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ABSTRACT

In this study, the simultaneous biosorption and bioaccumulation of phenol and cyanide
by co-culture/mixed culture of Pseudomonas putida (MTCC 1144) and Serratia odorifera
(MTCC 5700) strains immobilized onto coconut shell activated carbon (CSAC) were inves-
tigated. The batch experiments were performed for the elimination of phenol and cyanide
from mono and binary aqueous solution using initial concentrations of phenol
(100–1,000 mg/L) and cyanide (10–100 mg/L). Under optimum conditions, the CSAC was
demonstrated a biosorption capacity 500.55 mg/g of phenol and 2.41 mg/g of cyanide at
pH 8, biomass dose 30 g/L and temperature 30˚C. In a binary component system among
six multicomponent isotherms, extended Freundlich model indicates a better fit for both
phenol and cyanide. Moreover, the kinetic experimental results show that both phenol
and cyanide were defined by the pseudo-first-order kinetic model. Thermodynamic study
was established that the simultaneous biosorption and bioaccumulation of phenol indi-
cates the exothermic nature of the process and cyanide indicates the endothermic nature
of the process.
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1. Introduction

It is well predictable that the occurrence of phenol
and cyanide compounds in the atmosphere can be
unfavorable to a diversity of living species, as well as
to man. Phenol, cyanide, and their compounds are
generally present in the effluent generated from a
variety of industries including metal processing, metal
electroplating, pharmaceuticals, iron-steel, coke,
mining, petroleum refining, pesticide, electroplating,
pharmaceuticals, wood conserving chemicals, plastics,
and explosives manufacturing industries [1–7].

Presence of phenol and cyanide in effluent is extremely
dangerous, and in the simultaneous occurrence, the
influences are increased. Long-term contact of phenol
and cyanide can cause nerve damage, thyroid effects,
weight loss, eyes and skin injuries, gastrointestinal dis-
orders, liver, lung, kidney and heart damage, even
death, and other severe mental disturbances [8,9]. The
minimal national standard (MINAS) of the Central Pol-
lution Control Board (CPCB) and United States of
Environmental Protection Agencies (USEPA), regula-
tions for industrial wastewater set the maximum con-
tamination limit (MCL) of phenol and cyanide at 0.5
and 0.2 mg/L, respectively [2,4].
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The foremost methods, which have been employed
to reduce the phenol and cyanide from wastewater,
comprise chemical oxidation, precipitation/coagula-
tion, biosorption, biodegradation, ion exchange, elec-
trolytic methods, and membrane processing etc. These
techniques have been established to be insufficient,
because they involve high operational and capital
costs and may also be related to the production of sec-
ondary pollutants. Among them, biosorption method
is effective in usage comprised the use of biosorbents.
Biosorption has emerged as a favorable method, hav-
ing advantages as low cost, high removal efficiency,
easy operation, no additional nutrient requirements,
and no harmful effects on the environment. A wide
range of bacteria, fungi, byproducts, and agricultural
waste has been discovered for the elimination of pol-
lutants [2,4,10]. The use of micro-organisms immobi-
lized onto biosorbent surface for the removal of
organic species provides a possible alternative to
accessible treatment technique for detoxification of
toxic components from industrial effluents. Bioaccu-
mulation process has different advantages such as: no
chemical sludge formation, extra efficiency, ease of
operation, and cost-effectiveness. Enhancement of the
biosorption capacity of carbon in the biological
method has been known to bioregeneration, that is,
the improvement of biosorption capacity of biosorbent
by the bioaccumulation process. Removal of pollutants
by biological method on the biosorbent surface can
reopen biosorption sites [11]. It has been commonly
established that bioregeneration process involves des-
orption of adsorbed pollutants from biosorbent to bulk
solution, followed through bioaccumulation. The use
of simultaneous biosorption and bioaccumulation pro-
cesses is to be very effective in the elimination of toxic
compounds from different types of wastewater [12,13].
Many researches on bioregeneration techniques have
focused on a monocomponent only. On the other
hand, wastewater generally contains more than one
component that might affect treatment methods.

The present study is based on the simultaneous
removal of phenol and cyanide by co-culture of micro-
organisms immobilized onto surface of coconut shell
activated carbon (CSAC). However, the foremost aim
of this current study is (i) to define the optimum value
of process parameters viz., biosorbent dose, pH, con-
tact time, temperature, initial concentration of phenol
and cyanide for simultaneous elimination of phenol
and cyanide by the use of co-culture of Pseudomonas
putida (MTCC 1144) and Serratia odorifera (MTCC 5700)
immobilized onto the surface of CSAC (ii) to define
the parameters of monocomponent and multicompo-
nent adsorption isotherms models, (iii) to study the
thermodynamics of the process, and (iv) to evaluate

the kinetics of simultaneous biosorption and bioaccu-
mulation of phenol and cyanide and find out the best
fit kinetic models.

2. Materials and methods

2.1. Preparation of biosorbent

Coconut shell obtained was thoroughly washed
with distilled water to remove dirt residue on the sur-
face, and then carbonization of coconut shell was car-
ried out at 600˚C in a muffle furnace for 2 h [14,15].
After pretreatment, dried CSAC was then transformed
into particle size < 2 mm by crushing in a grinder and
sieving. CSAC was soaked with 2 N H2SO4 solution in
2:1 liquid–solid ratio and stirred at 60˚C until com-
plete removal of water obtained. The treated CSAC
was washed with distilled water to eliminate excess
acid and dried in an oven at 80˚C for overnight. This
CSAC was kept in a sealed storage bag and used as a
carrier for micro-organism. Co-cultures of P. putida
(MTCC 1194) and S. odorifera (MTCC 5700) were used
in this experimental study of simultaneous biosorption
and bioaccumulation.

