Removal of copper and cobalt from aqueous solutions
using natural clinoptilolite
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Abstract

Southern African clinoptilolite capability as an ion-exchanger with respect to Cu? and Co?* was investigated in order to
consider its possible application at removing metals from aqueous solutions. The column method was used in the cation-
exchange processes with synthetic solution concentrations of 0.07 M (3.86 g/), 0.33 M (19.31 g/€) and 0.66 M (38.63 g/l) of
Cu? solution and 0.07 M (3.34 g/0), 0.33 M (16.69 g/€) and 0.66 M (33.37 g/t) of Co? solution. Synthetic non-mixed sulphate
solutions of copper and cobalt recorded maximum cation uptakes of 79% and 63% with 0.02 M HCl-activated clinoptilolite
respectively. From the Cu/Co mixed solutions, both cobalt and copper recorded a 79% uptake with 0.02 M HCl-activation.
The 0.04 M HCI activation gave percentage removals of 79% and 77% for Co? and Cu?* respectively. In the ion-exchange
evaluation part of the study, it was found that in every concentration range, the adsorption mass ratio of clinoptilolite to metal
concentration conformed to both Langmuir and Freundlich adsorption isotherms. However, the non-mixed aqueous solu-
tions of Cu?* and Co* fitted mainly the Langmuir equation. It was found that the adsorption process depends on the hydrated
radius of the cation being exchanged, the concentration of the acid that activates the clinoptilolite and the concentration of

the targeted cation in solution.
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Introduction

Water pollutants emanating from metallurgical operations have
been highlighted as one of the avenues by which groundwater
can be polluted thus threatening valuable water sources. The
need for clean drinking water is vital for the promotion of good
health and with it comes the challenge to provide safe and high-
quality drinking water. Groundwater is one of the major sources
of drinking water in South Africa. These freshwater sources
are faced with the challenge of deteriorating quality due to the
prevalence of pollution. The need for removal of metal species
in water and the general purification of these waters cannot be
overemphasised. A number of purification methods are currently
employed in the water purification industry and these include ion
exchange, ultrafiltration, phytoextraction, electrodialysis and
reverse osmosis (Geselbracht, 1996; Schnoor, 1997). However,
industrial wastewaters often contain a cuisine of metals that may
impose cost implications when it comes to purification.

Among the water purification technologies, ion exchange is
most commonly employed in industrial water treatment (Ingleza-
kis et al., 2005). The ion-exchange reaction occurs between two
or more phases, one of which is liquid (solution or melt), whereby
an exchange occurs of two or more ions that are more or less
strongly bound to each phase. The ion exchanger may be a resin,
activated carbon, a zeolite or clay mineral. Zeolites, synthetic
or natural, are aluminosilicates that have a framework structure
with enclosed cavities and tunnels which are occupied by freely
moving hydrated cations that make ion exchange possible.
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Clinoptilolite is the most abundant and cosmopolitan zeo-
lite (Inglezakis et al., 2005) and it has been widely exploited
for its ion-exchange capabilities since it can easily exchange its
interstitial sodium for external cations in solution (Kuronen et
al., 2006). Natural zeolites often do not perform optimally as
required for industrial applications. Therefore, chemical condi-
tioning of zeolites to improve their performance is often carried
out. This conditioning removes certain cations from zeolites that
may hinder ion exchange and expose the easily exchangeable
ones. It has been previously reported in the literature (Zamzow
et al., 1992) that sodium-type natural clinoptilolite favours the
exchange of Cu? over Co?. Cation-exchange isotherms of Cu?
exchange on chabazite and clinoptilolite (Semmens and Sey-
farth, 1978; Blanchard et al., 1984; Assenov et al., 1988), Co?
exchange on clinoptilolite (Blanchard et al., 1984), Zn-exchange
on clinoptilolite (Semmens and Seyfarth 1978; Blanchard et al.,
1984; Assenov et al. 1988) and Cr®* exchange on phillipsite and
chabazite (Pansini et al., 1991) are also reported in literature.

Herein, we report on the ability of the South African natu-
ral and modified clinoptilolite at removing heavy metals such as
Cu and Co from their synthetic solution using the ion-exchange
capability of the zeolite. The effect of concentration of the aque-
ous solutions and the degree of HCI activation of the clinop-
tilolite in its removal efficiency of the clinoptilolite were also
studied.

