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Abstract: A continuous online in situ attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopic
technique was used to investigate the adsorption and desorption kinetics of heptyl xanthate (KHX) on the surface of
Zn0O and Cu(Il) activated ZnO. The results showed that Cu(II) facilitated the xanthate adsorption process on the surface,
and led to the formation of cuprous xanthate (CuX), dixanthogen (X;) and xanthate aggregates. The adsorption of
xanthate on the surface of ZnO and Cu(II) activated ZnO was found to both follow the pseudo-first-order kinetic model.
When the NaOH solution was used as a desorption agent, the adsorbed xanthate can largely be removed due to the
competition between OH™ and HX". However, for Cu(Il) activated ZnO, the peak intensities at 1197 and 1082 cm™' had
no obvious weakening, and the absorption intensities at 1261 and 1026 cm™! increased in the first 5 min, indicating an
ion-exchange reaction between OH™ and surface zinc bonded xanthate HX™ and the reorganization of adsorbed xanthate.
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1 Introduction

ZnO and ZnS, as two typical semiconductor
materials, have been extensively applied in
optoelectronics, sensor devices, dye sensitized solar
cells and photocatalysts due to their distinctive
properties [1—4]. Compared to the pristine ZnO, the
combination of ZnO with metal sulfide (MS) may
further improve the property, resulting in the
development of advanced materials. Therefore, the
synthesis of different core/shell
ZnO/ZnS has become a research focus in recent
years [5—8]. To achieve the core/shell structure of
metal oxide and metal sulfide, one important
criterion is that the shell should have a solubility
not lower than that of the core, otherwise the lower
soluble product of the shell will appear with the

structures of

dissolution of the core counterpart. It is well known
that the solubility product(Ks,) of ZnO (Kg=~107"7)
is much higher than that of ZnS (Ky=~10"%*) [9,10],
which will lead to the dissolution of ZnO along
with the formation of ZnS by adding sulfide ions
(HS") into the suspension of ZnO. Therefore, it is
crucial to avoid the dissolution of ZnO when
selecting the suitable sulfide source.

Alkyl xanthate is a type of widely used
collector in sulfide mineral flotation, and may be an
ideal candidate as a sulfide source [11]. Due to the
high affinity of sulfur-containing head group to
heavy metals, alkyl xanthate has been used as a
collector not only for the flotation of zinc sulfide
ores but also for zinc oxide ores [12,13]. The
collecting ability of alkyl xanthate can be enhanced
with increasing carbon chains, especially for metal
oxides [14—18]. Additionally, before the xanthate
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adsorption on ZnO surfaces, adding other heavy
metal ions, such as Cu®*" or Pb**, may promote the
formation of ZnO@MS core/shell structure other
than ZnO@ZnS. It is well known that the Cu(Il)
activation of sulfide minerals can enhance the
adsorption rate of xanthate on their surface [19-21].
However, the adsorption of alkyl xanthate on Cu(II)
activated ZnO has not received much attention.

Moreover, characterization of the surface-
adsorbate interactions at the molecular level is of
great importance to better understand the surface
chemistry of minerals. Continuous online in situ
attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy is one of the
most versatile techniques for measuring adsorption
processes, which can provide the
adsorption kinetic information [22—25]. Further-
more, ATR-FTIR vibrational spectra can also
provide information about the structure and
orientation of adsorbed compounds [26—29].
However, the spectroscopic signals of mineral
surfaces are normally weak due to their low
surface/bulk ratios. The well crystallized sample
with a large surface area was synthesized in this
study to increase the surface/bulk ratio and further
increase the FTIR signal/noise level.

Herein, a continuous online in situ attenuated
total reflection Fourier-transform infrared (ATR-
FTIR) spectroscopic technique was used and the
results demonstrated that Cu(Il) can significantly
activate the adsorption rate of Potassium heptyl
xanthate (KHX) on the surface of ZnO, resulting in
strong ion exchange interaction between OH™ and
surface zinc bonded xanthate and the reorganization
of adsorbed xanthate. The adsorption of xanthate on
the surface of ZnO and Cu(Il) activated ZnO was

real-time

found to follow the pseudo-first-order kinetic model.