2.2. Preparation of biosorbate solutions and chemicals

For the current study, phenol and cyanide were
obtained from Himedia Laboratories Pvt. Ltd. Mum-
bai, India. All reagents used were of the analytical
grade. Stock solutions of phenol and cyanide were
obtained by dissolving the appropriate quantities of
phenol and sodium cyanide in 1 L of double-distilled
water, respectively. Stock solution of both components
was prepared daily as per necessity. The solution was
kept in a brown bottle of glass, and entirely enclosed
with aluminum foil to avoid photo-oxidation. The pH
of the solutions was regulated using dilute HCl and
NaOH. Surface morphology and characterization of
biosorbent were determined using Field Emission
Scanning Electron Microscopy (Fe-SEM), Energy-Dis-
persive X-ray (EDX), and Fourier Transform Infrared
Spectroscopy (FTIR). Fourier Transform Infrared Spec-
troscopy (FTIR, Nicolet 6700, USA) was employed to
determine the functional groups existing on biosor-
bent’s surface. Field Emission Scanning Electron
Microscope (FE-SEM Quanta 200 FEG, FEI Nether-
lands) was employed to determine the surface mor-
phology and chemical composition of the element
present on the surface of CSAC. The samples of
immobilized co-culture were subjected to vacuum con-
dition monitored by the application of 15 kV. The
SEM, EDX, and FTIR study was performed at three
stages, namely before simultaneous biosorption, after
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immobilization of co-culture, and after the phenol and
cyanide biosorption. The surface area (BET) of the
biosorbent was calculated by physisorption surface
analysis on surface area analyzer (ASAP 2010 Micro-
metrics, USA).

2.3. Acclimatization of micro-organism and inoculum
development

Co-culture was familiarized to phenol up to
1,000 mg/L and cyanide up to 100 mg/L. The micro-
organism P. putida (MTCC 1194) was obtained from
the Microbial Type Culture Collection and Gene Bank,
Institute of Microbiology (IMTECH), Chandigarh,
India, and bacterium S. odorifera (MTCC 5700) was iso-
lated in a laboratory from coke wastewater [16]. These
micro-organisms were revived in the same liquid
medium and stored on the agar Petri dish. To escape
precipitation of salts, the growth medium for micro-
organism was sterilized in two portions.

Part 1: K2HPO4, FeSO4·7H2O, KH2PO4,
Part 2: (NH4)2SO4, MnCl2·4H2O, MgCl2·6H2O, Na2

MoO4·2H2O CaCl2·2H2O [17].

The pH and temperature of the growth medium
therefore obtained were 8.1 ± 0.1 and 30˚C. The
revived co-cultures were grown in medium with glu-
cose as a single source of carbon. The co-culture was
then familiarized to phenol and cyanide environment
by revealing the co-culture in a sequence of flasks
(250 mL), in which the amount of glucose was contin-
uously reduced and phenol and cyanide amount
increased. For inoculum, an additional subculturing
was completed, and all inoculum transfers were com-
pleted in exponential stage. The growth medium for
micro-organism contained phenol/cyanide as the sole
source of carbon and nitrogen [18]. All inoculations
were achieved under aseptic environment in laminar
air flow unit (Rescholar Equipment M. no. RH-57-02,
Ambala, India). The growth curve of co-culture was
achieved by centrifuging the cultivated cells of co-cul-
ture at 8,000 r.p.m for 15 min. Then, the pellet was
formed at the bottom of the centrifuge tube. The pellet
was washed with distilled water and its optical den-
sity (OD) was detected at 600 nm at time interval of
2 h in UV Spectrophotometer (Lambada 35; PerkinEl-
mer, MA 02451, USA). For the growth curve, the phe-
nol and cyanide concentrations to be used were 500
and 50 mg/L, respectively.

When micro-organisms are developed using two
compatible substrates, e.g. two carbon sources, they
have a tendency to exhaust specially the one that toler-
ates a maximum growth rate which is reliable with this

study where micro-organism first utilizes glucose and
then phenol and cyanide [19]. In addition, glucose was
completely utilized by micro-organism within 25 h, as
a carbon source after that micro-organism started to
utilize the phenol and cyanide. This phenomenon was
known as diauxic behavior as shown in Fig. 1.

2.4. Batch experimental studies

Batch experiments for simultaneous biosorption
and bioaccumulation was carried out in 250-mL flat
bottom flask containing 100 mL of liquid nutrient
medium. All the flasks containing nutrient medium
were steam sterilized in an autoclave at 121˚C and
15 psi. Therefore, one loop full of micro-organism
from agar plate was relocated to the autoclaved nutri-
ent medium at room temperature in the laminar flow
chamber and then retained in an incubator shaker
(Metrex, MO-250, India) for 30 h at 30˚C and 120 rpm
for attaining maximum growth of micro-organism.
After obtaining maximum growth of micro-organism,
a measured quantity of CSAC was added to develop a
biofilm onto biosorbent surface by keeping the nutri-
ent solution in an incubator shaker for additional 24 h.
The equilibrium study of biosorption was determined
at 30˚C by observing the concentration of both com-
pounds in solution with varying initial concentration
of 100–1,000 mg/L for phenol and 10–100 mg/L for
cyanide until equilibrium was achieved with a fixed
dose of biosorbent 30 g/L. After centrifuging, the con-
centration of phenol and cyanide was determined by
UV Spectrophotometer with a wavelength of 510 nm
for phenol and 520 nm for cyanide. For an optimiza-
tion study of biosorbent dose, a fixed amount of
biosorbent dose (5–60 g/L) was added to each flask.
To obtain the effect of temperature and the effect of
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Fig. 1. Growth curve of co-culture in the absence and pres-
ence of phenol and cyanide.
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pH, the temperature range of 20–40˚C and the pH
range of 4–12 were selected, respectively. Initial con-
centrations of phenol and cyanide were kept at 500
and 50 mg/L, respectively, excluded in those where
the initial cyanide and phenol concentration effects are
to be studied. All the experiments were conducted in
triplicate and average results were used for the
current study.

