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Abstract—The chemical and biological methods employed to date in the removal of free cyanide (CN™)
and metal-cyanide complexes from aqueous fluids have proved expensive and problematic. A simpler and
more economical approach was attempted in the present study using zeolite and sepiolite. The
effectiveness of zeolite from Manisa-Gordes (Turkeg) and of sepiolite Eskigehir-Sivrihisar (Turkey) at
removing free and Cu-complexed cyanide, [Cu(CN);]°~ was investigated. For removal of CN ™, the system
performance was examined in terms of concentration, particle size, and retention time. Material with
smaller particle sizes (<0.106 mm) performed better, particularly in the case of sepiolite. The maximum
CN™ removal capacities of zeolite and sepiolite were calculated as 571 and 695 meq/100 g for free CN
adsorption, and 455 and 435 meq/100 g for Cu-complexed CN adsorption, respectively. The time to reach
equilibrium was calculated as 1050 min. Acid activation, a simple cation adsorption removal method, did
not improve the process, instead leading to reduced CN adsorption. Hydroxylated surfaces of metal oxides
at the edges of zeolite develop charges and exchange with anions in water. Mg>" ions located at the edges of
the octahedral sheet can create complexes with CN™ anions. Moreover, hydrogen bonding with anions
(CN™ in this case) and H™ of zeolitic water bonded to coordinated water molecules can also create
complexes. These two complexes are considered to be effective mechanisms for sepiolite. The effects of
both acid activation and CN adsorption were clearly observed in the Fourier-transform infrared spectra.
Removal of CN was characterized by the Langmuir isotherm, indicating monolayer coverage with
chemical bonding to the surface, which deteriorated during acid activation. The study indicated that zeolite
and sepiolite can be used efficiently and easily for removal of free and Cu-complexed CN.
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INTRODUCTION

Cyanide species are notable pollutants because of
their toxicity and their ability to form a number of
chemical compounds and complexes. Three groups of
cyanide species exist in wastes, namely: free cyanides
(CN7), metal-cyanide complexes (Me-CN), and other
compounds formed from cyanide reactions. Me-CN
release CN™ ions under low-pH conditions which
increases the toxic effects of the solution. Copper is a
major cyanide complexing metal and each of the
complexes formed has high solubility. Some notable
Cu complexes are Cu(CN)5, Cu(CN)3™, and Cu(CN)3~
(Barakat, 2005).

Degradation is used in the removal of cyanide from
wastewaters (Young and Jordan, 1995). Three main
degradation mechanisms have been applied: natural,
chemical, and biological processes. Natural degradation
is widely applied in tailing dams, employing separation
of complexes through photodegradation, oxidation, and
sedimentation mechanisms (Ou and Zaidi, 1995) releas-
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ing free forms into the atmosphere. The most common
chemical degradation process, which is very expensive,
is oxidation (Robbins and Devuyst, 1995; Yarar, 2001).
Oxidation has operational difficulties and other dis-
advantages such as chemical requirements. Biological
degradation is achieved through metabolic and enzy-
matic oxidation and metabolic adsorption (Yarar, 2001;
Young and Jordan, 1995) to by-products such as
ammonia, thiocyanate, and metal ions (Waterland,
1995). The main drawbacks of biological CN™ treatment
are, again, operational, with significant treatment costs
because of the use of chemicals and the safety
precautions required (Waterland, 1995; Yarar, 2001).

A more feasible method for the removal of cyanide
compounds generated by industrial processes and mining
activities is needed. In the literature, cation (especially
metals) and cyanide removal using natural materials
such as zeolite and clays has been studied (Baghel ef al.,
2006; Barakat, 2005; Brigatti er al., 1999, 2000), but
their use is limited, especially for anions (Ozdemir et al.,
2007; Sujana et al., 2009) as they undergo both
adsorption and ion exchange simultancously. New
applications of these natural materials are being devel-
oped, with possible application in wastewater-treatment
processes.

Zeolites and sepiolites are abundant and cheap
natural materials for use in environmental technologies,
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especially in advanced treatment applications (including
sorption) due to their chemical properties, crystal
structures, and large interior surface areas
(300—600 m*/g for zeolites and ~340 m?*/g for sepio-
lites) (Brigatti et al., 2000; Shariatmadari et al., 1999;
Rytwo et al., 1998; Tijburg and Konuksever, 1998).
Thus far, use of these natural materials for this purpose
has been limited even though they can be used both as a
raw mineral and in activated form. Activation processes
affect some of the chemical and surface properties of the
minerals, resulting in changes in the selectivity of the
mineral which can provide a greater degree of removal
of some ions.