Our work may provide a new concept to understand
the adsorption kinetics of ZnO mineral.

2 Experimental

2.1 Materials

Potassium heptyl xanthate (CsHoOS,K, KHX)
was synthesized with the purity higher than 99%
according to RAO [30]. All chemicals are analytical
grade, and high purity Milli-Q water (Millipore
deionized, 18.2 MQ-cm resistivity) was used in all
experiments.

2.2 Preparation of ZnO and Cu(Il) activated

Zn0O

In order to prepare ZnO, 14.5 g Zn(NOs),-6H,0
and 17.6 g urea were dissolved in 100 mL distilled
water. The mixed solution was placed in a 250 mL
two-necked distillation flask and heated at up to
90 °C for 5h before being separated by suction
filtration. The final products were washed with
deionized water and ethanol at least three times to
remove impurities. The white precipitates of basic
zinc carbonate were dried at 70 °C for about 12 h
and then calcined at 600 °C for 90 min to remove
carbonates. After centrifugation, Cu(Il) activated
ZnO particles were washed once with deionized
water to remove extra Cu(ll) ions. The ZnO or
Cu(Il) activated ZnO film was prepared by making
a slurry (adding 10.0 mg ZnO or Cu(Il) activated
ZnO in 5 mL ethanol). The obtained slurry was put
in an ultrasonic bath for 1 h, and then spread over a
clean and dry ZnSe (45°) crystal and dried
overnight in air at room temperature, forming a new
freshly deposited film.
2.3 Continuous online in situ ATR-FTIR

spectroscopic investigation

ATR-FTIR spectra were observed using an
HAATR Plus accessory (Pike Technologies)
installed in a Bruker VERTEX-70 FTIR
spectrometer equipped with a DTGS detector. A 45°
ZnSe crystal (50 mm x 10mm X 4 mm) was
mounted in a flow cell. A peristaltic pump (Model
BT300L) with Tygon LFL tubing was used to pump
KHX solution (1.0 mmol/L) from the beaker to the
ATR-cell at a rate of 3 mL/min. The collected
background spectrum consisted of the absorbance
of the ZnSe crystal and deposited mineral film.
Each ATR-FTIR spectrum was collected at a
resolution of 4 cm™' with 100 scans. The original
measured wavenumber range was  within
4000-800 cm™'. All the original spectra were
baseline corrected and all the measurements were
performed at room temperature.

2.4 Desorption experiments

Deionized water was added through the flow
cell until no variation in the spectra could be
detected, and then the background scans were run.
The collection of adsorption spectra started as soon
as the KHX solution entered the ATR flow cell. The
desorption experiments began after the adsorption
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experiments were finished using deionized water or
0.01 mol/L NaOH solution as desorbents. The
collection of desorption spectra started as soon as
the desorbent entered the ATR-FTIR flow cell and
was recorded for 30 min. The residual concentration
of xanthate was measured using a UV-Vis spectro-
photometer at the wavelength of 301 nm.

3 Results and discussion

3.1 ATR-FTIR spectroscopic analysis

As shown in Figs. 1(a, b), the crystal structure
of basic zinc carbonate and final ZnO was
confirmed by the X-ray powder diffraction (XRD),
which  corresponds to JCPDS cards of
ZnsCO3(OH)s (No. 11-0287) and ZnO (No.
36-1451), respectively. The surface area of ZnO
sample was measured to be 13 m%g using BET
method. In order to prepare the Cu(ll) activated
ZnO sample, 10.0 mg of synthesized ZnO sample
was added in 25 mL pure water or cupric nitrate
(0.5 mmol/L) solution for 2 h. To investigate the
adsorption behavior of xanthate on the surface of