The biosorption capacity and percentage removal
of phenol and cyanide were calculated by the equation
given below:

qt ¼ ðCi � CtÞV=M (1)

qeq ¼ ðCi � CeqÞV=M (2)

Percentage removal ¼ ðCi � Cf Þ=Cið Þ � 100 (3)

where qeq is the amounts of phenol and cyanide
adsorbed onto the per unit mass of biosorbent at equi-
librium (mg/g), qt is the uptake of phenol and cyanide
at time t (mg/g), Cf is the final concentration of phe-
nol and cyanide (mg/L), Ct is the liquid phase concen-
tration of phenol and cyanide at time t (h), Ci is the
initial pollutant concentration (mg/L) Ceq is the con-
centration of adsorbate at equilibrium (mg/L), V is
the volume of the solution (L), M is the weight of the
biosorbent (g).

3. Results and discussion

3.1. Characterization of biosorbent

Total pore volume and surface area (BET) of CSAC
biosorbent was calculated by a surface area analyzer

ASAP 2010 Micrometrics, USA. Before immobilization,
CSAC has a high surface area (81.82 m2/g), which
confirms that it is a suitable biosorbent for the simul-
taneous elimination of phenol and cyanide. Figs. 2(a)
and 3(a) indicate the SEM image of CSAC and co-cul-
ture/CSAC, respectively. The porous structure and
smooth morphology of CSAC (Fig. 2(a)) makes it a
suitable biosorbent as it improves the adsorption
capacity. The occurrence of pores on the surface indi-
cated the probability of micro-organism accumulation
[20]. EDX investigation of phenol and cyanide
revealed the weight percentage of chemical composi-
tions existing on the surface of CSAC as follows:
77.93% of C, 11.63% of O, and 10.44% of S as shown
in Fig. 2(b). In case of micro-organism immobilized
onto the surface of CSAC as shown in Fig. 3(a), it was
detected that there is a reduction in surface porosity
and unevenness. The weight percentage of chemical
compositions presented on the surface after immobi-
lization was as follows: 65.1% of C, 25.81% of O,
8.04% of S, and 1.05% of Fe and EDX analysis revealed
in Fig. 3(b). Fig. 4(a) characterizes the SEM image of
CSAC after simultaneous biosorption and bioaccumu-
lation. The chemical composition of the element was
as follows: 47.16% of C, 35.04% of O, 10.45% of S,
3.89% of Na, and 3.46% of Fe.

FTIR of CSAC was accompanied in the range of
400–4,000 cm−1 for three types, namely (a) before
simultaneous biosorption and bioaccumulation of phe-
nol and cyanide, (b) after immobilization of co-culture,
and (c) after simultaneous biosorption and bioaccumu-
lation (Fig. 5). Functional groups like methyl, amide,
hydroxyl, and carboxyl vibrations were existing on
biosorbent and bacterial surfaces. Vibration peaks
around 3,500–3,000 cm−1 were established as the vibra-

Fig. 2. (a) SEM image of CSAC before biosorption and (b) EDX analysis of CSAC before biosorption.
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tions of O–H and –N–H functional groups [21,22]. The
decrease in peak after immobilization and simultane-
ous biosorption and bioaccumulation corresponds to
the strong hydroxyl group and amide vibrations.
Vibrations at 2,921.98 cm−1 indicated the occurrence of
asymmetric or symmetric CH stretching of aliphatic
acids [23]. Peaks between 1,650 and 1,550 cm−1,
1,800 cm−1, 300 cm−1 and 1,160 and 1,000 cm−1 signi-
fied the occurrence of C=C in C=H stretching,
aromatic rings, and C–O stretching [24]. Absorbance
peaks formed due to weak reflectance at 700–610 cm−1

on the surface of CSAC designated the occurrence of
–C≡C–H: C–H bend due to alkynes functional group.
Occurrence and absence of functional groups on

CSAC surface specified that phenol and cyanide
biosorption on the surface of CSAC was arbitrated by
chemical ion exchange.

3.2. Optimization of process parameters

3.2.1. Influence of biosorbent dose and pH

The influence of CSAC biosorbent dose on the
elimination of phenol and cyanide was examined in
the range of 5–60 g/L (Fig. 6). Initial concentration of
phenol and cyanide in aqueous solution was set con-
stant at 500 and 50 mg/L, respectively. It can be
observed from Fig. 6 that at the initial stage, the

Fig. 3. (a) SEM image of CSAC after immobilization of micro-organism and (b) EDX analysis of CSAC after immobiliza-
tion of micro-organism.

Fig. 4. (a) SEM image of CSAC after simultaneous biosorption and bioaccumulation and (b) EDX analysis of CSAC after
simultaneous biosorption and bioaccumulation.
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percent removal of phenol and cyanide was higher.
The increasing phenol and cyanide removal may be
owing to the available surface area of biosorbent and
accessibility of vacant sites for biosorption [25]. The
percentage removal of phenol and cyanide increased
up to 30 g/L. On additional increase in biosorbent
dose, the variation in removal percent was very slow.
After attaining 91.82% removal for phenol and 94.02%
removal for cyanide, biosorbent dose was not consid-
erably effective and percentage removal became con-
stant. Therefore, 30 g/L of CSAC dose is required to
attain the maximum percentage removal of phenol
and cyanide.

