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a b s t r a c t

This work is a contribution to the use of natural, cost-effective biosorbants in industrial wastewater
treatment processes, addressing more particularly to the effluents resulting from surface treatment and
mining industries. A dead fungal biomass (i.e., Pleurotus mutilus) collected as a waste from an antibi-
otic production plant was tested as a biosorbent for iron(III)–cyanide complex ions. A physicochemical
characterization of this biomass was followed by batch biosorption experiments. Potentiometric titra-
tion confirmed by FTIR analysis indicated a variety of functionalities on the biomass surface, primarily
carboxylic and amine groups which conferred to the biosorbent a positive charge in acid medium and a
negative charge in alkaline medium. Biomass pre-treatment with acetic acid slightly improved its biosorp-
tion efficiency which was also affected by the initial pH of the test solution, the size and concentration
of biosorbent particles, and the stirring speed of the particle suspension. In particular, the best perfor-
otentiometric titration mance was obtained at strongly alkaline pH (around 12) even though the overall electrical charge of the
biomass was negative in this pH range. The sorption kinetics obeyed both pseudo-first-order and pseudo-
second-order models and intraparticle diffusion was the main limiting step in the biosorption kinetics.
Applying the Langmuir isotherm modelling, the highest biosorption efficiency, i.e., the maximum solid
phase concentration of complex ions (forming a complete monolayer coverage on the sorbent surface)
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was over 620 mg g . Con
these promising results.

. Introduction

Several industries, e.g., mining and surface treatment industries,
enerate huge quantities of cyanides, as free ions or complexes,
ogether with heavy metals such as nickel, copper, zinc and iron. The
resence of free cyanide in waste effluents represents a real envi-
onmental danger because of the toxicity of this compound which
nhibits dioxygen transfer from blood to tissues. Cyanide, strongly
eactive, readily forms with metals complexes of varying stability
nd toxicity, for instance iron(II)– and iron(III)–cyanide complex
ons. As a rule, cyanide complexes are less toxic than free ions but
an be slowly decomposed under sunlight UV radiations to release

ree cyanide [1,2]. Strict environmental regulations are applied to
aters containing free cyanide and metal cyanide complexes. In

eneral, these waters can be released into the environment only
fter detoxification [2,3].
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us fixed-bed sorption–desorption experiments are in progress to confirm

© 2008 Elsevier B.V. All rights reserved.

In addition to thermal treatment methods, physical, chem-
cal and biological processes can be applied to the treatment
f cyanide-loaded wastewaters. Physical and chemical treatment
echnologies include activated carbon adsorption, ion exchange,
otation, precipitation, chemical oxidation (by SO2/air mixtures,
ydrogen peroxide, peroxymonosulfuric acid, ozone and ultravio-

et radiation, etc.), alkaline chlorination [4,5]. All these methods
uffer from limitations since they often involve high capital and
perational costs and may also be associated with the generation
f secondary wastes presenting treatment problems.

The biological treatment of cyanide-containing effluents [6,7]
s based on the ability displayed by a number of microorganisms,
.e., bacteria [8–10], fungi [11–13] and microalgae [14], to degrade
yanide or/and its metal complexes into products that are less
oxic to the environment. Cyanide or metal cyanide complex ions

re the sole source of nitrogen provided to microbial cultures and
re degraded as cometabolic secondary substrate in the presence
f a carbon source, e.g., glucose. The toxicity of cyanide and its
omplexes requiring the use of acclimated strains and extended
ncubation periods, the need for careful control and monitoring of

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:a_chergui@yahoo.fr
dx.doi.org/10.1016/j.cej.2008.06.029


A. Chergui et al. / Chemical Engineerin

Nomenclature

b Langmuir isotherm constant (dm3 mg−1)
C0 initial solute concentration in liquid phase

(mg dm−3)
Ce liquid phase solute concentration at equilibrium

(mg dm−3)
Cst liquid phase concentration of solute at the biosor-

bent surface at time t (mg dm−3)
Ct solute concentration in bulk liquid phase at time t

(mg dm−3)
Di average diffusion coefficient in the solid (m2 s−1)
dp mean biomass particle diameter (�m)
k1 rate constant of pseudo-first-order sorption (min−1)
k2 rate constant of pseudo-second-order sorption