MATERIALS AND METHODS

Zeolite and sepiolite

Zeolite from the Manisa-Gordes (Turkey) region was
obtained from the Enli Madencilik Co., Ltd., and
sepiolite from the Eskisehir-Sivrihisar (Turkey) region
was obtained from the Dogus Madencilik Inc. Co. The
Manisa-Gordes clinoptilolite is the most common natural
zeolite belonging to the heulandite family and has the
following general formula: KNa,Ca,(SirgAl;)07,.24H,0
established from its X-ray diffraction (XRD) pattern.
The ratio of Si to Al (generally 4.0—5.3) (Kowalczyk et
al., 2006) was 4.14 in the samples studied here. The
crystal structure of the mineral is represented by a
3-dimensional aluminosilicate framework, the structure
of which leads to micropores and channels occupied by
water molecules and exchangeable cations. The specific
surface area of the raw zeolite is 50 m*/g in this case.

The sepiolite from Eskisehir-Sivrihisar has the
formula Mg,SicO;5(OH),.6H,0O and structurally consists
of an alternation of blocks and tunnels which grew in the
fiber direction. Each structural block comprises two
tetrahedral silica sheets enclosing a central discontin-
uous octahedral sheet where Mg?" ions occupy structural
positions. Such Mg-rich sepiolite contains minor quan-
tities of AI’" and Fe®" (<0.1%) in the tetrahedral sheet.
The specific surface area was 293 m%/g for the raw
sepiolite in this study.

Activation

As well as use of raw forms, the zeolite and sepiolite
were also subjected to acid activation. 10 wt.% suspen-
sions were prepared with solutions of 0.5, 0.75, 1.0, and
1.25 N HNOj of 65%; mixed for 6 h at 70°C; then rinsed
with distilled water until their pH value reached ~5.5.
Following a thorough rinsing process the samples were
filtered and dried at 60°C. The dealumination of zeolite
during the acid treatment can be represented by the
following reaction (Barrer and Makki, 1964):
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Similarly, the acid dissolution of sepiolite can be
represented by the following reactions (Hernandez et al.,
1986):
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At the initial stage of acid treatment of zeolite,
cations are discharged from exchange positions. In the
next stage, the skeleton is dealuminated with no visible
changes in the latter. At the final stage, disintegration of
the skeleton is observed resulting in an amorphous phase
(Vasylechko et al., 2003). Activation resulted in an
increase in the specific surface area to 75 m?/g.

During acid activation, the specific surface area
increases until the magnesium of the brucitic sheet has
been extracted completely. As the dissolution of the
magnesium layer of the reticulum of sepiolite occurs,
textural changes are produced. Following the dissolution
of the octahedral sheet, two new facing surfaces appear,
which are highly reactive and contain a number of
silanol groups susceptible to undergoing a condensation
reaction with the formation of siloxane groups
(Hernandez et al., 1986). In >0.75 N acid solutions,
the macro-pores in the sepiolite structure collapse and
amorphous silica forms when all Mg in the structure
dissolves into the solution. This collapse shortens the
fibers (Cetigli and Gedikbey, 1990), and, therefore, in
more acidic conditions, the specific surface area begins
to decrease. In the present study, the specific surface
area of sepiolite increased from 293 to 310 m?/g for
0.75 N and then decreased to 210 m?/g at 1.0 and 1.25 N.

The effects of acid activation on the surfaces of
zeolite and sepiolite are clearly seen in the scanning
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electron micrographs (SEM) of the raw and activated
minerals (Figure 1).

Adsorption studies

Free CN, (CN™), adsorption. Experiments were per-
formed with stock CN™ solution prepared synthetically
using KCN (obtained from Merck). The pH was adjusted
with NaOH to 9 at the beginning of the experiments and
controlled continuously. In batch studies, varying
mineral dosages were applied to 200 mL solutions,
including the same initial concentration of CN~, and
shaken at 220 rpm at a constant room temperature
(20—22°C). Samples taken at various time intervals were
left to settle for 6 h and CN~ measurements were
obtained from the supernatants. The effects of the initial
concentration, particle size, and retention time were
noted. Experiments were repeated with the acid-acti-
vated forms of both minerals.