Fig. 7 shows the influence of pH on the simultane-
ous biosorption and bioaccumulation of phenol and
cyanide onto CSAC with biosorbent dose 30 g/L and
initial concentration of phenol and cyanide 500 and
50 mg/L, respectively. Initial pH is a significant factor
affecting the biosorption capacity of biosorbent. This is
recognized to the alteration of the biosorbent surface
charge with the variation in pH value. It could be
observed that the percentage removal of cyanide
increased up to pH increased from 4 to 9, and after
that, it became constant at pH higher than 9 [4]. In
lower pH range (4–7), there is a sharp reduction in
removal percentage of cyanide, which could be due to
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hydrolysis of weak acid dissociable cyanides to HCN.
Subsequently, HCN is very hydrophilic and its affinity
to be adsorbed at low pH is significantly decreased.
Though, at higher pH, most of the cyanide exists in
undissociated form [4,10,16]. Subsequently, the pKa

value of cyanide is 9.39 and maximum percentage
removal of cyanide is acquired in the range of pH
9–12. The removal of phenol is found to be slightly
decreased after pH range 8. The phenol pKa value is
9.9 and the zero-point-charge pH of the CSAC is
almost 6.3 [26]. The surface of CSAC biosorbent
displays increasingly more negative values with
increased pH. At lower values of pH < 6.3, phenol is
reserved in the acidic medium and this can be recog-
nized to the positive surface charge of biosorbent and
the occurrence of a H+ ion competing with the phenol
for the adsorption sites [27]. At pH more than 8, phe-
nol as a weak acid is incompletely ionized and the
negatively charged phenol ions are repelled by the
negatively charged biosorbent surface. The decrease in
phenol removal of pH more than 8 may also be an
outcome of the competition between the phenol anions
and OH− ions [26]. Agrawal et al. [16] predicted the
optimum value of pH equal to 8 for S. odorifera
(MTCC 5700) and Kumar et.al. [17] stated the opti-
mum pH as 7 for removal of phenol by P. putida
(MTCC 1194). The main reason behind the inequality
in optimum pH among bacteria was the difference in
functional groups existing on the surface of the cell
membrane.

3.2.2. Influence of time and temperature

The influence of contact time on the percentage
removal of simultaneous biosorption and bioaccumu-
lation of phenol and cyanide is shown in Fig. 8. It
could be understood that the percent removal of phe-
nol and cyanide increased with increase in contact
time until an equilibrium was attained at about 44 h
for phenol and 42 h for cyanide. The maximum rate of
percent removal at the initial stage was owing to
availability of surface area of biosorbent and afterward
the biosorbent capacity becomes exhausted (i.e. at
equilibrium) and continuous reduction in the concen-
tration driving force [28]. The maximum phenol
removal from aqueous solution was 91.74%, whereas
the maximum cyanide removal was found 94.04%,
demonstrating that the CSAC influenced a high attrac-
tion for both phenol and cyanide.

Fig. 9 indicates the influence of temperature on
phenol and cyanide biosorption. The percentage
removal of phenol and cyanide observed in the tem-
perature range from 20 to 40˚C. Though, the percent-

age removal was found more at temperature ranged
from 20 to 30˚C and turn out to be more stable on
additional increase in the temperature. With increas-
ing temperature, the solution viscosity starts to
decrease, thereby increasing the adsorbate diffusion
rate within the pores [29]. Mostly, the rise in tempera-
ture in the sorption of pollutants on the surface of the
biosorbent increases the number of active sites by
breaking the bonds present in cell walls [30,31]. The
initial increase in biosorption of cyanide with increase
in temperature is maybe owing to increase in active
sites resulting from the breaking of some of the
internal bonds nearby the edge of the active surface
sites of the biosorbent [32]. Similar results for biosorp-
tion onto modified activated carbon was obtained by
Canizares [33]. Binding of phenol and cyanide as a
linear function of temperature showed the involve-
ment of chemical forces as well as physical forces of
adsorption. It could be concluded from figure that per-
centage removal of phenol and cyanide does not differ
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significantly with changes in temperature (20–40˚C).
In this study, additional thermodynamic modeling
study was carried out to explain the influence of
temperature on biosorption of phenol and cyanide.

3.2.3. Influence of initial concentration of phenol and
cyanide

The biosorption of phenol and cyanide was
calculated experimentally by changing the initial
concentrations of phenol from 100 to 1,000 mg/L and
cyanide from 10 to 100 mg/L (Fig. 10(a) and (b)). The
results demonstrated that the removal of phenol and
cyanide reduced with increasing initial concentration.
This may be owing to accessibility of enough number
of vacant sites onto the surface of CSAC to absorb
phenol and cyanide. Specific uptake for phenol
increases from 3.32 to 27.48 mg/g of biosorbent and
for cyanide from 0.33 to 3.03 mg/g of biosorbent;
however, percentage removal decreases from 99.96 to
82.46% for phenol and from 99.99 to 90.97% for cya-
nide with increasing initial concentration 100–
1,000 mg/L for phenol and 10–100 mg/L for cyanide.

3.3. Isotherm modeling

Equilibrium modeling of biosorption data is essen-
tial for defining the interactive behavior of biosorbents
and adsorbates. Distribution of pollutants between the
solid phase (biosorbent) and liquid phase can be
described by several monocomponent and binary com-
ponent equilibrium isotherm models.

3.3.1. Monocomponent modeling

The monocomponent biosorption existences were
expressed by the non-competitive model. Several iso-
therm models like Langmuir, Freundlich, Redlich–
Peterson, Tóth, and Fritz–Schlunder have been used to
explain the monocomponent isotherm equilibrium fea-
tures of biosorption of phenol and cyanide onto CSAC
[34,35]. The experimental biosorption equilibrium data
were acquired by changing the phenol and cyanide
concentration with a fixed dose of CSAC (30 g/L).
The model equations are given below:
Langmuir:

qe ¼ ðQ0 b CeÞ=ð1 þ b CeÞ (4)

Freundlich:

qe ¼ KF C
1=n
e (5)

Redlich–Peterson:

qe ¼ KRP � Ceq=1 þ aRP � Cb
eq (6)

Tóth:

qe ¼ q1e � Ceq=ða þ Cn
eqÞ1=n (7)

Fritz–Schlunder:

qe ¼ a1 � Cb1
eq=1 þ a2 � Cb2

eq (8)
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In a Langmuir isotherm model equation, b is the
adsorption equilibrium constant. It is associated with
the free energy of biosorption and heterogeneity mea-
surement of the biosorption process. Q0 is the maxi-
mum amount of pollutant per unit weight of
biosorbent to form a complete monolayer on the sur-
face bound at high Ce, and b is a constant related to
the affinity of the binding sites.

