Journal of Hazardous Materials 170 (2009) 127-133

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Equilibrium and kinetic studies on free cyanide adsorption from
aqueous solution by activated carbon

Ali Behnamfard*, Mohammad Mehdi Salarirad

Department of Mining and Metallurgical Engineering, Amirkabir University of Technology (Tehran Polytechnic), Tehran, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 10 February 2009

Received in revised form 29 April 2009
Accepted 29 April 2009

Available online 5 May 2009

Adsorption equilibrium and kinetics of free cyanide onto activated carbon were investigated in the
batch tests, and the effects of contact time (1-72 h) and initial cyanide concentrations in the range of
102-532 mg/L were studied. Linear regression was used to determine the best fit of equilibrium and
kinetics expressions. The two-parameter models including Freundlich, Dubinin-Radushkevich, Temkin
and four different linearized forms of Langmuir and three-parameter models including Redlich-Peterson
and Koble-Corrigan were employed for fitting the equilibrium data and it was found that, three-parameter
models fitted the data better than the two-parameter models and among the three-parameter models the
equilibrium data are best represented by Koble-Corrigan model. A number of kinetic models including
fractional power, zero order, first order, pseudo-first order, Elovich, second order, intraparticle diffusion
and four different linearized forms of pseudo-second order models were tested to fit the kinetic data.
The latter was found to be consistent with the data. Intraparticle diffusion plots show that the adsorption
process of free cyanide is a two steps process. In the first step, the adsorption of cyanide is fast while in
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the second step, cyanide adsorption slows down.
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1. Introduction

Wastewaters generated from gold and base metals milling
operations [1,2] and other industries such as petrochemical and
coke-processing plants [3] contain free and metal-complexed
cyanides at different amounts and are highly harmful to humans
and aquatic organisms [1,4].

To protect the environment and water resources, cyanide con-
taining wastewaters from various industries must be treated before
discharging into the environment. Hence many countries and
environmental protection agencies have ordained implemented
standards for discharge of cyanide bearing wastewaters. The cur-
rent U.S. Environmental Protection Agency water quality criterion
for cyanide is 5.2 pg/L for freshwater aquatic life, and 1.0 pg/L for
marine aquatic life and wildlife [1].

Alkaline-chlorination-oxidation [5], electrowinning [6],
hydrolysis-distillation [7,8], flotation [9], iron cyanide precipitation
[10], resin [11], “acidification-volatilization-reneutralisation” [12],
reverse osmosis [13], hydrogen peroxide [14], electrodialysis [7]
and caro’s acid [15] are various cyanide removal technologies.
Each of the above technologies has their own advantages and
constraints.
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Removal of cyanide from waste waters by sorption onto acti-
vated carbon has received great attention [16]. Activated carbon
performs both as an adsorbent and as a catalyst for the oxidation
of cyanide. The adsorptive properties of activated carbons result
from their high surface area and high degree of surface reactivity.
The large surface area relative to the particle actual size of carbon
makes it easy to remove large amounts of harmful constituents
from gases and liquid solutions in a relatively small enclosed space
[16-19]. Furthermore, activated carbon has no disadvantages of
other treatment methods such as complexity and difficulty of con-
trolling process, consuming expensive and hazardous reagents and
producing toxic residues [16].

Finding an appropriate isotherm for representing the equilib-
rium state of an adsorption system is the most important step to
design and optimize an adsorption process as well as the adsor-
bate and adsorbent. Also, the study of adsorption kinetics is highly
relevant to the design of an adsorption system because it provides
beneficial information in the reaction pathway, rate of adsorption
and adsorption mechanism of adsorbate onto adsorbent [20-22].