For continuous studies, a slurry of 4 g of mineral was
packed in a glass column of 1 cm inner diameter with a
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glass-wool support at the top and bottom. The bed height
in the column was 8.5 cm. The CN™ solution concentra-
tion in the reservoir was 200 mg/L and the solution feed
rate was adjusted to 20 mL/min using a pump. In order to
obtain comparable results, the columns were operated
under the same conditions in parallel tests for both
zeolite and sepiolite. At various time intervals, samples
were taken from the effluent and CN™ analysis
performed.

Cu-complexed CN ([Cu(CN);J°) adsorption. The
experiments were performed in a batch system contain-
ing 0.05 g of mineral in 100 mL of [Cu(CN);]*~
solution. The desired solution concentrations were
obtained by diluting aliquots from a 14.15 g/L (0.1 M
concentration) stock solution prepared by dissolving
commercially available CuCN in KCN solution under
alkaline conditions. Flasks were then placed in the
shaker at 220 rpm at room temperature (20—22°C). In
preliminary experiments, aqueous solutions were

W

Figure 1. SEM images of (a) 0.106—0.300 mm raw zeolite, (b) 0.106—0.300 mm raw sepiolite, (¢) 0.106—0.300 mm 0.5 N acid-
activated zeolite, and (d) 0.106—0.300 mm 0.5 N acid-activated sepiolite.
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sampled and the concentrations determined. At the time
the samples showed no concentration difference, the
system was considered to be at equilibrium.

Adsorption isotherm analyses

Adsorption isotherms are important in describing how
adsorbates interact with the adsorbent and are useful for
optimizing the use of zeolite and sepiolite as an
adsorber. Analysis of equilibrium data for the adsorption
of Cu-complexed CN on zeolite and sepiolite was
conducted using the Langmuir, Tempkin, and
Freundlich isotherms. Langmuir is the isotherm which
assumes monolayer coverage in the specific adsorption
sites on the surface. The Tempkin isotherm assumes that
the adsorption enthalpy changes linearly with time,
while Freundlich assumes a logarithmic change.

The experimental data were collected under different
initial concentrations and isotherm plots were con-
structed according to linearized forms of each isotherm
equation. Isotherm constants were then calculated and
correlations compared.

Analyses

All analyses were performed according to Standard
Methods (APHA, 1998). The CN~ analyses were
performed by method 4500-CN. The pH values were
measured using a pH meter (Jenway3060, 1 to 14 range).
The FTIR spectra were obtained in the 4000—400 cm ™'
region using the KBr pellet technique (1% sample:KBr).

RESULTS AND DISCUSSION

Free CN, (CN™), adsorption. In all trials under different
mineral dosages and initial CN™ concentrations, both
minerals, either raw or in the acid-activated form, were
found to be effective at removing CN~. Common to all
experiments was the fact that the pH of the solutions,
which was adjusted to 9 at the beginning, remained
constant at ~9 after processing the mineral.

Smaller particles (<0.300 mm) were more effective at
removing CN™ (Figure 2), for both batch and continuous
adsorption reactors, with the exception of the packed bed
arrangement. For sepiolite and zeolite, a particle size of
<0.106 mm achieved better levels of CN™ removal than
a larger particle size (0.106—0.300 mm); the effect was
significantly greater in the case of sepiolite. The data
also suggested that CN™ removal was rapid in the first
30 min and then decelerated. For zeolite, 64% CN was
removed in the first 60 min. Removal continued,
however, until equilibrium was reached at 1050 min at
which time 83% of the CN had been removed. For
sepiolite, 72% of the CN had been removed at the end of
60 min, but by the time equilibrium was reached at
1050 min, 99% had been removed. Retention time in a
treatment unit is critical in terms of the overall (and
targeted) efficiency of the wastewater treatment plant.
The difference in degree of removal between 60 min and
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1050 min for the <0.106 mm particle size for both
minerals, at all initial conditions (Figure 3), means that
the shorter times cannot be considered further in this
experiment if more than 72% efficiency is required.

The three degradation methods mentioned in the
introduction take from minutes to weeks to achieve
completion, depending on the method, but also involve
other chemicals or micro-organisms, increasing the cost
and complexity.