The Freundlich expression is an empirical equation
based on adsorption on a heterogeneous surface, signi-
fying that binding sites are not equivalent and/or
independent. Where KF and n are the monocomponent
Freundlich constant characteristics of the system [36].
Redlich–Peterson model combines the elements of the
Langmuir and Freundlich model in an equation (6),
where KRP and aRP are the constants of Redlich–Peter-
son isotherm model and b is the isotherm exponent
which lies between 0 and 1 [36]. The Tóth and Fritz–
Schlunder models are not commonly used to define
biosorption of phenol and cyanide onto CSAC.

The main purpose to obtain monocomponent
biosorption studies is to estimate the suitable model
on the basis of lower MPSD and to evaluate the
parameters of the multicomponent models used in
biosorption studies. The model parameters were

obtained by non-linear least-squares regression analy-
sis techniques.

The best equilibrium isotherm model is obtained on
the basis of bias factor (BF) nearer to unity and low val-
ues of statistical indices such as normalized standard
deviation (NSD) and root mean square error (RMSE).
The isotherm model parameters for phenol and cyanide
are shown in Table 1. The value of bias factor (BF), sta-
tistical indices NSD, and RMSE values are given in
Table 2. Figs. 11(a) and (b) offer the comparison
between the five different monocomponent isotherm
models for phenol and cyanide. Biosorbent has a
heterogeneous surface for the biosorption of phenol
and cyanide. So, it is predictable that the Redlich–Peter-
son model and Freundlich isotherm model equations
can well characterize the experimental equilibrium
sorption data. The MPSD values are lower for the Fre-
undlich and the Redlich–Peterson models than that for
the Langmuir, Tóth, and Fritz–Schlunder model. Conse-
quently, the equilibrium biosorption data for simultane-
ous biosorption and bioaccumulation on CSAC can be
considered suitable by the Freundlich and the Redlich–
Peterson models in the calculated concentration range.

Between the two parameter model, the Freundlich
model gives a better fit than the Langmuir model. The

Table 1
Mono- and binary component model parameters for simultaneous biosorption and bioaccumulation of phenol and
cyanide onto CSAC

Adsorbate
Langmuir model Freundlich model Redlich–Peterson model

Qo (mg/g) b MPSD KF (mg/g) n MPSD KRP (L/g) aRP (L/mg) β MPSD

Phenol 15.27 3.58 36.66 7.15 4.15 10.08 174,660 24,341.46 0.76 10.09
Cyanide 2.43 1.39 37.71 1.30 4.01 17.18 469,365 371,399 0.75 17.41

Adsorbate
Tóth model Fritz–Schlunder model

qto a n MPSD α1 ((mg/g)/(mg/L)β1) α2 ((mg/L)−β2) β1 β2 MPSD

Phenol 9,815.99 0.33 0.04 11.30 4.36 0.01 0.24 −0.0004 10.08
Cyanide 7,114.30 0.31 0.03 19.37 0.05 −0.93 0.09 0.02 11.45

Adsorbate Non modified Langmuir
Modified Langmuir Extended Langmuir

MPSD ηi,j MPSD Qo,i (mg/g) bi MPSD

Phenol 104.60 13.46 67.50 500.55 0.003 12.37
Cyanide 103.83 0.60 68.10 2.41 1.26 19.20

Adsorbate
Extended Freundlich Non modified Redlich–Peterson

model

Modified
Redlich–Peterson
model

xi yi zi MPSD MPSD ni,j MPSD

Phenol 0.01 0.02 −0.04 10.85 106.01 6.37 38.77
Cyanide −0.10 −0.001 −2.21 16.31 27.34 38.99 72.65
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greater the value of n, the greater the affinity and the
more heterogeneity of the sites of biosorbent will be
greater. It is established from Table 1 that the CSAC
shows little more heterogeneity for phenol than that for
cyanide; as a result, both phenol and cyanide are well
adsorbed by CSAC. In the favorable biosorption pro-
cess, the value of constant n in Freundlich model should
be between 1 and 10. Table 1 shows the value of n
obtained between 1 and 10 for phenol as well as for cya-
nide, representing that the biosorption of both phenol
and cyanide is favorable onto surface of CSAC [36].

The value of the Redlich–Peterson model constant
β between 0 and 1 shows a favorable biosorption pro-
cess onto CSAC. The values of β for phenol and cya-
nide are established to be 0.76 and 0.75, respectively.
Therefore, both phenol and cyanide are adsorbed sat-
isfactorily. Thus, both equilibrium isotherm models,
viz., Redlich–Peterson and Freundlich, show the same
conclusion. In the Langmuir isotherm model, the
value of constant b indicates the feasibility of biosorp-
tion process over the determination of dimensionless
separation factor RL [37], which is defined as:

RL ¼ 1=ð1 þ b C0Þ (9)

Here, C0 is the initial concentration of adsorbate (g/l),
and b is the Langmuir constant (l/g).

This demonstrates the nature of biosorption as
RL = 1 (linear), RL = 0 (irreversible), 0 < RL < 1 (favor-
able), and RL > 1 (unfavorable). The values of RL for
biosorption of phenol and cyanide onto CSAC are in
favorable range. In this study, the value of RL has
been found less than 1 for both phenol and cyanide
presenting that the biosorption of phenol and cya-
nide onto CSAC is very favorable. The value of RL

is found to be decreased with increasing initial con-
centration of phenol and cyanide [38]. Based on the
results indicated in Table 1, best-fitted isotherm
models for phenol biosorption are determined in the
increasing order: (Freundlich > Fritz–Schlun-
der > Redlich–Peterson >Tóth > Langmuir) and for
cyanide in the order: (Fritz–Schlunder > Fre-
undlich > Redlich–Peterson > Tóth >Langmuir).