There have been many studies on the adsorptive properties
of activated carbon for removal of free cyanide from aqueous
solutions. The process parameters for adsorption of free and
metal cyanide compounds by granular activated carbon have been
recently reported [16]. Guo et al. found that the equilibrium data for
adsorption of free cyanide by activated carbon from dilute solution
(1 mg/L) are best represented by Freundlich isotherm model [49].
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Nomenclature

Kg Freundlich constant (mg/g) (L/g)!/"

1/n Freundlich exponent

K Langmuir isotherm constant (L/mg)

Kt Temkin isotherm constant (L/mg)

D Dubinin-Radushkevich isotherm constant
(mol2 kJ—2)

Agrp Redlich-Peterson isotherm constant (L/g)

Brp Redlich-Peterson isotherm constant (L/mg)8

g Redlich-Peterson constant

Akc Koble-Corrigan isotherm constant (mg/g) (L/mg)P

Bkc Koble-Corrigan isotherm constant (L/mg)P

P Koble-Corrigan constant

k fractional power kinetic model constant
(mgg-1h™)

ko zero order kinetic model constant (mgg-1h1)

k1 first order kinetic model constant (1/h)

kip pseudo-first order kinetic model constant (1/h)

ko second order kinetic model constant (gmg~1h-1)

kap pseudo-second order kinetic model constant
(gmg~'h-1)

kp intraparticle diffusion kinetic model constant
(gmg~1h=03)

R? correlation coefficient

MPSD  Marquardt’s percent standard deviation

HYBRID hybrid fractional error function

ARE average relative error

NSD normalized standard deviation

p number of parameters in isotherm

N number of experimental measurements

Ce equilibrium concentration (mg/L)

Co initial concentration (mg/L)

@ concentration at time t (mgj/L)

ge amount of cyanide adsorbed at equilibrium (mg/g)

qm monolayer sorption capacity (mg/g)

t time (h)

T temperature (K)

R ideal gas constant (JK-! mol-1)

Vv volume of the solution (L)

w mass of dry carbon used (g)

Greek letters

o Elovich kinetic model constant (mgg='h-1)
B Elovich kinetic model constant (g/mg)
v fractional power kinetic model constant

Deveci et al. examined the kinetics of cyanide removal from the
solutions containing high concentrations of cyanide (10-200 mg/L)
by activated carbon using the pseudo-first order and second order
kinetic models and found that the experimental data were consis-
tent with the pseudo-second order kinetic model [4]. Also, they
tested the Langmuir and Freundlich models to describe the resul-
tant adsorption isotherms and they found that the equilibrium data
to be consistent with both models (R%=0.976 and 0.970, respec-
tively) [4].

In the present study, the adsorption equilibrium and kinetic of
free cyanide onto activated carbon by different adsorption isotherm
and kinetic models were investigated. To examine the relationship
between sorbed and aqueous cyanide concentrations at equi-
librium, different two- and three-parameter sorption isotherm
models were employed for fitting the equilibrium data. Fractional
power, zero order, first order, pseudo-first order, Elovich, second
order, intraparticle diffusion and four different linearized forms of

pseudo-second order equations have been used for modeling the
kinetics of cyanide sorption.

2. Materials and methods
2.1. Reagents

In this study analytical grade sodium cyanide (NaCN), silver
nitrate (AgNO3), potassium iodide (KI), sodium hydroxide (NaOH)
and industrial grade coconut shell activated carbon, produced
through a steam activation process by Haycarb company, Sri Lanka,
were employed. Before use the activated carbon a size fraction
of —2.36 +2mm of it was obtained and dried in air and divided
into 1.5g portions. Following acid treatment of carbon with 1%
hydrochloric acid solution, the sample was thoroughly rinsed with
distilled water and then added to the cyanide aqueous solution of
predetermined initial concentration.

2.2. Batch equilibrium experiments and analytical method

Adsorption tests were carried out using a 2.5 L capacity glass bot-
tles at ambient temperature (25 =+ 2 °C). Stock solution of cyanide
at the concentration of 2000 mg/L was prepared by dissolving 2.0 g
of sodium cyanide in 1L of distilled water preadjusted to pH 10.
Experimental solutions at desired concentrations were obtained
by dilution of the stock solution with distilled water preadjusted
to pH 10. The cyanide concentration of each solution was analyzed
by titrating against standard silver nitrate solution (0.001 M) in the
presence of potassium iodide (10 g/L in distilled water) as indica-
tor. Analyses were repeated in triplicate and averaged. The initial
cyanide concentrations of experimental solutions were determined
102, 202, 306, 396 and 532 mg/L. 500 mL of experimental solutions
were placed in bottles and then 1.5 g prepared activated carbon was
added to each bottle. The bottles were rolled at a constant rotation
of 100 rpm for 72 h to reach the equilibrium.