Experimentals
Zeolite source, characterisation and conditioning
The natural clinoptilolite used in this study was sourced from

the Vulture Creek, KwaZulu-Natal Province of South Africa. In
preparation for mineralogical studies and characterisation, the
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clinoptilolite was crushed and milled into powder with average
particle sizes of approximately 75 um. The powder was then
examined using an X-ray powder diffractometer (XRD) Phillips
X’pert Model 0993 to determine its composition. Its elemental
composition was determined using X-ray fluorescence spectros-
copy (XRF, Phillips Magix Pro) while the surface area was ana-
lyzed using BET (Tristar 3000). The measurements were done
under a nitrogen atmosphere. Prior to porosity and surface area
analysis, 2 g of sample was first degassed and nitrogen gas was
flushed through for 4 h at 120°C. Clinoptilolite grains of sizes in
the range of 2.8 mm to 5.6 mm were used for adsorption studies.
A fraction of these grains was treated in HCI at concentrations of
0.02 M and 0.04 M at room temperature over a period of 8 h. The
clinoptilolite was then washed in deionised water to remove the
fine fractions and thereafter dried in the oven at 50°C for 24 h.

Synthetic solutions

Solutions of Cuand Co were prepared by dissolving CoSO,.7H,0
and CuSO,.5H,0 in deionised water at pH 6.5. The non-mixed
Cu?" and Co* aqueous solutions of concentrations 0.0020 M,
0.0698 M and 0.2000 M which corresponded to 0.032 g, 1.109 g
and 3.177 g of Cu?* and 0.030 g, 1.028 g and 2.947 g of Co*" were
prepared by dissolving CoSO,.7H,0 and CuSO,.5H,0 salts in
deionised water in 250 m{ volumetric flasks.

Studies on the mixed solutions of copper and cobalt were
done with solutions of Cu and Co prepared at stoichiometric
ratios of Co:Cu — 1:1, 135, 1:9, 5:1 and 9:5 which corresponded to
these concentrations of Co:Cu- 0.0020:0.0020 g/€, 0.0020:0.0698
g/t, 0.0020:0.2000 g/t, 0.0698:0.0020 g/¢ and 0.2000:0.0020
g/t respectively. Studies on the Co/Cu mixed synthetic solu-
tions were done with solutions of copper and cobalt prepared at
stoichiometric ratios of Co:Cu — 1:1, 1:5, 1:9, 5:1 and 9:1 which
corresponded to these concentrations of Co:Cu — 0.0020:0.0020
g/, 0.0020:0.0698 g/t, 0.0020:0.2000 g/¢, 0.0698:0.0020 g/C and
0.2000:0.0020 g/C respectively. These solutions were assayed
using atomic absorption spectroscopy (AAS), (model Varian
Spectra (20/20)).

Batch adsorption studies on synthetic solutions

The Cu and Co ion-exchange processes on the clinoptilolite
were conducted at room temperature. Glass columns of 2 cm
diameter and 30 cm of length were pre-loaded with 25 g of either
natural clinoptilolite (as received) or HCl-activated clinoptilo-
lite. Aliquots of 25 m{ of the prepared Cu- and Co-bearing solu-
tions of desired concentrations were passed through each of the
two types of zeolites. These were afforded the same solution-
zeolite contact time. After passing through the zeolite-packed
column the resultant solutions were assayed using atomic
absorption spectroscopy (AAS) in order to ascertain the zeolite’s
removal efficiency. The flame type used was air-acetylene and
the adsorption wavelengths for the two metals were Cu (324.7
nm) and Co (240.7 nm). Standards of 1 000 (mg/t), 2 000 (mg/L)
3 000 (mg/t) were then prepared and a calibration curve was
drawn using these standards. Dilution was applied stoichio-
metrically where the concentrations of the unknown solutions of
copper and cobalt exceeded the standards’ concentration range
of the standards.

The metal-removal percentage from the solutions and distri-
bution ratio were calculated as follows:

% Uptake = ' x 100, @
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where:
Co and Cf are the initial and final metal concentrations,
respectively.