(g mg−1 min−1)
Ka acidity constant
KF Freundlich isotherm constant (mg(n−1)/n dm3/n g−1)
ki intraparticle diffusion rate constant (mg g−1 s−0.5)
kL external (liquid-film) mass transfer coefficient

(m s−1)
m mass of adsorbent used (g)
n Freundlich isotherm exponent
qe solid phase concentration of adsorbate at equilib-

rium (mg g−1)
qm maximum adsorption capacity of biosorbent

according to Langmuir model (mg g−1)
qt solid phase concentration of adsorbate at time t

(mg g−1)
R correlation coefficient
S surface area of the biomass per unit solution volume

(m2 m−3)
Sp specific surface area of the biomass (m2 g−1)
t time (min)
Vsol solution volume in biosorption tests (dm3)
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X biomass concentration (g dm−3)
�app apparent density of the biomass (g cm−3)

iodegradation conditions (temperature, pH, aeration)—in particu-
ar the need to perform biodegradation assays at pH values that do
ot affect microbial activity, i.e., around neutrality, with the risk of
yanide loss as HCN, are some of the problems encountered by this
romising biodegradation route. The assimilation of iron cyanide
omplex ions by plants fed with spiked solutions [15], the uptake
f cyanide by plant tissues (leaves and roots) [16] have also been
nvestigated. The results show that plant biomass may be a suitable
andidate material for cyanide removal but need to be confirmed
o assess the potentialities of these phytoremediation processes.

The special surface properties of microorganisms and plants
nable them to adsorb different types of pollutants from solutions.
ell walls of microbial and plant biomasses are composed primar-

ly of various organic compounds such as chitin, polysaccharides,
ipids, amino acids, glucanes and other cellular components capable
o achieve the passive uptake of different pollutants by adsorption,
on exchange, micro-precipitation, complexation or chelation. This
assive bioaccumulation process (biosorption) has distinct advan-
ages compared to the conventional methods: it does not produce
ther dangerous products (not polluting), it can be strongly selec-

ive and efficient and consequently profitable for the treatment
f large volumes of wastewater containing low pollutant concen-
rations. Furthermore, cost-effective adsorbents can be obtained
rom biomass. Biosorption has been widely applied to wastewater
reatment over a score of years, more particularly for the removal
g Journal 147 (2009) 150–160 151

f heavy metal ions from industrial effluents [17–20]. Few stud-
es focused on biosorption of metal–cyanide complex ions [21,22],
owever.

A variety of biomass is used by the SAIDAL antibiotic com-
lex at Medea, Algeria, among which the basidomycete Pleurotus
utilus (Clitopilus scyphoides), an edible mushroom from which

he tricyclic diterpenoid compound pleuromutilin, an antibiotic for
eterinary use, is isolated. Huge quantities of residual P. mutilus
iomass resulting from the antibiotic extraction process are dis-
osed of after incineration. The purpose of the present work is to
alidate the valorization of this waste biomass as a biosorbent for
ron(III)–cyanide ions.

The ability of a biosorbent to accumulate a given pollutant
s controlled by the physical and chemical properties of both
he biosorbent (size and charge of particles, functional chem-
cal groups) and the adsorbing species (ion size and charge),
ogether with the operating conditions of the sorption process (pH,
emperature, stirring speed, ionic strength). Hence, the physical
nd chemical characteristics of crude and pre-treated P. mutilus
iomass were first investigated. Batch biosorption tests were then
erformed under varying operating conditions to optimize the
iosorption efficiency of the mycelial biomass. Finally, the sorption
ata were compared with standard kinetic and equilibrium models
o clarify the mechanisms that control complex ion biosorption.

. Materials and methods

.1. Biomass preparation and characterization

.1.1. Biomass preparation
Waste P. mutilus biomass was collected at the SAIDAL antibi-

tic production complex in Medea (Algeria). The crude biomass
as washed thoroughly first with tap water, then with distilled
ater, and dried for 24 h at 60 ◦C in an oven. The dried biomass was

round manually in a mortar and sieved into seven particle size
anges: 50–80, 100–160, 160–200, 200–250, 250–315, 315–400,
00–500 �m. To try to release adsorption sites on the biosorbent
urface, biomass samples were submitted to chemical treatment
y soaking and shaking in acid (0.1 mol dm−3 HCl or 0.1 mol dm−3

H3COOH) or basic (0.1 mol dm−3 NaOH) solutions. All biomass
ractions were stocked at room temperature before characteriza-
ion and biosorption experiments.