Sampling was performed by removing 5 mL aliquots at predeter-
mined time intervals. The samples were then analyzed for cyanide
as above mentioned method. The amount of adsorption at equilib-
rium, ge (mg/g), was calculated by

_(Go-CelV
where Cy and Ce (mg/L) are initial (t=0) and equilibrium cyanide
concentrations, respectively. Vis the volume of the solution (L) and
W is the mass of dry carbon used (g).

2.3. Batch kinetic experiments

Batch kinetic experiments were conducted under similar
conditions mentioned above for equilibrium experiments. The
experiments were performed at ambient temperature using 1.5g
of prepared activated carbon with 500 mL of aqueous cyanide
solutions in 2.5L glass bottles of which initial cyanide concentra-
tion (102, 202, 306, 396 and 532 mg/L) and pH (10) has already
been known. The contents were rolled at 100 rpm by bottle roll
apparatus. Samples were drawn at regular time intervals and the
concentration of cyanide was similarly measured. The amount of
cyanide adsorbed by carbon at time t, q; (mg/g), was calculated by

qr = w (2)

where C; (mg/L) is cyanide concentration at time t.
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2.4. Validity of adsorption isotherm

Apart from the correlation coefficient (R?), the Marquardt’s per-
cent standard deviation (MPSD) and the hybrid error function
(HYBRID) were also used to measure the goodness-of-fit. MPSD and
HYBRID can be defined as

€Xp cal \ 2
1 Qe;” —de;
N-p Z ( qup ) 3)

MPSD = 100
i=1
N exp caly2
100 (de;” —qe;)
HYBRID = N_p;: l &= (4)
i=

where gg;” is the observation from the batch experiment i, g¢2! is the
estimate from the isotherm for corresponding qg"P Nis the number
of observations in the experimental isotherm and p is the number of
parameters in the regression model. The smaller MPSD and HYBRID
values indicate more accurate estimation of ge value [23].

MPSD and HYBRID functions were used in addition to R? because
the number of parameters in the regression model (i.e., p parame-
ter) is effective in them.

2.5. Validity of kinetic model
The applicability of the kinetic model to describe the adsorption
process, apart from the correlation coefficient (R?), was further val-

idated by the normalized standard deviation (NSD), and average
relative error (ARE) which are defined as

2
cal
NSD = 100, | — Z { } (5)

qcal
e —HYe
exp

Qe

Mz

ARE = (6)

i=1 i
where ¢£*° and ¢£! (mg/g) are experimental and calculated amount
of cyanide adsorbed on activated carbon at time t and N is the
number of measurements made. The smaller NSD and ARE values
indicate more accurate estimation of q; values [23,24].

3. Results and discussion
3.1. Equilibrium isotherms

An equilibrium isotherm expresses the relation between the
amounts of adsorbate removed from solution at equilibrium by unit
of mass of adsorbent at constant temperature. In this study, equilib-
rium data were fitted by four “two-parameter isotherms” including
Freundlich, Langmuir, Dubinin-Radushkevich and Temkin and
two “three-parameter isotherms” including Redlich-Peterson and
Koble-Corrigan.

Langmuir isotherm model can be linearized into at least four
different types including as shown in Table 1. The relative param-
eters of four different linearized forms of Langmuir isotherm
were obtained from the plots between [Ce/ge VS. Ce], [1/ge Vs.
1/Ce), [ge VS. ge/Cel, [ge/Ce Vs. ge]. Also, the relative parameters of
Freundlich, Dubinin-Radushkevich, Temkin, Redlich-Peterson and
Koble-Corrigan isotherms were obtained from the plots between
[In(ge) vs. In(Ce)], [In(ge) vs. £2], [ge vs. In(Ce)], [In((ACe/ge) — 1) vs.
In(Ce)] and [(1/CE) vs. (1/ge)], respectively. The linear regression
method of least squares is used for drawing the trend lines. In the
case of Redlich-Peterson and Coble-Corrigan isotherms, the con-
stants Agp and P were obtained by maximizing the R? value using a

trial and error method which was optimized by 20 iterations using
the solver add-in function, in Microsoft Excel. Linear expression
of these isotherm equations and the way to obtain the isotherm
parameters are given in Table 1.