Table 2
Statistical indices values of phenol and cyanide onto CSAC

S. no. Models
Phenol Cyanide

Bf NSD RMSE Bf NSD RMSE

1 Langmuir model 0.84 32.79 6.28 0.001 33.73 0.24
2 Freundlich model 0.99 9.02 1.48 0.07 15.37 0.16
3 Redlich–Peterson model 0.99 9.02 1.49 0.94 15.57 0.19
4 Toth model 0.98 10.11 1.10 0.95 17.32 0.13
5 Fritz–Schlunder model 0.99 9.02 0.89 0.98 10.24 0.10
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Fig. 11. (a) Comparison of monocomponent isotherm model for phenol and (b) comparison of monocomponent isotherm
model for cyanide.
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3.3.2. Binary component isotherm modeling

When more than one component is existing, com-
petition and interference occurrences for sites available
for biosorption take place and lead to an additional
difficult mathematical origination of the equilibrium.
The simultaneous biosorption data of phenol and
cyanide from the binary mixture onto CSAC has been
fitted to the numerous multicomponent equilibrium
isotherm models, such as non-modified Langmuir and
modified Langmuir models, extended Langmuir and
Freundlich models, and non-modified Redlich–Peter-
son and modified Redlich–Peterson models. Multicom-
ponent model equations are given below [39–41]:

Non-modified competitive Langmuir:

qe;i ¼ ðQ0;ibiCe;iÞ=ð1 þ
XN
j¼1

bjCe;jÞ (10)

Modified competitive Langmuir:

qe;i ¼ ðQ0;ibiCe;i=niÞ=ð1þ
XN
j¼1

bjðCe;j=njÞÞ (11)

Extended Langmuir:

qe;i ¼ ðQ0;ibiCe;iÞ=ð1 þ
XN
j¼1

bjCe;jÞ (12)

Extended Freundlich:

qe;i ¼ ðKF;iC
1=niþ xi
e;i Þ=ðCxi

e;i þ y1Cz;i
e;jÞ (13)

qe;j ¼ ðKF;jC
1=njþxj
e;j Þ=ðCxj

e;j þ y2C
z;j
e;iÞ (14)

Non-modified competitive Redlich–Peterson model:

qe;i ¼ KRPi � Ceqi=1 þ
XN
j¼1

aRPjðCeqjÞbj (15)

Modified Redlich–Peterson model:

qe;i ¼ KRP;i � Ceq;i

gRP;i

 !
1 þ

XN
j¼1

aRP;i
Ceq;i

gRP;i

 !bj
,

(16)

For the binary isotherm study, a binary mixture of
phenol and cyanide was taken, and simultaneous
equilibrium data were calculated by contacting phenol
and cyanide solutions of initial concentration, i.e.
100-1,000 mg/L of phenol, and initial concentration of

cyanide varied from 10 to 100 mg/L with the CSAC
over an equilibrium time of 50 h.

The results of binary component equilibrium
isotherm study demonstrate that for 500 mg/L
concentration of phenol with the presence of 50 mg/L
of cyanide Qph was 15.26 mg/g. Similarly, for
1,000 mg/L concentration of phenol with the presence
of 100 mg/L of cyanide, Qph was 27.49 mg/g for
CSAC. The adsorption capacity of competitive
biosorption is reduced due to its dependence on the
initial concentration of the pollutants, the surface
structure of the biosorbents, and the molecular struc-
ture of the competing adsorbate [42].

The MPSD values between the calculated and
experimental values for the complete data-set of phe-
nol and cyanide are specified in Table 1, while the
plots shown in Figs. 12(a) and (b) revealed the com-
parison between six multicomponent isotherm models
for phenol and cyanide. In binary component system,
non-modified Langmuir model demonstrates a poor fit
to the equilibrium experimental data with MPSD
value 104.60 for phenol and 103.83 for cyanide. Non-
modified R–P Model also indicates a poor fit for phe-
nol with high MPSD value 106.01. The values of inter-
action term ηi,j in the modified Langmuir model and
modified Redlich–Peterson Model were provided
lower MPSD value. The interaction term ηi,j enhanced
the fit of the modified Langmuir and Redlich–Peterson
model. The extended Langmuir and extended
Freundlich models fitted to the experimental data for
a binary component system of phenol and cyanide
onto CSAC reasonably well. Though, the extended
Freundlich model indicates best fitted to the equilib-
rium experimental data with the lowest value of
MPSD 10.85 for phenol and 16.31 for cyanide compar-
ing to other models.

Based on the results indicated in Table 1, best-fitted
binary component isotherm models for phenol biosorp-
tion are determined in the increasing order: (extended
Freundlich > extended Langmuir > Modified Redlich–
Peterson > Modified Langmuir > Non-Modified Redlich–
Peterson > Non-Modified Langmuir) and for cyanide in
the order: (extended Freundlich > extended Lang-
muir > Non-Modified Redlich–Peterson > Modified
Langmuir > Modified Redlich–Peterson > Non-Modi-
fied Langmuir). This is estimated as CSAC, has a
heterogeneous surface, and biosorption of the mono-
component have been well characterized by the
Freundlich isotherm model and binary component data
have also been well characterized by the extended
Freundlich isotherm model.