.1.2. Biomass characterization

.1.2.1. Acid–base potentiometric titration. A mass of 1.25 g of fungal
iomass was added to 125 cm3 of 0.05 mol dm−3 NaCl solution in an
rlenmeyer flask equipped with magnetic stirring. Precise volumes
f 0.1 mol dm−3 HCl or 0.01 mol dm−3 NaOH were added to the
iomass suspension. After each addition of titrant, the suspension
as agitated (150 rpm) for 12 h, ensuring pH stabilization. pH was
easured using a HI 221 pH-meter (Hanna Instruments, Tanneries,

rance) equipped with a HI 1131P glass electrode (Hanna).
The overall biomass charge per unit surface was calculated as

ollows considering electrical neutrality of the liquid-biomass sus-
ension:

acid pH (HCl added):

Q+
x = F(V0 + Va)

mSp

(
NaVa

V0 + Va
+ [OH−] − [H+]

)
(1)
where Q+
x is the positive overall charge per unit surface of

biomass, V0 is the initial volume of liquid medium in the test
flask, Na and Va are the normality and the added volume of acid,
respectively, m and Sp are the mass and specific surface area of
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the biomass, respectively, [H+] and [OH−], the molar concentra-
tions of protons and hydroxyl ions in solution, respectively, and F
the Faraday constant.
basic pH (NaOH added):

Q−
x = F(V0 + Vb)

mSp

(
NbVb

V0 + Vb
+ [H+] − [OH−]

)
(2)

in which Q−
x is the negative overall charge per unit surface of

biomass, and Nb and Vb are the normality and added volume of
base, respectively.

.1.2.2. Zeta potential. The zeta potential of biomass particles was
easured using a Nano-ZS Zetasizer from Malvern (Malvern, UK).

.1.2.3. IR spectral analysis. Translucent sample disks were pre-
ared by encapsulating 1 mg of finely ground biomass particles in
00 mg of KBr. Infrared spectra were obtained using a PerkinElmer
TIR1650 spectrometer.

.1.2.4. Humidity, apparent density and specific surface area. To
etermine the residual humidity of the biosorbent, a known
mount of biomass was dried for 24 h at 105 ◦C in an oven. The
iomass humidity (%) was calculated from the ratio of mass loss
uring drying to the initial biosorbent mass. The apparent density
f the biomass �app was determined by pycnometry. The effective
urface area of the biosorbent was approximated as the external
urface of biomass particles. Assuming that the biomass particles
re spherical, their external surface per unit volume of test solution
s

= 6m

dp�appVsol
(3)

here m is the sorbent mass suspended in the test solution, dp the
ean diameter of sorbent particles, and Vsol the solution volume.
The specific surface area of the biomass Sp was calculated from

he following expression:

p = 6
dp�app

(4)

.2. Biosorption tests

Calibrated solutions of potassium haxacyanoferrate in deionized
ater with varying concentrations were prepared. Batch biosorp-

ion tests were performed in duplicate at ambient temperature in
-dm3 flasks equipped with magnetic stirring. A known amount of
. mutilus biomass was added to 500 cm3 of deionized water. The
H was adjusted to the desired level using 0.1N NaOH or 0.1N HCl.
hen (at time 0 of the test) the fungal suspension was supplemented
ith a given volume of calibrated K3Fe(CN)6 solution to yield ini-

ial iron(III)–cyanide ion concentrations ranging between 0.1 and
000 mg dm−3. The residual concentration of complex ions at time
was determined iodometrically [23] after filtration of the sample
hrough 8-�m-pore-size filter paper. The solid phase concentration
f iron(III)–cyanide ions at time t (qt) was calculated as follows:

t = C0 − Ct

X
(5)

here C0 and Ct are the concentrations of complex ions at time 0

nd at time t, respectively, and X is the concentration of the biomass
uspension (X = m/Vsol).