The Langmuir adsorption model describes monolayer adsorp-
tion of adsorbate onto a homogeneous adsorbent surface [25-28].
Moreover, there is negligible interaction between the adsorbed
molecules and adsorption sites having uniform energies [29].
The empirical Freundlich model is based upon the assumption
of multilayer formation of adsorbate on the heterogeneous solid
surface of the adsorbent and assumes that the stronger binding
sites are occupied first and that the binding strength decreases
with the increasing degree of site occupation [30,31]. Values Kg
and 1/n are Freundlich constants related to adsorption capac-
ity and intensity of adsorption, respectively. The lower fractional
value of 1/n [0<(1/n)<1] indicates that weak adsorptive forces
are effective on the surface of activated carbon [32]. The Temkin
model considered the effects of some indirect adsorbate/adsorbate
interactions on adsorption isotherms [21,24]. As a result of adsor-
bate/adsorbate interactions, the heat of adsorption of all the
molecules in the layer would decrease linearly with coverage [24].
The Dubinin-Radushkevich equation assumes that the amount
adsorbed corresponding to any adsorbate concentration is a Gaus-
sian function of the Polanyi potential [33]. The three-parameter
Redlich-Peterson equation consists of both features of Langmuir
and Freundlich isotherm models [34]. Koble-Corrigan model is also
three-parameter equation which has an exponential dependence
on concentration in the numerator and denominator. This model is a
combination of the Langmuir and Freundlich isotherm type models
and is usually used with heterogeneous adsorption surfaces [35].

The values of the parameters and the correlation coefficients,
Marquardt’s percent standard deviation (MPSD) and the hybrid
error function (HYBRID) obtained are listed in Table 2.

The applicability of the isotherm equation to describe the
adsorption process was judged by the correlation coefficients, R?
values. The adsorption isotherm models fitted the data in the order
of: Koble-Corrigan > Redlich-Peterson > Freundlich > Langmuir-
type(l) > Temkin > Langmuir-type(Il) > Dubinin-Radushkevich >
Langmuir-type(IlI&IV) isotherm.

The above order revealed that the equilibrium data are better fit-
ted by the three-parameter models rather than the two-parameter
models. The Koble-Corrigan model was found to best represent
the equilibrium data, showing that the surface of activated car-
bon for adsorption of free cyanide may be heterogeneous with a
different energy distribution. The Freundlich isotherm model fit-
ted the experimental data better than Langmuir isotherm model,
also suggested that the surface of activated carbon for adsorption
of cyanide is heterogeneous. Furthermore, multilayer adsorption of
cyanide has been proposed by Freundlich isotherm model. Value
of n>1 represents a favorable adsorption condition. Between dif-
ferent linear types of Langmuir model, type(I) best represent the
equilibrium data.

In Fig. 1 the prediction of the amount of adsorption at equi-
librium by various equilibrium isotherm models was plotted
against the experimental values. As shown in Fig. 1, the dif-
ference between experimental data and calculated values by
Koble-Corrigan isotherm is very low and it is showing that, this
isotherm model is the best isotherm for predicting of the amount
of cyanide adsorbed by activated carbon at equilibrium. MPSD
and HYBRID values (Table 2), also suggesting that Koble-Corrigan
isotherm provides a better model of the sorption system.

3.2. Kinetic study

In Fig. 2, the symbols and the lines show the experimen-
tal and calculated values of the adsorbed amount of cyanide
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Table 1
Isotherms and their linearized expressions.
Isotherms Equations Linear expression Plot Parameters Ref.
Freundlich? e =Kg(Ce)lm Inge=InKg+n1InCe Inge vs. InCe Kr =exp(intercept), [21,31,45]
n=(slope)!
Type(I) Ce/ge = (1/Kigm) +(Ce/qm) (Ce/ge) vs. Ce qm =(slope)~",
Ky =slope/intercept
Langmuir® e =(qmKiCe)/(1+KLCe)  Type(ll) 1/e =(1/KLqmCe) +(1/qm) 1/ge vs. 1/Ce qm =(intercept)~', [28]
Ki =intercept/slope
Type(Ill) ge = qm — (1/Ki)ge/Ce Qe VS. qe[Ce qm = intercept,
K. =— (slope)~!
Type(1V) ge/Ce =Kiqm — Kige Ge[Ce VS. ge qm =—(intercept/slope),
Ky = —slope
TemkinP® Ge =qm In(KrCe) e =qm In Kt +qm InCe ge vs. InCe qm =slope, [31,35,46]
Kr = exp(intercept/slope)
Dubinin-Radushkevich? Ge =qm exp(—D&?) In ge = In gy —D&? Inge vs. &2 gm =exp(intercept), [24,31,47]
that D=—slope
&=RTIn(1+C. ")
Redlich-Peterson® e = In[(ArpCe/qe) — 1] =gIn Ce +In Brp In[(ArpCe/qe) — 1] vs. InCe g=slope, [21,34,48]
(ArpCe)/(1 + BgpCS) Brp = exp(intercept),
Arp?
Koble-Corrigan© ge = (AkcCh)/(1 + 1/ge = (1/AxcC?) + (Bkc /Akc) 1/qe vs. 1/CP Axc =(slope)!, [35]
BycCP) Byc = intercept/slope
Pa