In binary component aqueous solution, the compo-
nents present in aqueous solution may have three
types of sorption interaction effects such as: if the

26146 N. Singh and C. Balomajumder / Desalination and Water Treatment 57 (2016) 26136–26152



adsorption of the adsorbate decreases when there are
additional adsorbates present in the multicomponent
mixture (antagonism: Qmix/Qi < 1), the adsorption of
the adsorbate increases when there are another adsor-
bates present in the multicomponent mixture (syner-
gism: Qmix/Qi > 1) and if the multicomponent mixture
has no effect on the adsorption of each adsorbate
(non-interaction: Qmix/Qi = 1) [43].

where Qi is the biosorption capacity of component
present alone in the solution and Qmix is the biosorp-
tion capacity of one component in the presence of the
other component in binary component aqueous
solution.

In this study, the ratio of Qmix/Qi for phenol and
cyanide was calculated as 32.77 and 0.99, respectively,
hence founding the fact that phenol and cyanide show
synergism and antagonism effects, respectively.

3.3.3. Validation of model

The parameters of monocomponent models are
obtained using the non-linear regression analysis
method, and statistical indices values of phenol and
cyanide for the monocomponent isotherm models are
presented in Table 2.

For the monocomponent system to obtain courtesy
of the fit of experimental data, the following statistical
measure between the experimental and calculated val-
ues was used as follows [44]:

BFac ¼ 10
X

log10ðQe;cal=Qe;expÞ=N
� �

(17)

NSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

1�Qe;cal=Qe;exp

� �2
N

s
� 100 (18)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

Qe;exp �Qe;cal

� �2
N

s
(19)

The Marquardt’s percent standard deviation (MPSD)
error function was used to correlate the experimental,
and calculated values for isotherm models are given
below:

MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� p

Xp
i¼1

Qexp
e;i �Qcal

e;i

Qexp
e;i

 !vuut
2

(20)

The best fit of the experimental data to the proposed
kinetic models is usually shown by lower ARE values
[45]:

ARE ¼ 100=n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXp
i¼1

Qexp
e;i �Qcal

e;i

Qexp
e;i

 !vuut
2

(21)

where Qexp
e;i is the experimental qe and Qcal

e;i is the
equivalent calculated qe according to kinetic model, n
is the number of observations.

3.4. Kinetic modeling

In the present study, the calculated values of
kinetic models for simultaneous biosorption and
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Fig. 12. (a) Comparison of binary component isotherm model for phenol and (b) comparison of binary component
isotherm model for cyanide.
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bioaccumulation of phenol and cyanide onto CSAC
are studied. The pseudo-first-order and second-order
kinetic model are stated as:

Lagergren0s pseudo-first-order ¼ qt
¼ qeð1� exp ð�K1tÞÞ (22a)

where K1 is the pseudo-first-order adsorption rate con-
stant (h−1).

Pseudo-second-order ¼ qt ¼ k2q
2
et=ð1 þ qe K2tÞ (22b)

where K2 is the pseudo-second-order adsorption rate
constant (g mg−1 h−1).

Here, qt and qe are the amounts of phenol and cya-
nide adsorbed per unit mass of biosorbent at time t
and at equilibrium, respectively, and can be calculated
by Eqs. (1) and (2).

To determine the kinetic model parameters, kinetic
experiments were attended at five initial concentra-
tions of phenol:cyanide (100:10, 200:20, 300:30, 500:50,
and 1,000:100 mg/L), with the temperature at 30˚C,

biosorbent dose at 30 g/L, and constant pH of solution
at 8. Figs. 13(a) and (b) show the experimental qt vs.
time plots for phenol and cyanide at different initial
concentrations, respectively. It can be detected from
figure that the biosorption capacity of both compo-
nents was increasing with time until a certain level
where no additional phenol and cyanide is eliminated
from the solution. For all phenol and cyanide concen-
trations, the maximum of phenol and cyanide is elimi-
nated within the first 32 h. It should be observed that
an increase in the initial concentration of phenol and
cyanide leads to an increase in the biosorption capac-
ity of both component phenol and cyanide by CSAC.

The value of the error function ARE and constants
of kinetic models, pseudo-first-order and pseudo-sec-
ond-order at various initial phenol and cyanide con-
centrations are given in Tables 3a and 3b.

Lower ARE value indicates the better fit of experi-
mental data. Tables 3a and 3b demonstrate the values
of kinetic model constant K1, K2, qt(exp), qt(cal), and ARE
for phenol and cyanide. The results show that the
value of ARE for both phenol and cyanide is lower in
case of pseudo-first-order kinetic model in comparison
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Fig. 13. (a) Concentration–time profile for phenol and (b) concentration–time profile for cyanide.

Table 3a
Kinetic model parameters for phenol

Concentration of phenol
Pseudo-first-order kinetic constant Pseudo-second-order kinetic constant

K1 (h
−1) qt(exp) (mg/g) qt(cal) (mg/g) ARE K2 (h

−1) qt(exp) (mg/g) qt(cal) (mg/g) ARE

100 0.095 3.32 3.13 2.11 0.02 3.32 3.92 2.48
200 0.075 6.54 6.35 2.21 0.01 6.54 8.19 2.76
300 0.05 9.70 10.74 2.17 0.002 9.70 15.27 2.22
500 0.029 15.29 21.29 1.10 0.0005 15.29 34.68 1.16
1,000 0.02 18.11 42.11 4.20 7.41E-05 18.11 78.05 8.58
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to ARE in case of pseudo-second-order kinetic model.
According to these results, it can be recognized that
the pseudo-first-order kinetic model indicates a better
correspondence for the biosorption of phenol and
cyanide onto CSAC.

3.5. Thermodynamic modeling

Thermodynamic modeling parameters such as the
change in entropy (Δs˚), change in enthalpy (Δh˚), and
Gibbs free energy (ΔG˚) related to the biosorption pro-
cess are determined using the following equations
[46,47]:

ln k ¼ Ds
R

� Dh
RT

(23)

DG� ¼ �RT ln k (24)

where R is the gas constant = 8.314 × 10−3 kJ/mole/K,
ΔG˚ is kJ/mole, T = temperature in ˚K, Δs˚ is
kJ/mol K, Δh˚ is the kJ/mole, and k is the equilib-

rium constant (amount on biosorbent/amount in
solution).