To build adsorption isotherms, varying C0 concentrations were
sed and a single titration of hexacyanoferrate ions was performed
fter biosorption for 48 h, a period sufficient to reach equilibrium.

w
t
s
s
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he solid phase concentration of complex ions at equilibrium (qe)
as calculated from Ce, i.e., the Ct value at equilibrium:

e = C0 − Ce

X
(6)

.3. Theory

.3.1. Adsorption kinetics
Two simplified kinetic equations are very frequently used to

odel the adsorption process for a wide range of solute–sorbent
ystems, including metal ions and natural biosorbents: the pseudo-
rst-order and pseudo-second-order equations proposed initially
ar Lagergren [24] and Ho and McKay [25], respectively:

.3.1.1. Pseudo-first-order kinetic model (Lagergren’s equation).

dqt

dt
= k1(qe − qt) (7)

here k1 is the pseudo-first-order rate constant for the adsorption
rocess.

After integration between t = 0 and t = t, Eq. (7) becomes:

n(qe − qt) = ln(qe) − k1t (8)

The plot of ln(qe − qt) versus t gives a straight line for first-order
inetics. The value of k1 is equal to the slope of this straight line.

.3.1.2. Pseudo-second-order kinetic model (Ho’s equation).

dqt

dt
= k2(qe − qt)

2 (9)

here k2 is the rate constant of pseudo-second-order adsorption.
Integrating Eq. (9) between t = 0 and t = t gives:

1
qe − qt

= 1
qe

+ k2t (10)

If the pseudo-second-order kinetic model is applicable, the plot
f Eq. (10) gives a straight line whose slope is equal to k2.

.3.2. Diffusion models
Sorption kinetics are generally controlled by various factors

ncluding the following four steps: (i) solute transfer from the solu-
ion to the boundary film surrounding the particle (bulk diffusion),
ii) diffusion of the solute through the boundary layer to the sur-
ace of the sorbent (film diffusion), (iii) diffusion from the surface
o intraparticle sites (intraparticle diffusion) and (iv) solute adsorp-
ion at active sites of the particle via mechanisms of ion exchange,
recipitation, complexation and/or chelation. Processes (ii) and (iii)
re likely to be rate controlling and various kinetic equations have
een proposed to model these processes.

.3.2.1. Film diffusion. During the first steps of adsorption, the
ntraparticle resistance is negligible and the transport is mainly
ue to film diffusion mechanism. The change in adsorbate concen-
ration as a function of time can be written according to the film
iffusion model proposed by Spahn and Schlünder [26]:

dCt = −kLS(Ct − Cst) (11)

dt

here Cst is the surface concentration of adsorbate at time t, kL is
he external (liquid-film) mass transfer coefficient and S the specific
urface area for mass transfer (i.e., the ratio of the sorbent exchange
urface to the reactor volume).
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Table 1
Acid–base potentiometric assessment of functional groups in various biomass types

Biomass type pKa Groups Ref.

Corynebacterium glutamicum
Gram-positive soil bacterium

3.5–5.0 Carboxylic [31]
6.9 Phosphate
8–10 Amine

Sphaerotilus natans Gram-negative
wastewater bacterium

5 Carboxylic [32]
8.6 Phosphate

Spirulina sp. blue-green freshwater
microalga (cyanobacterium)

2.1–3.1 Carboxylic [33]
6.8–7.8 Phosphate

10.8–11.7 Hydroxyl, amine

Chaetophora elegans green freshwater
a

6.6–7.3 Carboxylic [34]

S

2
c
i

q

w

l

w
s
i
r

F

3

3

3

a
p
t
sites that can act as ligands in biosorption phenomena. This method
was used successfully in several works on various biomass types
(Table 1).

The titration curves of the raw and pre-treated biomasses (Fig. 1)
show the existence of several inflection points which correspond to
A. Chergui et al. / Chemical Eng

Assuming that the surface concentration of adsorbate is negli-
ible and Ct = C0 during the initial stages of adsorption, Eq. (11) can
e simplified as

d(Ct/C0)
dt

= −kLS (12)

Integrating Eq. (12) yields:

n
(

Ct

C0

)
= −kLSt (13)

The value of kL can be obtained from the slope of ln(Ct/C0) as a
unction of time for the low t values.