2 Optimized using a trial and error method.
b Two-parameter isotherm.
¢ Three-parameter isotherm.

Table 2
Isotherms parameters by linear regression method for the sorption of cyanide by activated carbon.
I[sotherms R? MPSD HYBRID Parameters
Freundlich 0.9902 3.6961 3.4303 Kr=3.1393mgg ! (Lmg 1)"; n=2.4938
Langmuir

Type(I) 0.9652 12.1201 28.1772 qm =47.62mgg'; K. =0.007179 Lmg~!

Type(1l) 0.9410 10.541 32.531 qm=379mgg'; K.=0.00129 L mg !

Type(lll) 0.5902 22432 129.011 gm=31102mgg'; K. =0.01894L mg "

Type(IV) 0.5902 87.725 2641.24 gm=343mgg'; K. =0.00112L mg"!
Temkin 0.9515 8.7449 17.0321 qm=9.766mgg!; Kt =0.0815Lmg"!
Dubinin-Radushkevich 0.7547 18.9112 96.6844 gm=30.08mgg'; D=0.00032 mol? k]2
Redlich-Peterson 0.9946 4.7277 4.2905 £=0.626; Brp=1.06 (Lmg')%; Agp=4mgg ' (Lmg!)
Koble-Corrigan 0.9996 0.9613 0.1522 Axc=3.52mgg ! (Lmg ')"; Bxc=—0.45 (Lmg~')"; P=0.1

as a function of time at different initial cyanide concentrations,
respectively. It can be observed from Fig. 2 (symbols) that the sorp-
tion capacity increases with time and at a certain time reaches
to a constant value where no more cyanide is removed from
the solution. For all initial cyanide concentrations, the most of
cyanide is removed within the first 24 h. It should be noticed

39
—Exprimental data
O Redlich-Peterson
34 | 4 Koble-Corrigan
% Freundlich
= + Temkin
En 29+  © Dubinin-Radushkevich o o
g 8
3
=
- 241
j
=
5 19
2 L
@]
14 *
L4
9 I " 1 n L
10 15 20 25 30 35 40

Real g, (mg/g)

Fig. 1. The calculated amount of adsorbed cyanide at equilibrium by differ-
ent isotherm models (g.) vs. experimental g. (conditions: sorbent dosage=15g
(500 mL)~1; stirring speed = 100 rpm; T=25=+2°C; pH 10).

that an increase in initial cyanide concentration leads to an
increase in the sorption capacity of cyanide by activated carbon.
Fig. 3 also shows that an increase in the initial cyanide concen-
tration increases the equilibrium time. This is due to the fact
that, at low cyanide concentration, more readily available sorp-
tion sites adsorb the cyanide ions, but at higher concentrations,
cyanide ions have to diffuse to the inner sites of the activated
carbon. It is also noticed that an increase in the initial cyanide
concentration leads to an increase in the residual cyanide in solu-
tion. It is also noticed that although the adsorbed amount of
cyanide increases with an increase in the initial cyanide concen-
tration, but the remaining cyanide concentration in solution is also
increases.

The adsorption kinetics of cyanide onto activated carbon was
examined with Elovich, fractional power, zero order, first order,
pseudo-first order, second order and pseudo-second order kinetic
models.