The value of k can be acquired by plotting ln(k) vs.
1/T according to Eq. (23). The parameters of thermo-
dynamic modeling of the phenol and cyanide biosorp-
tion onto CSAC are given in Table 4. The value of ΔG˚
for phenol biosorption was increased from −45.90 to
−35.90 kJ/mole and for cyanide biosorption decreased
from −104.65 to −126.39 kJ/mole with increasing
temperature from 20 to 40˚C, signifying that biosorp-
tion might be spontaneous at lower temperature for
phenol. The negative values of ΔG˚ were revealed that
the biosorption of phenol and cyanide onto CSAC
were spontaneous, chemically controlled, and feasible
[48]. The value of Δh˚ for phenol was negative, repre-
senting that the biosorption process was exothermic,
whereas cyanide biosorption was found to be
endothermic in nature. The value of Δs˚ for phenol
and cyanide biosorption onto CSAC was
−0.05 kJ/mol K and 0.11 kJ/mol K, respectively. The
negative value of Δs˚ recommended a reduction in
degree of freedom of the phenol biosorption [49]. The
value of Δs˚ < 1 indicates that the process is reversible.

Table 3b
Kinetic model parameters for cyanide

Concentration of cyanide
Pseudo-first-order kinetic constant Pseudo-second-order kinetic constant

K1 (h
−1) qt(exp) (mg/g) qt(cal) (mg/g) ARE K2 (h

−1) qt(exp) (mg/g) qt(cal) (mg/g) ARE

10 0.18 0.33 0.33 1.11 0.58 0.33 0.38 1.73
20 0.088 0.66 0.70 1.34 0.08 0.66 0.93 1.85
30 0.07 0.98 1.04 0.94 0.04 0.98 1.45 1.41
50 0.04 1.57 1.99 1.14 0.01 1.57 3.13 1.25
100 0.04 2.40 2.88 1.69 0.01 2.40 4.16 1.80

Table 4
Thermodynamic modeling parameters for simultaneous biosorption and bioaccumulation of phenol and cyanide onto
CSAC

CSAC

Adsorbate Temp. (˚C) ΔG˚ (kJ/mole) Δh˚ (kJ/mole) Δs˚ (kJ/mol K) R2

Phenol 20 −45.90 −20.27 −0.05 0.87
25 −46.14
30 −45.60
35 −39.31
40 −35.90

Cyanide 20 −104.66 22.52 0.11 0.94
25 −107.78
30 −117.30
35 −120.45
40 −126.39
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4. Conclusions

In this current study, a simultaneous biosorption
and bioaccumulation system was selected for elimina-
tion of phenol and cyanide using co-culture/mixed
culture immobilized onto CSAC. In conclusion, CSAC
had features that were superior for the elimination of
phenol and cyanide from the aqueous medium.
Several monocomponent and binary component
biosorption isotherm models were used to compare
the experimental data for phenol and cyanide in both
single and in combination. Hence, a binary component
system was established better than a monocomponent
biosorption system for the elimination of phenol and
cyanide. A synergistic effect was exhibited for phenol,
whereas antagonism effects were exhibited for
cyanide, in the binary component system. The pseudo-
first-order kinetic model was indicated a better
correspondence for the biosorption of phenol and cya-
nide. Additionally, the biosorption of phenol onto
CSAC indicates exothermic and cyanide indicates
endothermic in the nature of the process. These
outcomes remark that co-culture/mixed culture immo-
bilized onto CSAC can be appropriately used for the
elimination of phenol and cyanide comprising
wastewater.
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Nomenclature

qt — uptake of phenol and cyanide at time t
(mg/g)

Ct — liquid phase concentration of phenol and
cyanide at time t (h)

Ci — initial pollutant concentration (mg/L)
Ceq — concentration of adsorbate at equilibrium

(mg/L)
V — volume of the solution (L)
M — weight of the adsorbent (gm)
qe — specific uptake of adsorbent at equilibrium

(mg/g)
Qo — Langmuir model constant (mg/g)
B — Langmuir model constant
Qe,i — amount of ith component adsorbed per gram

of adsorbent at equilibrium (mg/g)

Qo,i — constant in modified Langmuir model for ith
component (mg/g)

Ce,i — concentration of ith component in the binary
mixture at equilibrium (mg/L)

KF — Freundlich model constant (mg/g)
N — Freundlich, Toth model constant
KF,i — extended Freundlich model constant (mg/g)
KRP — Redlich–Peterson model constant (L/g)
aRP — Redlich–Peterson model constant (L/mg)
β — Redlich–Peterson model constant
ηRP,i — binary component Redlich–Peterson model

constant (L/g)
aRP,i — binary component Redlich–Peterson model

constant (L/mg)
βj — binary component Redlich–Peterson model

constant
xi; yi; zi — constant in modified Redlich—Peterson

model
K1 — pseudo-first-order model constant
K2 — pseudo-second-order model constant
ΔG˚ — change in Gibbs free energy (kJ/mole)
Δs˚ — change in entropy (kJ/mol K)
Δh˚ — change in enthalpy (kJ/mole)
BF — Bias factor
NSD — normalized standard deviation
RMSE — root mean square error
ARE — average relative error
MPSD — Marquardt’s percent standard deviation
N — number of observations in the experimental

isotherm
P — number of parameter in regression model
Qexp

e;i — experimental value of Qe (mg/g)
Qcal

e;i — predicted value of Qe (mg/g)
α1 — constant in Fritz–Schlunder isotherm

(mg/g)/(mg/L)β1

α2 — constant in Fritz–Schlunder isotherm
(mg/L)−β2

β1β2 — constants in Fritz–Schlunder isotherm
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