Results and discussion
Clinoptilolite characterisation

Results of the X-ray fluorescence (XRF) analysis are presented
in Table 1. This characterisation showed that clinoptilolite con-
tained exchangeable ions of sodium, potassium, calcium and
magnesium. This zeolite has an Si/Al ratio of 5.96 (mol/mol) and
the corresponding ratio of (Na + K)/Ca was 3.4. XRF also con-
firmed that the zeolite was a high silica clinoptilolite enriched
with Mg, K and Na. The XRD plot in Fig. 1 shows a typical
mineralogical diffraction pattern of a crystallite with a composi-
tion of 70% SiO,, 12% ALO,, 2% Na,0, 5% K,0, 2% CaO and
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2.5% Fe 0,
TABLE 1
The composition of the alumino-silicate
natural clinoptilolite as revealed by XRF
lon in clinoptilolite % Abundance
TiO, 0.2%
SiO, 74%
Na,O 1.3%
MgO 1.1%
K,0 3.8%
Fe,O, 1.5%
CaO 1.5%
AlLO 12.4%
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Figure 1
Diffraction pattern of the natural clinoptilolite

Metal removal from synthetic solutions

The ion-exchange kinetics of Co?* and Cu?*as a function of their
concentrations in their respective solutions were studied at room
temperature by varying their concentrations with time and keep-
ing all other parameters constant. From the results shown in Figs.
2 and 3, it can be confirmed that the percentage metal removal
decreased with an increase in metal concentration in the aque-
ous solutions. This may be due to the fact that particles always
diffuse faster when they are less packed, thus they move faster in
dilute solutions and more slowly in concentrated solutions.

Metal removal from the double-component systems

The copper/cobalt mixed solutions exhibited results similar to
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Figure 2
Percentage removal of Co?* after 60 min from its sulphate
solutions of 0.002 M, 0.069 M and 0.200 M by clinoptilolite at
0.200 M HCI 60 min activation.
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Figure 3
Percentage removal of Cu?* after 60 min from its sulphate
solutions of 0.002 g/¢, 0.0698 g/f and 0.200 g/¢ by clinoptilolite
at 0.200 g/ HCI 60 min activation
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Co removal from double- component system using 0.02 g/
HCl-activated clinoptilolite

the single-salt solutions in the sense that the removal efficiency
was high with dilute solutions than it was with concentrated
solutions and the results shown in Figs. 4 to 7 confirm this asser-
tion. High uptakes ranging between 70 to 79% were recorded
with both Cu and Co removal in the concentration ratios of
0.07:0.07 M.

In solutions where there was more cobalt than copper in
terms of the ratio (Co:Cu = 9:1 and 5:1) there seemed to be dif-
ficulty in removing either of the metals using the 0.04 M HCI-
activated clinoptilolite. Co removal efficiency in Co:Cu = 9:1
solutions using 0.02 M HCI was 62% and was reduced to 48%
when 0.04 M HCl-activated clinoptilolite was used while aratio
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Figure 5
Cu removal from double- component system using 0.02 g/
HCl-activated clinoptilolite
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Co removal from double-component system using 0.04 g/t
HCl-activated clinoptilolite
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Cu removal from double-component system using 0.04 g/t
HCl-activated clinoptilolite

of Co:Cu = 5:1 showed a decrease in removal efficiency from
64% using 0.02 M HCl-activated clinoptilolite to 57% when
0.04 M HCl-activated clinoptilolite was used. On the other
hand, Cu removal from the Co: Cu = 9:1 ratio showed a
removal efficiency decrease from 59% when 0.02 M HCI was
used to 55% when 0.04 M HCl-activated clinoptilolite was
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Plot of Langmuir Isotherm
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Figure 8
Langmuir plot for Cu removal with 0.02 M HCl-activated
clinoptilolite from a 0.07 M copper (I) sulphate solution
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Langmuir plot for Co removal with 0.02 M HCl-activated
clinoptilolite from 0.07 M a cobalt (Il) sulphate solution

used. It is possible that there is an intermediate complex that
is formed between Co?*, Cu?* and water molecules that is too
bulky to favour fast removal of these metals from the aqueous
solution. The presence of Cu?* in high concentrations (Co:Cu
= 1.9 and 1:5) in the double-component solution favours
the removal of both Co and Cu. This somehow contradicts
the notion that less concentrated metal solutions favour fast
removal of that specific metal than concentrated solutions.
However, the fact that the highest removal efficiencies with
these solutions are recorded with the more dilute solutions
agrees with the notion.