The linear regression method of least squares was used to deter-
mine the parameters of the kinetic models. Pseudo-second order
kinetic model can be linearized into at least four different types
as shown in Table 3. The relative parameters were obtained from
the plots between [g; vs. Int], [In g; vs. Int], [g; vs. t], [In(g;) vs. t],
[In(ge — q¢) vs. t], [qe " vs. t], [t/ge vs. t], [1/qe vs. 1/t], [qe vs. q¢/t]and
q:/t vs. q¢], respectively. Linear expression of these kinetic equa-
tions and the way to obtain the kinetic parameters are explained in
Table 3.
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Table 3
Kinetic models and their linearized expressions.
Kinetic models Equations Linear expression Plot Parameters Ref.
Elovich q: = BIn(aft) qr=PBlIn(af)+BInt qr vs. Int B=slope, & =(slope)~! exp(intercept/slope) [21,31]
Fractional power qr=kt" Ing;=Ink+vint Ing vs. Int k=exp(intercept), v = slope [31]
Zero order qr=qe — kot qr=qe — kot qr Vs. t ge = intercept, ko = —(slope) [31]
First order qe =q; exp(kqt) In(ge/q:) =kt In(g;) vs. t ge = intercept, k; = —(slope) [31]
Pseudo-first order qc=qe[1 —exp(—kipt)] In(ge — q¢)=1nge — k1pt In(qe —q¢) vs. t ge =exp(intercept), ki, = —(slope) [42,43]
Second order qr=qe/(1+qekat) q;l =q;! + kot g vs. t ge =(intercept)~!, k; = slope [31]
Type(l) t/q; = 1/kapg? + t/qe t/qe vs. t ge =slope™1, ka, = (slope?)/intercept
Pseudo-second order qe = kopq?t/(1 + gekapt)  Type(ll) 1/qe = (1/kapq?)(1/t) +(1/qe) 1/qs vs. 1/t ge =intercept~!, kop, = (intercept?)/slope [44]
Type(Ill) gc = ge — (1/k2pqe)qe/t qr VS. qeft e =intercept, kyp = —1/(slope x intercept)
Type(IV) q¢/t = kapq2 — k2pQeq: qe/t vs. q; e = —intercept/slope, kap = (slope?)/intercept
Intraparticle diffusion g =kpt®® qe=kpt®> qe vs. 193 kp =slope [22,36]

Table 4
Kinetic models parameters by linear regression method for the sorption of cyanide by activated carbon at 102 mg/L initial cyanide concentration.
Kinetic models R? NSD ARE Parameters
Elovich 0.941 9.54 8.01 B=3.05gmg!; ®=1.79mgg ' h!
Fractional power 0.893 19.55 14.42 k=4.95mgg'h ;v =0.343
Zero order 0.519 58.60 34.38 qe=7.797mgg"; ko=-0.184mgg-"'h-!
First order 0.418 59.82 37.96 Ge=2.046mgg'; k; =—0.016 h~!
Pseudo-first order 0.978 43.83 31.46 ge=15.26mgg'; k1p=0.193h~!
Second order 0.278 207.1 88.01 ge=6.58mgg'; k,=—0.002gmg ' h!
Pseudo-second order
Type(I) 0.998 8.67 6.17 ge=16.95mgg"; ky, =0.0234gmg ' h-!
Type(Il) 0.989 7.79 6.15 ge=16.39mgg!; kyp=0.0239gmg~" h-!
Type(III) 0.939 16.74 11.19 qe=16.95mgg!; kp=0.0213gmg ' h~!
Type(1V) 0.939 35.71 28.69 ge=17.28mg g~ '; kyp =0.0196gmg " h~!
Intraparticle diffusion 0.750 4436 25.22 kp=1.702mgg ' h-0>

Table 4 presents the values of correlation coefficients (R2),
NSD, ARE and constants of different kinetic models for sorption of
cyanide onto activated carbon at 102 mg/L initial cyanide concen-
tration.
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Fig. 2. The adsorbed amount of cyanide as a function of time at different initial
cyanide concentrations. (a) 102, 306 and 532 mg/L; (b) 202 and 396 mg/L. Symbols
are experimental values (exp.) and lines are the calculated values (cal.) by type(I) of
pseudo-second order kinetic model (conditions: sorbent dosage=1.5g (500 mL)~';
stirring speed =100 rpm; T=25 £ 2°C; pH 10).