The adsorption isotherm curves for CN™ adsorption
(Figure 4) showed favorable adsorption for zeolite and
sepiolite. As in Figure 3, the effect of particle size was
clearly observed where smaller particle size resulted in
greater CN ™ -removal capacities for both minerals. The
maximum observed CN ™ -adsorption capacities were 530
and 695 meq/100 g at equilibrium for zeolite and
sepiolite, respectively.

0.01w>In the case of acid activation, removal profiles
were almost the same for both minerals (data not shown)
though the capacities decreased to 504 meq/100 g for
zeolite and to 533 meq/100 g for sepiolite. These
capacity decreases were attributed to structural changes
in the minerals during acid activation, explained in the
‘Activation’ section above, and in agreement with the
findings of Vasylechko et al. (2003) and Hernandez et
al. (1986). In general, acid activation is known to modify
the surface structure of minerals to improve their
adsorption and/or ion-exchange properties, though pub-
lished studies have focused on cation-removal perfor-
mance. Acid activation may have a positive influence on
cation-exchange capacities, but not on anion-removal
performance, indicating that anion removal is not
directly related to the specific surface area of the
mineral.

Column studies, performed in a 1 cm inner-diameter
column, provided breakthrough information (Figure 5).
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Figure 2. Change in concentration of CN ™ remaining with time
and particle size for a dosage of 3 g/L zeolite and sepiolite.
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The data were subjected to a kinetic approach, and
column capacities were calculated with the help of a
linearized form of the column design model 1 (Figure 6)
(Reynolds, 1982).

Co/Ce =1 + exp[ki/Q(go*M — C,1)] (1

where C, is the initial CN™ concentration = 200 mg/L
(7.69 meq/L); C., the effluent CN™ concentration, mg/L
(meq/L); ki, the rate constant, L/d.meq; ¢q, the CN™
uptake capacity, mg/g or meq/g; M, the mass of mineral
=4 g; O, the flowrate = 0.02 L/min (28.8 L/d); and V, the
throughput volume at time #, L. From the equation of the
trendline of the linearized form of design equation 1
(Figure 6), the constants were established as Ky eolite =
6.61 L/d.meq, Kjsepiotite = 6.32 L/d.meq, gozeotite = 5.709
meq/g, and Gosepiotite = 6.82 meq/g, or, in other words,
the calculated zeolite capacity was 571 meq/100 g while
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Figure 5. Breakthrough data for column studies.
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that for sepiolite was 682 meq/100 g. The calculated
capacities were consistent with those found in batch
studies, and were sufficiently high for both zeolite and
sepiolite considering the theoretically suggested (Rey-
nolds, 1982) capacity interval (200—500 meq/100 g). In
addition, 80—112 meq/100 g was reported as the
maximum achievable CN™ adsorption capacity interval
by Monser and Adhoum (2002), which was much smaller
than that indicated by the present data.

Cu-complexed CN ([Cu(CN)3J*~) adsorption

In Cu-complexed CN removal, zeolite performed
better in both the raw and activated mineral forms
(Figure 7). Different activation conditions had no
notable effect on the performance. Comparison of the
effects of particle size on the resultant performances
(Figure 7) found that zeolite was more effective than
sepiolite at Cu-complexed CN removal under all
activation conditions and particle sizes studied. These
particle sizes were the best for adsorption reactors, either
in batch or continuous columns, with the exception of
the packed bed arrangement.

The presence of Cu in the medium affected CN™ ion
behavior due to its complexing effect. Isotherm curves
of zeolite and sepiolite for Cu-complexed CN adsorption
(Figure 8) indicated favorable adsorption. The effect of
activation is clearly seen in the CN™ data above, such
that raw mineral forms resulted in a greater degree of
Cu-complexed CN removal for both minerals. The
observed maximum capacities were 455 and
435 meq/100 g at equilibrium for zeolite and sepiolite,
respectively. Zeolite performed better at Cu-complexed
CN removal with its consistent removal curves for both
raw and activated mineral forms. Similar to the findings
for free CN, activation decreased the removal perfor-
mances to 345 and 303 meq/L, respectively, due to

8
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4 O Sepiolite y = —1.6883x + 5.9883
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Figure 6. Linearized form of column-design model (after
Reynolds, 1982).
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structural changes at the mineral surface during activa-
tion, as discussed above.