(2)

Zn,CO4(OH),

JCPDS No. 11-0287

||I.II |I|‘I|I| TR T
0 20 30 40 50 60 70 80
20/%)

(b)

ZnO

JCPDS No. 36-1451

‘ . | ‘.|I||.|l
70

10 20 30 40 50 60
200(°)

80

Fig. 1 XRD results of basic zinc carbonate (a) and
synthesized ZnO (b)

ZnO and Cu(Il) activated ZnO, a continuous online
in situ attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopic technique was
used and the experimental arrangement is shown in
Fig. 2.
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Fig. 2 Continuous online in situ ATR-FTIR device

FTIR spectra in 1500—950 cm™' region were
specially examined, where most important
vibrations of the xanthate functional groups were
observed. Figures 3(a,b) show the region of
adsorbed KHX on the surface of ZnO and Cu(lIl)
activated ZnO, respectively, and evidently revealed
that the peak intensity was enhanced with the
increase of time for both samples. Although the
FTIR spectra of two samples were largely similar,
some differences in peak positions were clear. The
FTIR spectra absorbance peaks for ZnO sample
located at 1463, 1377, 1207, 1143, 1085 and
1045 cm™', respectively. Marginal peaks located at
about 1426, 1265 and 1000cm™' can also be
observed. Some shoulders became visible at 1197,
1133 and 1028 cm™'. FTIR peaks for Cu(ll)
activated ZnO sample, the FTIR peaks showed up
at 1463, 1379, 1260 and 1198, 1144, 1128, 1082
and 1026 cm™' correspondingly and the shoulders
turned up at 1248 and 1046 cm™'.

In order to distinguish the overlapped peaks in
the 1300—-950 cm™' range, Gaussian function was
used to closely analyze the spectra as presented in
Fig. 4. For ZnO sample, the FTIR bands at 1207
and 1045 cm™' can be resolved into two peaks at
1210 and 1197 em™, and at 1050 and 1028 cm™',
respectively. For Cu(Il) activated ZnO sample,
the FTIR spectra bands at 1260 and 1026 cm™' can



Qi SHEN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 23702378 2373

o
o

(a) 1207

=}
W
T
F—
S
R
w

o~
N
T

Absorbance
(=}
[9%)
T

<
—_
T

1100 1000

1

0 /) - A - y/ )
1500 1400 1300 1200
Wavenumber/cm™

0.7
(b) 1198
0.6

Absorbance

A

0 \ n N\ e
1500 1400 1300 1200 1100 1000
Wavenumber/cm™!

~—\

Fig. 3 FTIR spectra of KHX adsorbed on surface of ZnO (a), and Cu(II) activated ZnO (b) ((a) 0, 10, 20, 30, 40, 60, 80,
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Fig. 4 Curve-fitting results for representative spectra collected from 1300 to 950 cm™! for KHX adsorbed on surface of
Zn0O at 220 min (a) and Cu(Il) activated ZnO at 120 min (b), and ATR-FTIR spectra collected as function of time for

ZnO (c) and Cu(II) activated ZnO (d) using pure water as desorption agent

be resolved into two peaks at 1265 and 1248 cm ™',
and at 1046 and 1022 cm’!, respectively. This
region of FTIR spectra (1300—950 cm™") is mainly
contributed to the CS;, C— O —C vibrations
together with wagging, twisting and rocking of the

CH3/CH;, entities in the heptyl chain [31-33]. The
assignments for main FTIR spectra absorbance
peaks from two samples are listed in Table 1 with
logical adaption to KHX-ZnO and KHX-Cu(Il)—
ZnO systems. The main difference of FTIR spectra
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Table 1 FTIR adsorbance peak positions and intensities
in KHX-ZnO and KHX—Cu(II)-ZnO systems and their
assignments [34—36]