Low correlation coefficients (<0.939), high NSD (>16.74%) and
ARE (>11.19%) confirm that fractional power, zero order, first
order, pseudo-first order, second order, intraparticle diffusion and
type(IlI&IV) of linearized form of pseudo-second order kinetic mod-
els do not give a good regression (figures are not shown).

The correlation coefficient, NSD and ARE for the type(l) of
linearized form of pseudo-second order equation were 0.998,
8.67% and 6.17%, respectively. Furthermore, the calculated ge value
through this model is close to the experimental value. This strongly
suggests that the sorption of cyanide onto activated carbon is most
appropriately represented by a pseudo-second order kinetic model.
This model supposes that two reactions either in series or in parallel
are occurring, the first one is fast and reaches equilibrium quickly
and the second is a slower reaction that can continue for a long
period of time [31].

40

35 ©102 mg/l 4202 mg/l B o-ag—n
©306 mg/l + 396 mg/l

30| @s532mgl gt

G (Mg/g)

t0.5 (h 0,5)

Fig. 3. Weber-Morris plots for cyanide adsorption onto activated carbon at dif-
ferent initial concentration (conditions: sorbent dosage=1.5g (500mL)~!; stirring
speed=100rpm; T=2542°C; pH 10).
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The correlation coefficient for type(ll) of linearized form of
pseudo-second order equation is lower than type(I) but calculated
values of NSD and ARE are lower than type(I) and furthermore cal-
culated ge value is closer to the experimental value (16.39 vs. 16).
This indicates that type(Il) of linearized form of pseudo-second
order equation is more accurate in prediction of g. value compared
with type(I).

Fig. 2 (lines) shows the calculated values of adsorbed amount
of cyanide versus time for the type(I) of linearized form of pseudo-
second order kinetic model. These curves indicate that the pseudo-
second order kinetic model is consistent with the data at different
initial cyanide concentrations.

Since the pseudo-second order model cannot identify the diffu-
sion mechanism, intraparticle diffusion model based on the theory
proposed by Weber and Morris was employed to identify the diffu-
sion mechanism. It is assumed that the rate is not limited by mass
transfer from the bulk solution to the external surface of adsor-
bent due to the particles are vigorously agitated during the sorption
period [36-39].

Weber and Morris reported that if intraparticle diffusion was
dominated in the adsorption process, then a plot of t%5 versus the
adsorption amount would be linear [39-41]. Fig. 3 represents the
plot of g; versus t%> for the initial cyanide concentrations of 102,
202, 306, 396 and 532 mg/L. All plots seem to be nonlinear for
the whole sorption period, suggesting that the intraparticle dif-
fusion is not the rate-limiting step for the whole reaction. The
data can be better represented by two linear steps with different
slopes (kp). Value of kp is rate constant for the intraparticle diffu-
sion (mgg~1h=%5). It was found that the rate constant increased
with initial cyanide concentration. The first steep linear step is

due to fast adsorption of cyanide onto activated carbon. Cyanide
adsorption slows down in the second stage due to the diffusion

of cyanide ions into the inner adsorption sites of the activated
carbon.

4. Conclusion

The main conclusions drawn from these studies may be sum-
marized as follows.

(i) Three-parameter isotherm models fitted the adsorption equi-
librium data better than the two-parameter isotherm models
and among all of isotherms the adsorption equilibrium data
of cyanide were best represented by Koble-Corrigan isotherm
model, showing that the surface of activated carbon for adsorp-
tion of free cyanide may be heterogeneous with a different
energy distribution.

(ii) The Freundlich isotherm model fitted the equilibrium data
better than Langmuir isotherm model, revealing that the
adsorption of cyanide onto the activated carbon was multi-
layer adsorption. Also, between four different linear types of
Langmuir model, type(I) shows better fitting with experimen-
tal data.

(iii) The kinetic data closely follow the pseudo-second order kinetic
model.

(iv) Weber-Morris plots show that the adsorption process of free
cyanide is a two step process. In the first step, the adsorp-
tion of cyanide is fast while in the second step, cyanide
adsorption slows down. Also these plots indicate that the intra-
particle diffusion is not the rate-limiting step for the whole
reaction.
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