Langmuir and Freundlich adsorption isotherms
The sorption data was subjected to Langmuir and Freundlich
adsorption isotherms. The equilibrium data for single metal
solutions was correlated with the Langmuir isotherm according
the following equation (Langmuir, 1918):

x/m _(ab/Cr)/ (1+bCr) )
where:

Cr is the equilibrium concentration of the metal in solution
remaining after adsorption (mg/0)
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Figure 10
Langmuir plot for Cu removal with 0.02 M HCl-activated
clinoptilolite from a 1:9 Co: Cu mixed solution
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Figure 11
Langmuir plot for Co removal with 0.02 M HCl-activated
clinoptilolite from a 1:9 Co: Cu mixed solution

x/m is the number of metal ions adsorbed onto the clinoptilo-
lite

aand b are Langmuir constants related to adsorption capacity
and adsorption energy, respectively. Constant a is the maxi-
mum sorption capacity and represents single layer coverage
of the adsorbent (clinoptilolite) in contact with the adsorb-
ate (metal solution). The variable b represents enthalpy of
adsorption and changes with temperature. Application of
the Langmuir Model to the data is shown in Figs. 8 to 11.

The Langmuir equation can be rearranged in a linear equation
form and rewritten as follows:

C J(x/m) = (L/ab) + (1/a) C, ©)

To make the Langmuir plots, C /(x/m) is plotted against C_and
a straight-line graph was obtained for this plot. The data of the
non-mixed salt solutions fit the Langmuir Model very well with
R?values > 0.9 for the dilute sulphate solutions of both Cu and
Co. According to the Langmuir Model and R? correlation val-
ues, Cu?* uptake is more favoured than Co*.

The ion-exchange capacity of Cu?* and Co?* indicates that
clinoptilolite favours Cu?* over Co?* ions. In solution, these ions
are present in aqua-ionic forms and Cu?* is found in a tetra-aqua
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Freundlich plot for Cu removal with 0.02 M HCl-activated
clinoptilolite from 0.07 M copper (II) sulphate solution
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Figure 13
Freundlich plot for Co removal with 0.02 M HCl-activated
clinoptilolite from 0.07 M cobalt (1) sulphate solution

form while Co?* is exists in the hexa-aqua form. This suggests
that Cu?* is surrounded by four molecules of water while Co*" is
surrounded by six. These hydrated ions pass through the clinop-
tilolite (Jama and Yucell, 1990) and although the charges of the
ions are the same, they have different hydrated radii — Cu?* has
a lower hydrated radius than Co?*. The adsorption of a metal ion
by an ion-exchanger largely depends on its hydrated radius. The
larger the diameter the slower its mobility and the less likely its
exchange would occur (Erdem et al., 2004). It appears that for
easy ion exchange some of the water molecules surrounding the
cation must be lost in order to initiate the ion-exchange process.

The Langmuir Model effectively describes the adsorption
data obtained in these experiments with all values of R? being
greater than 0.99 for the dilute solutions of 0.07 M metal sul-
phate being exchanged with 0.02 M HCl-activated clinoptilolite.
The isotherms also confirmed the selectivity of clinoptilolite as
being more favourable for Cu?* than Co?. The clinoptilolite was
observed to generally have good selectivity for both cations.
This could be attributed to the high Si/Al ratio of clinoptilolite
with a low ionic field that results in good selectivity.

Another mathematical model used to fit the data obtained in
this study was the Freundlich isotherm (Altin et al., 1998). This
model is known for its good fit of data over a wide range of con-
centrations. It gives an equation that includes the heterogeneity
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Freundlich plot for Co removal with 0.02 M HCl-activated
clinoptilolite from a 1:1 Co: Cu mixed solution
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Freundlich plot for Co removal with 0.02 M HCl-activated
clinoptilolite from a 1:9 M Co: Cu

of the surface of the ion exchanger and the exponential distribu-
tion of active sites and their energies. The Freundlich equation is
given by:

Log C,, .= logK + 1/n IogCeqy 4)

where:
Ceq is the equilibrium concentration in ppm
C.,,. is the number of metal ions adsorbed onto the clinopti-
lolite
K is related to temperature
n is a characteristic constant for any system under study

It was observed that the data followed the Freundlich Model as
well. The R2values were generally higher than 0.95.