Wavenumber/

em”! Intensity Assignment
14630 0.154°, —CH;— asym def,
0.120° —CH;— sym def
—CH;— sym def,

b 5
1379 0.06 —CH,— waging stretch
a —CH3— sym def,
1377 0.025 —CH,— waging stretch

C—O0—C/S—C—S asym stretch
b
1265 0.255 —CH,— twist stretch
C—0O—C asym stretch
1248° 0.177 S—C—S sym stretch,
—CH,— twist stretch
12102 0.279 C—O—C bend stretch
C—O0O—=C asym stretch,
—CH,— waging stretch,
b
1199 0.622 C—O——C out-of-plane
bend stretch
1197 0.383 C—O—=C asym stretch
11452 0.100 C—0O—C asym stretch
1144° 0.142 C—0O—C asym stretch
. C—C—C/C—0—C/0—C—C
133 0.128 def S—C—S asym stretch
1128° 0.145 S—C—S asym stretch
C—O—C stretch,
10852 0.253 C—C—C/C—0—C def,
S—C—S asym stretch
C—O—C stretch,
1084° 0.280 C—C—C/C—0—C def,
S—C—S asym stretch
10502 0.356 S—C—S asym stretch
—CH,— waging stretch,
b
1046 0.317 S—C—S asym stretch
10282 0.278 S—C—S asym stretch
C—C—C stretch,
C—C—C def,
b >
1022 0.395 C—O—C stretch,
S—C—S asym stretch
C—C—C stretch,
1000°  0.064 C—C—Cdef,

C—O—C stretch,
S—C—S asym stretch
3 KHX-ZnO; ® KHX-Cu(Il)-ZnO; asym def: asymmetric
deformation; sym def: symmetric deformation; asym stretch:
asymmetric stretch; sym stretch;  def:
deformation

stretch:  symmetric

from copper xanthate and zinc xanthate interactions
was different peak positions at 1265 cm™' (Fig. 4(a))
and 1026 cm™' (Fig. 4(b)) attributed to COC/CS;

asymmetric stretching and CH, twist vibrations
from dixanthogen, respectively, besides a few wave
number red shifts of peaks for Cu(ll) activated
ZnO. As shown in Fig. 4, the spectrum of adsorbed
KHX showed typical peaks at around 1265 cm™
due to the formation of X, and at 1022 cm',
indicating that Cu®" could readily react with HX  to
promote the formation of dixanthogen. The same
phenomena were observed for adsorption of butyl
xanthate on the surface of CuO in our previous
study [37].

The adsorption of xanthate on the surface of
Zn0O and Cu(Il) activated ZnO was found to be far
above the monolayer adsorption by the calculation
of the adsorption capacity of xanthate on the sample
surfaces. The area occupied by a xanthate molecule
is about 0.4 nm?, thus the monolayer capacity for
xanthate on a mineral surface is about 2.5 nm™.
According to the adsorption data in this study, the
adsorption densities of xanthate at ZnO and Cu(Il)
activated ZnO were as high as 224 and 266 mg/g,
respectively, which is far above the monolayer
density. According to the FTIR spectra, it is
assumed that the surface xanthate aggregates or
surface micelle were formed and enhanced during
the adsorption process. Figure 4 shows that the
appearance of FTIR spectra at 1197 and 1028 cm ™!
from xanthate on ZnO surface may be attributed to
the existence of surface aggregates. In addition, the
formation of dixanthogen indicates that the xanthate
may be oxidized. However, in this case, the
concentration of oxidant (Cu(Il)) was far less than
that of xanthate, and therefore the FTIR spectrum at
1265 cm™' may be induced not only by dixanthogen
but also by the surface aggregates. Figures 4(c) and
(d) show the FTIR spectra of KHX xanthate after
being rinsed with water. The absorbance intensity
had no obvious changes, indicating that xanthate
was chemisorbed on the sample surface.