The coefficients of determination of linearized
regression plots of the Freundlich, Langmuir, and
Tempkin isotherms (Table 1) clearly indicated that the
data fitted the Langmuir isotherm best, which contem-
plates chemisorption in a monolayer on the mineral
surface with maximum capacities represented by ¢,
values. For all mineral conditions, the calculated
monolayer adsorption capacities were similar to but
slightly greater than experimental values (Table 1,
Figure 8).

Overall performance comparison and mechanisms

The overall performance and capacity (summarized
in Table 2) of the two minerals indicated that the
formation of complexes altered their adsorptive beha-
vior. Free CN was adsorbed more efficiently by
sepiolite, whereas Cu-complexed CN was adsorbed
better by zeolite. Acid activation adversely affected the
adsorption performance of both. These minerals carry a
negative surface charge, resulting in large cation
exchange capacities (CEC), and are widely used in
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Figure 7. Effect of particle size on the removal efficiency of Cu-
complexed CN of raw and acid-activated (a) zeolite and
(b) sepiolite.
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cation removal. On the other hand, CN compounds bear
a negative charge, which prevents net attraction,
resulting in great sorption. CN removal clearly was not
related to simple cation adsorption. Technically, the two
most important adsorption phenomena in clays are the
cation exchange adsorption on the layer surfaces, and
chemisorption of anions at the edge surfaces (van
Olphen, 1959).

The zeolite layer edges are similar to the surfaces of
hydrous oxides of Si and Al, which in an aqueous system
are susceptible to complexation with ligands from
solution. The charge at these layer edges is pH
dependent. The specific sorption of anions by these
oxide species may be modeled as a two-step ligand-
exchange reaction, explained by Sujana et al. (2009),
who reported an exchange of the surface hydroxide ion
with the anion in the aqueous environment. At alkaline
pH, due to competition between the OH ions and the
anions for edge-surface sites, or due to electrostatic
repulsion of anions from the negatively charged surface,

sorption is decreased. Both of these factors became more
important after acid activation.

In the structure of sepiolite, Mg>" ions were located
at the edges of the octahedral sheet and zeolitic water
bonded to coordinated water molecules through hydro-
gen bonding. Complexation between these Mg®" ions
and CN anions and/or hydrogen bonding anions and the
H" of bound water occur; and passivation of the SiO,/Si
interface states by CN and defection of states in poly-Si
by the formation of Si-CN bonds (Fujiwara et al., 2004)
are the main mechanisms for sepiolite. Dissolution of
Mg together with the octahedral sheet and the decrease
in zeolitic water after acid activation are the main
reasons for the decreases in adsorption capacities.

These mechanisms are consistent with the findings of
Ozdemir et al. (2007) who suggested three adsorption
modes for an anion: first is the complexation between
the Mg ion at the edge of the octahedral sheet and polar
anionic head groups or electrostatic attraction between
the Mg ion and the polar head; second is the hydrogen

Table 1. Isotherm constants and correlations for the adsorption of Cu-complexed CN.

—— Freundlich —— —— Langmuir —— Tempkin

k 1/n ” b Im ” A R7/b ”
Raw sepiolite 117.5 0.20 0.29 0.022 500 0.97 156 48.15 0.26
Acid-activated sepiolite 89.1 0.23 0.43 0.3 333 0.849 0.15  71.37 0.37
Raw zeolite 117.5 0.25 0.50 0.029 500 0.853 032 84.40 0.35
Acid-activated zeolite 269.2 0.05 0.72 0.214 333 0.992 71438 33.34 0.88

7 coefficient of determination of each isotherm (bold indicates the fit of data to that isotherm)

k: adsorption capacity at unit concentration (megq/g)

I/n: adsorption intensity, dimensionless

b: relative energy of adsorption, L/meq

gm: ultimate adsorption capacity of the mineral, meq/100 g
A: Tempkin isotherm constant

R7/b: heat of adsorption
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Table 2. Comparison of CN and Cu-complexed CN adsorption for both minerals.

adsorption capacity

Maximum CN™ Maximum Cu-complexed

CN adsorption capacity

Mineral meq/100 meq/100
q/100 g /100 g
. Raw 571 455
Zeolite Acid-activated 504 345
. Raw 695 435
Sepiolite Acid-activated 533 303

bonding between the anionic polar head and H* of bound
water or zeolitic water; and third is the chain—chain
interaction leading to hemimicelle formation.

