuously
passed through the system at a flow rate of 0.4 mL/min.

The UV spectra of the final adsorption/desorption cycle
are illustrated in Figure 6. According to the results pre-
sented in Figure 6a, the xanthate peak at 301 nm decreased

with time, indicating that SIPX was removed during the 60
min. adsorption step. The concentration of SIPX reduced
from 20 mg/L to 12.5 mg/L at the end of the adsorption
stage. An absorption peak at 206 nm was detected in the
effluent sample collected during the first 10 min. of the
adsorption stage (A-10 min.), which could be attributed
to the formation of CS, during the desorption step in the
previous cycle [12].

In the desorption stage, the compounds adsorbed by the
electrodes were released back into the solution. It was clear-
ly shown that the amount of xanthate and carbon disulfide
increased during 30 min. of the desorption stage resulting
in the regeneration of the electrode surface (Fig. 6b).

Changes in SIPX concentration during 60 min. adsorp-
tion and 30 min. desorption times for the last four ad-
sorption/desorption cycles were given in Figure 7. Based
on the results, it can be concluded that the resin/PVDF
electrode had a high adsorption capacity and did not
reach its maximum adsorption during 60 min. of adsorp-
tion step. Some of the xanthate adsorbed on the electrode
surface during the adsorption stage was desorbed in the
30 min. desorption stage, but complete desorption could
not be achieved.
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Figure 6. UV-spectra of the final adsorption/desorption cycle for the initial concentrations of 20 mg/L SIPX; a) 60 min. of ad-
sorption times at 1 V and b) 30 min. of desorption times at -10 V
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Figure 7. Changes in SIPX concentration during 60 min. adsorption and 30 min. desorption times for the last four adsorption/

desorption cycles at an influent concentration of 20 mg/L.
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Figure 8. Desalination performance of the electrode; (a) total xanthate removal and (b) xanthate removal efficiency during 60
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Figure 9. Changes in pH during 60 min. adsorption and 30 min. desorption times for the last four adsorption/desorption cycles

at an influent concentration of 20 mg/L SIPX.

The desalination performance of the resin/PVDF coated elec-
trode was assessed by the amount of total xanthate removal
and xanthate removal efficiency % during the adsorption stage.
Figure 8 illustrates the desalination performance of the elec-
trode during the process. According to the results presented in
Figure 8a, in the fifth adsorption cycle, 401 mg/m? of xanthate
was removed, while in the last cycle, it decreased to 323 mg/
m?, corresponding to 42% to 34.1% of xanthate removal (Fig.
8b). The water recovery for the final adsorption stage was 67%.
At the end of the 30 minutes of desorption in the last cycle,
103.9 mg/m? of the xanthate was recovered, corresponding to
32.1% xanthate recovery. The percentage of concentrate flow
at the end of the final desorption stage was 33%.

Changes in pH during adsorption/desorption cycles were
monitored online during the treatment and the results were
presented in Figure 9. The pH of the initial solution was
measured as 5.39. During the desorption stage, the pH de-
creased to 4.11, which was attributed to the production of
hydroxyl radicals, resulting in the electrochemical oxida-
tion of xanthate to CS, [25].

Cost Analysis

In this study, cost analysis was conducted by considering
the energy consumption during both the adsorption and
desorption stages. The average applied voltage and current

were utilized to calculate the energy requirements for the
process. During the adsorption phase, a voltage of 1.0 V
and a current of 0.23 mA were observed. In the desorption
phase, a voltage of -10 V and a current of 1.07 mA were
measured.

The cost analysis indicated that the energy demand for the
treatment was 0.154 kWh/m’, corresponding to a cost of
0.013 $/m°. This demonstrates that capacitive deionization,
known for its cost-effectiveness and low energy consump-
tion in the range of 0.1 to 1.5 kWh/m?® [15], is highly effec-
tive in removing xanthate.

CONCLUSION

The results obtained from this study are summarized below:

« Batch experiments showed that 96% of xanthate corre-
sponded to the 3800 mg xanthate per m? of the elec-
trode, which was removed from 20 mL of 100 mg/L
xanthate solution that flowed 0.4 mL per minute at 1
V for 24 h via electrosorption and electrochemical ad-
vanced oxidation processes.

+ Carbon disulfide (CS,) was generated as a by-product of
xanthate oxidation and was adsorbed to some extent by
the electrode.
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o Both batch and cycle tests demonstrated that the ion ex-
change resin/PVDF electrode possesses a high adsorp-
tion capacity. However, maximum adsorption was not
reached within 60 minutes.

« The amount of xanthate removed over the last four ad-
sorption cycles decreased from 401 mg/m? to 323 mg/
m?, which corresponds to 42% to 34.1% of xanthate
removal.

o At the end of the desorption stage, 32.1% of the ad-
sorbed xanthate was released back into the solution and
oxidized to CS,.

o The pH of the initial solution decreased due to the pro-
duction of -OH during the desorption stage.

« The impact of operating parameters such as adsorption/
desorption cycle times, applied voltage, and flow rate on
desalination performance should be further investigat-
ed to improve the process.

« CDI is promising for long-term desalination, but the
electrodes may degrade over time. Therefore, the long-
term performance of the resin/PVDF electrode should
be monitored to determine the overall performance of
the process.

o The study highlights CDI's potential for long-term
desalination in the mining industry but also notes
that the electrodes may degrade over time. Future
research should focus on optimizing operating pa-
rameters such as adsorption/desorption cycle times,
applied voltage, and flow rate to enhance process
efficiency. Additionally, the long-term performance
and stability of the resin/PVDF electrodes should be
monitored to assess their overall efficacy in practical
applications.
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