The selectivity of a zeolite for one ion over another in a
matrix is a result of physicochemical and stereochemical factors.
These are hydrated radii, the hydration enthalpy of the cation
and the space requirements in the micropores of clinoptilolite
(Inglezakis et al., 2005). Every metal in solution possesses a
hydrated layer which has a characteristic thickness and degree
of stability. It has been proven that ions with large radii often
show large rejections while smaller ions are often favoured by
exchangers (Tansel et al., 2006). Cu?*is a smaller ion with a
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smaller hydrated radius than Co? and therefore Cu?* is highly
favoured for removal by clinoptilolite within the parameters of
this study.

It is also known that the hydration enthalpy of Cu? is low
due to the number of water molecules solvating it (Carrillo-Tripp
et al., 2006). The easy removal of Cu compared to Co can be
attributed to the geometry of the hydrated copper ion (Ingleza-
kis et al., 2005). Cu? forms a square-planar complex in water,
[Cu (H,0),]*, while Co* forms a tetrahedral aqua-complex,
[Co(H,0).]** due to its hexavalent ion. The square planar com-
plex is less bulky and therefore migrates easily in solution com-
pared to the bulky tetrahedral aqua-complex

The strength of the exchange sites on the zeolite also affects
the exchange rate. Natural clinoptilolite is weakly acidic hence
the rate of ion exchange in clinoptilolite is expected to be high.
This is even more so with the acid-activated clinoptilolite.

Effect of solution concentration

In general, natural clinoptilolite appeared to remove the metals
more efficiently from dilute solutions than from concentrated
ones. Athanasiadis and Helmreich (2004) reported that high
metal-solution concentrations showed low ion-exchange rates
compared to low concentrations. These researchers concluded
that this was due to the high concentration of the counter ion
in the solution which was generally true for all the analytes.
However, an outlier was observed with Co removal from the
Co mixed solutions using 0.04 M HCl-activated clinoptilolite
(Fig. 6). This must have been due to an unevenly mixed size pro-
portion of the zeolite used. It is possible that more of the smaller
size range of particles was present in this batch. Small particle
size increases the exchange efficiency due to surface area: vol-
ume ratio. The cation being exchanged moves a shorter distance
in smaller grains than in larger ones thus speeding the exchange
rate.

Effect of HCI conditioning

The BET analysis shows no significant changes in pore volume
with increase in HCI activation concentration of the zeolites.
Analyses of original, 0.02 M, 0.04 M and 0.10 M HCl-activated
clinoptilolite revealed that there is a decrease pore volume and
surface area as the HCI concentration increases. The results of
pore volume measurements are shown in Table 3.

TABLE 3
Relation of HCI concentration pore
volume of clinoptilolite

HCI Conc. (g/€) Pore volume (cm?/g)
original 0.068
0.02 0.068
0.04 0.064
0.10 0.065

The SEM image in Fig. 16 shows a more open structure of the
HCl-activated clinoptilolite’s surface compared to the inacti-
vated zeolite in Fig. 17. This could explain why acid-activated
clinoptilolite performed better than the original zeolite. There
were some morphological changes brought about by acid activa-
tion on clinoptilolite structure when comparing the two SEM
images.

The FTIR spectra in Fig. 18 give a clear picture about the
effect of chemical conditioning. Acid treatment is said to remove
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Figure 16
Original clinoptilolite at X2000 magnification

Figure 17
HCl-activated clinoptilolite at X2000 magnification
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Figure 18
The FTIR spectra for original and HClI-activated clinoptilolite
forms at concentrations of 0.02 M and 0.04 M

the non-zeolitic components thus increasing the concentration
of zeolite minerals. Elimination of this material requires more
complex procedures (Vanloon and Duffy, 2000; Al-Degs et al.,
2004). Infrared techniques have been used by previous research-
ers for the identification of soil and clay minerals (Gadsden,
1975). Figure 18 depicts the FTIR-spectra of the original and
acid-treated forms of the clinoptilolite used in this study.