The degree of adsorption at the surface depends on
the relative affinity of the ion for the mineral surface.
For Cu-complexed CN, competitive adsorption occurs
between two ions, strongly dependent on pH, and since
pH was sufficiently high (9—9.5) for the soluble form
throughout the process, competitive adsorption was
effective with individual adsorption of the Cu and CN,
where CN adsorption predominated. At pH 8-8.5,
[Cu(CN);]*~ was the predominant complex. At higher
pH, all the Cu stayed in solution, complexed to CN
(Bose et al., 2002), so the complex was, therefore,
adsorbed as an anion onto the surface, which resulted in
smaller capacities compared to CN~ (Table 2).

FTIR spectroscopy

Fourier-transform infrared spectra of raw and Cu-
complexed CN adsorbed minerals (Figure 9) revealed
the effects of both acid activation and Cu-complexed CN
adsorption on the mineral structure in the spectral
interval of the 4000—400 cm™" interval, within which
the main changes were observed in the 3700—3300 cm ™'
and 1200—400 cm ™' intervals. The former is related to
structural hydroxyl groups, while the latter reflects the
mineral structure.

After acid treatment of zeolite, structural hydroxyl
groups of the mineral (3740 cm™" for silanol OH groups,
~3650 cm ! for the bridging groups, and at 3550 cm ™'
for extra-cage OH groups) in spectrum a (Figure 9) were
decreased in intensity in spectrum c (Figure 9); the
decrease represents a loss of zeolitic water. As well as
the reduction in the absorption of water, acid treatment
also caused some structural changes such that the
1200—950 cm ™' band broadened and shifted (the bands
are due to Si—O—Si and Si—O-—Al vibrations); the
frequency of the main asymmetric stretch at ~1040 cm !
decreased, a distinctive shift at ~1000 cm™' was
observed, and many peaks for pseudo-lattice vibrations
at 600—400 cm ™' also disappeared. All these findings
indicate that zeolite underwent dealumination.

Raw zeolite led to the greatest degree of Cu-
complexed CN adsorption, and the most drastic changes
were observed between spectra a and b in Figure 9. The
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intensity of the region representing structural hydroxyl
groups decreased and the band broadened; the peak
intensity at 1631 cm ™' decreased (OH bending) and the
Si-O band 1049 cm ™' broadened; many peak intensities
between 700 and 400 cm™' decreased or vanished. All
indicated the reduction of water in the structure and the
entrance of Cu-complexed CN into the structure.
Adsorption of this compound by acid-activated zeolite
did not result in the same changes, as can be seen in
spectra b and d (Figure 9). Peaks in the range
3700—3300 cm ™' remained almost the same; a dis-
tinctive peak appeared at 2341 cm™', which was
assigned to the C=N triple bonds, and other changes
were similar to those of raw zeolite.

In the high-wavenumber region, the bands assigned in
the raw samples to (Me—Me)—OH (3700—3500 cm ')
and to adsorbed water molecules (3500—3200 cm™")
decreased with the intensity of the acid attack after acid
activation of sepiolite (Figure 9g). The bands appeared at
3691, 3632, and 3567 cm™ ! in sepiolite and are assigned
to Al and Mg ions in the structure; a decrease in these
bands was due to Mg dissolution during acid activation. A
decrease in the bound-water band at 3520 cm™' with a
large broadening of the zeolitic water band at 3400 cm ™"
were observed (Figure 9e,g). The changes seem to
confirm the transformation of zeolitic and bound water
to weakly-bound hydroxyl groups. A decrease in
frequency of the 1660 cm ' bending band was observed
with acid treatment. The 1660 cm ™' band was also due to
the bending vibration mode of water. Lattice vibrations in
sepiolite were between the 1200 and 400 cm™' region.
Many bands characteristic of sepiolite in that region were
observed in the raw sepiolite samples, which corre-
sponded to Si—O and Me—O streching vibration bonds,
and some disappeared or decreased in intensity due to
dissolution of the octahedral sheet as acid treatment
progressed. Peaks at 1210 and 980 cm™' (Si—O
combination bands) decreased, broadened, and almost
disappeared after acid treatment indicating that structural
degradation occurred in the tetrahedral sheet. The
Si—O—Si in-plane vibrations at ~1020 cm™' were also
sensitive to acid treatment because they corresponded to
the basal plane of the tetrahedral sheet. The 690—646
em™' band pair represents a typical trioctahedral OH
deformation which also reduced after acid treatment.
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Figure 9. FTIR spectra of minerals: (a) raw zeolite; (b) raw
zeolite after CuCN adsorption; (c) acid-activated zeolite;
(d) acid-activated zeolite after CuCN adsorption; (e) raw
sepiolite; (f) raw sepiolite after CuCN adsorption; (g) acid-
activated sepiolite; (h) acid-activated sepiolite after CuCN
adsorption.