The results of xanthate desorption using a
0.01 mol/L NaOH solution are presented in Fig. 5.
In Fig. 5(a), the absorption intensity decreased
dramatically in the first 10 min, confirming the
competition between OH™ and HX  and the
replacement of surface xanthate sites by OH.
According to the FTIR absorbance intensity, the
desorption efficiency of xanthate on the surface
of ZnO after being rinsed with NaOH solution was
calculated to be about 94%, indicating that OH~
replaced most of xanthates on the surface of ZnO. It
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Fig. 5 ATR-FTIR absorption spectra collected as
function of time using diluted NaOH solution as
desorption agent: (a) ZnO; (b) Cu(Il) activated ZnO

is worth noting that after desorption with OH™, 6%
xanthate still remained on the surface. According to
the adsorption density of xanthate on ZnO sample,
the percentage of removed xanthate was calculated
as 94.2%, corresponding to a monolayer (2.5 nm >
is the theoretical monolayer density of xanthate on
a mineral surface). However, as for Cu(Il) activated
ZnO, the FTIR intensity of xanthate showed no
change, indicating the higher affinity of Cu(I) with
HX"™ than with OH™ as described in Eq. (1):

=0ZnX{" V"+OH -=0ZnXOH +(n—X (1)

where =0ZnX is xanthate site on the surface of
ZnO, and X" is heptyl xanthate.

As shown in Fig. 5(b), the absorbance intensity
of FTIR spectra at 1261 and 1026 cm ' increased in
the first 5 min, and then became constant. At the
same time, the peak intensities at 1199 and
1082 cm™" slightly declined. These observations
implied that during the desorption process of

xanthate from Cu(Il) activated ZnO, OH™ did not
replace adsorbed xanthate but promoted its
reorganization. Meanwhile, OH™ ions only replaced
a small portion of the HX  sites on the surface. This
process is visualized in Fig. 2. The surface chemical
reactions in this process are summarized as

=0ZnOH+Cu(Il)">=0ZnOCu(Il) +H" 2)
EOZnOCu(II)++nX7—>EOZnOCu(I)XI(qn*I)* (3)

=0ZnOCu(DX" " +OH —
=0ZnOCu(I)OHX{" 1~ 4)

3.2 Adsorption kinetics

Our previous study confirmed that the
adsorption of xanthate on clean ZnSe crystal was
negligible [37-39]. The ATR-FTIR absorbance
intensity at 1200 cm™' was used to generate kinetic
curves. The adsorption/desorption curves for ZnO
and Cu(lIl) activated ZnO are shown in Fig. 6(a). It
was shown that the FTIR absorbance intensity of
adsorbed KHX increased rapidly at the beginning,
then increased slowly, and eventually reached
equilibrium. In comparison with the adsorption/
desorption curves of ZnO and Cu(Il) activated ZnO,
the adsorption rate of KHX was significantly
enhanced for the Cu(Il) activated ZnO sample,
which is consistent with earlier findings [39,40].
The adsorption capacity in this study was calculated
according to the following formula:
g = La=eVM )

m

where ¢¢ is the initial concentration of xanthate,
co=1.0 mmol/L; ¢, is the adsorption equilibrium
concentration of xanthate, ¢;=0.9610 mmol/L (ZnO)
or 0.9537 mmol/L (Cu(Il) activated ZnO); V' is the
total volume of xanthate solution, V'=250 mL; M is
the molar mass of heptyl xanthate, =230 g/mol; m
is the total mass of ZnO or Cu(ll) activated ZnO,
m=0.01 g. The adsorption capacities of ZnO and
Cu(Il) activated ZnO were calculated as 224 and
266 mg/g with corresponding adsorption densities
of 45 nm? and 54 nm?, respectively. With some
differences in adsorption capacities of xanthate on
ZnO and Cu(Il) activated ZnO, the adsorption rate
on Cu(Il) activated ZnO was significantly high with
a sharp slope. In order to investigate the adsorption
kinetics of KHX onto the surface of ZnO and Cu(Il)
activated ZnO, the pseudo first-order model (Eq. (6))
and pseudo second-order model (Eq. (7)) were used
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to fit the experimental data. The time required to
uptake half of the amount adsorbed at equilibrium,
tos, 1s typically considered as a measure of the rate
of adsorption and can be calculated by Egs. (8) and
(9) for the pseudo first-order model and pseudo
second order model, respectively, which is typically
considered as a measure of the rate of adsorption.