The results obtained from FTIR spectroscopy agree with
the observations made with respect to the performance of the
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clinoptilolite where 0.02 M HCl-activated zeolite was the best
ion-exchanger, i.e. higher percentage extractions were obtained
with this form of zeolite than those obtained with original and
0.04 M HCI activation concentration. Over the range of 4 000
and 3 600-cm™ the original and 0.04 M HCl-activated forms of
clinoptilolite showed no peaks while the 0.02 M HCl-activated
form showed peaks. Peaks observed at this range are typical of
water absorption (Majedova, 2003; Al-Degs et al., 2004). This
shows that water adsorption and retention by clinoptilolite is
increased by HCI activation at 0.02 M concentration and can be
used to explain the good performance of this form of activated
clinoptilolite in ion exchange compared to the other 2 forms
(original and 0.04 M HCl-activated forms).

Over the range of 2 500 and 2 000-cm?, the 0.02 M HCI-
activated clinoptilolite showed 2 intensive peaks and yet again
the original and the 0.04 M HCl-activated forms showed none.
This could be as aresult of 0.02 M HCl activation washing out the
non- zeolitic impurities present in the original form as confirmed
by XRD, XRF and SEM-EDS (Gadsden, 1975). The disappear-
ance of these peaks with the 0.04 M HCl-activated form could
be due to the strength of the acid resulting in the destruction of
the active sites observed with the 0.02 M HCl-activated clinopti-
lolite. There were broad peaks observed for all the clinoptilolite
forms at 1 558-cm™ which may be due to the bending vibrations
of adsorbed water. This is expected since given its porous struc-
ture, desiccation of the zeolite at high temperatures 50°C will
increase its water absorption properties (Ng and Mintova, 2008).
Zeolites that have K* in high amounts have low water-adsorption
capacity (Hunger et al. 1999; Kirchhock et al. 2000). This could
probably explain why the original clinoptilolite does not show
these peaks. It is also possible that the K* in the acid activated
zeolite was leached out by the acid, thus increasing their water
sorption capacity.

The identification of peaks between 1 500 and 1 000-cm™
FTIR indicates the presence of a high content of calcite in the
sample as confirmed by SEM-EDS. The strong band at 1 341
cm* (due to Si—O stretching) is the main characteristic band for
quartz (Al-Degs et al., 2004). The peaks observed between 1 000
and 600-cm™ are present in all the forms of clinoptilolite, one
characteristic band appears at 836-cm* for all the forms. This is
the quartz band (Al-Degs et al., 2004). The peak that appears at
753-cm™ for the original form of clinoptilolite appears at 759-cm™
for the activated zeolite. There is a peak that appears at 686-cm™
for the original form while for the acid-activated form it appears
at 635-cm. This shift could be attributed to the action of the
acid.

In the non-mixed salt solutions, activated clinoptilolite gen-
erally performed better at taking up metal than the original zeo-
lite. The original clinoptilolite showed capacity to remove 37%
Cuand 39% Co. Uptakes of 79% and 63% for Cu?* and Co?* were
recorded with 0.02 M and 0.04M HCI activation, respectively.
In the mixed solutions, both cobalt and copper recorded 79%
uptake with 0.02 M HCI activation. The 0.04 M HCl-activated
zeolite gave percentage removals of 79% and 77% for Co and Cu
respectively.

It has been documented that acid treatment of natural clinop-
tilolite improves its adsorbent properties (Korkuna et al., 2006;
Inglezakiz et al., 2001; Athanasiadis et al., 2005). This is due to
de-catination, de-alumination and the dissolution of amorphous
silica fragments blocking the channels. A study by Korkuna et
al. (2006) also revealed that there is a change in the clinopti-
lolite structure after acid treatment with dilute acid activations
accounting for improved removal capacity of the clinoptilo-
lites. Studies by Vasylechko et al. (1999) and Hernandez (2000)
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confirm findings in this study with respect to the effect of acid
conditioning of natural clinoptilolite.

Conclusions

Relatively speaking, it was easier to remove Cu?* than Co? from
the non-mixed solutions. Uptakes of 79% for Cu?* and 63% for
Co?* were obtained. The removal efficiency of the metals by the
zeolite from dilute solutions was higher than from concentrated
solutions for both non-mixed and mixed solutions. Clinoptilolite
activated with 0.02M HCI was the best performing zeolite for
both Co?" and Cu?* removal in non-mixed solutions. Uptakes of
79% and 63% for Cu?* and Co*" were recorded with 0.02 M and
0.04M HCI activation, respectively.
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