The changes in raw sepiolite after Cu-complexed CN
adsorption were significant (Figure 9e,f). The spectral
changes observed in the 1200—400 cm ™' region
represent the lattice vibrations corresponding to Si—O,
Si—O—Mg, and Mg—OH. The intensities of the
690—646 pair increased, new peaks were formed at
490 and 526 cmfl, and the peak at ~1020 cm™!
decreased. The bonding of CN in the structure,
especially in the tetrahedral sheet, is indicated. In
contrast, the adsorption of Cu-complexed CN onto
acid-activated sepiolite could be followed from the
changes in the 3700—3300 cm ' region. Unlike raw
sepiolite, spectral changes, which were assigned to
(Me—Me)—OH and adsorbed water molecules, were
observed in the 3700—3000 range after adsorption of
Cu-complexed CN onto acid-activated sepiolite. The
changes in the 1200—400 cm™' region were less. The
intensities of the 690—646 cm ™! pair increased, a new
peak was formed at 981 c¢cm™', and the peak at
~1020 cm™" increased.
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CONCLUSIONS

Zeolite and sepiolite, both in raw and acid-activated
forms, were effective at removal of cyanide from
aqueous solutions, whether in the free form or the Cu-
complexed form. In all conditions, up to 96% removal
could be achieved. For removal of free CN, zeolite was
more effective, for removal of Cu-complexed CN
sepiolite performed better. Particle size was an impor-
tant parameter in the cyanide-adsorption performance of
sepiolite; smaller particle sizes (<0.106 mm) were better
at removing CN™. For zeolite, the influence of particle
size was less. For both minerals, 1050 min was found to
be the equilibrium time. The CEC values were large, as
large as many other common adsorbents; the maximum
CN™ exchange capacities of zeolite and sepiolite were
calculated as 571 and 695 meq/100 g, respectively. In
the case of Cu-complexed CN, the capacities decreased
to 455 and 435 meq/100 g for zeolite and sepiolite,
respectively, due to competitive adsorption onto the
mineral surface in the presence of Cu®" ions.

Acid activation did not improve CN removal by these
minerals; reductions of up to 25% in adsorption
capacities were observed following the acid-activation
process. Generally acid activation is acknowledged to
increase adsorption capacities. In the present case, these
decreases are thought to have been related to cation
adsorption onto the minerals. Anion-adsorption capacity
was not directly proportional to the surface area for CN
removal. Instead, the surface structure is more effective.

The adsorption isotherm data indicated that most of
the adsorption processes fitted the Langmuir isotherm,
indicating monolayer coverage of the mineral surface
with chemical bonding at uniform energy.

Removal of CN was not similar to simple cation
adsorption; rather, anions were chemisorbed at the edge
surfaces. Zeolite edge surfaces are similar to hydrous
metal oxides of Si and Al; hydroxylated surfaces of these
layers develop a pH-dependent charge on the surface,
and these surface hydroxide ions exchange with the
anions in an aqueous environment. In the sepiolite
structure, Mg®>" ions located at the edges of the
octahedral sheet and zeolitic water bonded to coordi-
nated water molecules through hydrogen bonding.
Complexation between these Mg?" ions and CN anions
and/or hydrogen-bonding anions and H" of bound water
are the main mechanisms for sepiolite attraction of CN.
Dissolution of Mg together with the octahedral sheet and
a decrease in zeolitic water after acid activation are the
main reasons for the decreases in the adsorption
capacities. The effects of both acid activation and Cu-
complexed CN adsorption on mineral structure were
clearly observed as changes in the IR spectra.

The sepiolite and zeolite studied here are natural,
plentiful, and cheap and may prove to be effective
alternatives in the removal of free and Cu-complexed
CN from aqueous solutions.
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