q, = q.[1—exp(=k)] (6)
2
= )
1+ g, k,t
In0.5
= 8
s (8)
1
fyo = 9
hr ©))

where ¢g. (mg/g) was the adsorbed amount of
xanthate at equilibrium, g, (mg/g) was the adsorbed
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amount at time ¢ (min), and k& (min™') and k
(g'mg "'min"") were rate constants. Figure 6(b)
shows the fitting of the pseudo first-order and
pseudo second-order models for the KHX
adsorption on the surface of ZnO and Cu(Il)
activated ZnO with their model parameters listed in
Table 2. Obviously, both kinetic models show a
good fit to the adsorption data (R*>0.99), thus the
simple model is preferred. As there is little
difference in adsorption kinetics, we concluded that
the adsorption of KHX on both ZnO and Cu(Il)
activated ZnO followed the pseudo first-order
kinetic model due to the higher R? values and lower
AIC values. The adsorption rate on the surface of
Cu(Il) activated ZnO more than doubled that for
ZnO (0.034 versus 0.015), which also quantitatively
explains why Cu(Il) is used as a good activator for
the zinc mineral flotation when alkyl xanthate is
used as a collector.

300
(b)
250
200
150
100 |
o ZnO
0 Cu(Il) activated ZnO
501 Pseudo first-order model
oL - = - Pseudo second-order model
0 50 100 150 200 250
t/min

Fig. 6 Adsorption of KHX as function of time on surface of ZnO and Cu(Il) activated ZnO (a), and fitting of pseudo
first-order and pseudo second-order models for KHX adsorption onto surface of ZnO and Cu(II) activated ZnO (b)

Table 2 Kinetic model parameters for KHX adsorption onto ZnO and Cu(Il) activated ZnO

Model Parameter ZnO Cu(II) activated ZnO
go/(mg-g™h) 241.55+4.51 267.98+3.80
ky/min”! (0.01+£4.68)x107* (0.03+1.25)x1073
Pseudo first-order model to.s/min 69.3 23.1
R? 0.997 0.995
AIC 37.0 50.4
g/(mg-g™h 338.00+8.37 349.86+11.00
ky/(g'mg '*min") 2.62x1073+£2.03x107° 7.73x1075+£9.11x10°¢
Pseudo second-order model to.s/min 112.9 37.0
R? 0.998 0.991
AIC 344 58.2
Experimental values ge/(mg-g ™) 224 266

AIC is Akaike information criterion; R?is correlation coefficient



Qi SHEN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2370-2378

4 Conclusions

(1) Online in situ ATR-FTIR technique is a
useful tool to study the adsorption kinetics of
xanthate on mineral surfaces.

(2) The adsorption of KHX on the surface of
ZnO and Cu(Il) activated ZnO followed the pseudo
first-order kinetic model.

(3) The adsorption rate of KHX on the surface
of ZnO increased significantly by the Cu(Il)
activation.

(4) The KHX adsorption on the Cu(Il)
activated ZnO surface was stronger than that of
OH", but OH™ can promote the reorganization of
xanthate on the surface.

(5) The formation of xanthate aggregates on
the surface of ZnO may be identified respectively
by the red shifts of FTIR spectrum from the wave-
number of 1200 to 1197 cm™ and 1045 to
1028 cm ™' and the enhancement of FTIR spectrum at
1265 and 1022 cm™' in the presence of Cu(Il) ions.
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