.3.2.2. Intraparticle diffusion. Various models have been reported
o describe the intraparticle diffusion kinetics, in particular those
roposed by Weber and Morris [27] and Urano and Tachikawa [28]:

Weber and Morris model [27]:
This model assumes the dependence of qt (or Ct) on the square

root of time:

C0 − Ct = kit
0.5 (14)

where ki is the intraparticle diffusion coefficient.
Urano and Tachikawa model [28]:

The sorption kinetics is modelled by the following equation:

ln

[
1 −

(
qt

qe

)2
]

= −4�2Di

d2
p

t (15)

where qt and qe are solute concentrations in the solid (biomass) at
t and at equilibrium, respectively, dp is the mean particle diameter
and Di is the average diffusion coefficient in the solid.

The value of Di can be determined from the slope of
n[1 − (qt/qe)2] as a function of time.

.3.3. Sorption equilibrium
Adsorption isotherms describe the solute–sorbent interactions.

mong a number of isotherm equations available for analyzing
xperimental sorption equilibrium data, the most applied are the
angmuir [29] and the Freundlich [30] models.

.3.3.1. Langmuir isotherm. The Langmuir model assumes mono-
ayer adsorption at specific homogeneous sites on the sorbent
urface. Therefore, the sorbent has a finite capacity for the adsor-
ate (at equilibrium, a saturation point is reached beyond which no
urther adsorption can occur):

e = qmbCe

1 + bCe
(16)

here qe and Ce are the solute concentration in liquid (bulk solu-
ion) and solid (sorbent) phases at equilibrium, respectively, qm is
he maximum solid phase concentration of adsorbate (forming a
omplete monolayer coverage on the sorbent surface) and b is the
angmuir constant related to solute affinity for the sorbent-binding
ites.

A linear form of (16) is
Ce

qe
= 1

qmb
+ Ce

qm
(17)

The values of qm and b can be obtained by plotting Ce/qe against
e.

F
b

lga 8.2–10.5 Amine, phenol

argassum wightii marine brown alga 4.3 Carboxylic [35]
8.8 Amine

.3.3.2. Freundlich isotherm. The Freundlich isotherm is an empiri-
al model that applies to adsorption on heterogeneous surfaces and
s expressed by the following equation:

e = KFC1/n
e (18)

ith its logarithmic form:

n(qe) = ln(KF) + 1
n

ln(Ce) (19)

here Ce is the equilibrium concentration of the adsorbate in bulk
olution and KF and n are Freundlich constants. The KF constant
s an indicator of the adsorption capacity of the sorbent while 1/n
eflects the adsorption intensity.

The plot of ln(qe) versus ln(Ce) allows the determination of the
reundlich constants.

. Results and discussion

.1. Biomass characterization

.1.1. Potentiometric titration and overall biomass charge
P. mutilus biomass contains polysaccharides, proteins and lipids

nd can be considered as a polyelectrolyte with amino, carboxyl,
hosphate and sulfate groups. The acid–base potentiometric titra-
ion allows identifying those ionisable functional groups or binding
ig. 1. Acid–base potentiometric titration of crude or pre-treated Pleurotus mutilus
iomass. Particles with diameters ranging from 50 to 80 �m were used.
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ig. 2. Determination of acid functions of the biomass using the second derivative
urve of pH vs. titrant volume: example of crude biomass.

he end points and consequently provide the equivalence volumes
nd the values of pKa for the prevalent functional groups on the
iosorbent surface. A precise evaluation of these inflection points

s difficult but is somewhat facilitated by searching for zero val-
es of the second derivative of pH versus titrant volume, which
orrespond to maximum and minimum values of the first deriva-
ive (Fig. 2). According to this graphical determination, three main
nflection points could be distinguished on the titration curves,
orresponding to ionization of the major functional groups partici-
ating in ion binding. The first one was located between pH 4.8 and
H 5.4 and corresponded to carboxylic groups whose pKa values
ange between 2 and 5 depending on the aliphatic or aromatic char-
cter of the carboxylic function [36]. The second inflection point,
etween pH 8.6 and pH 9.4, was that of phosphate groups. The

ast one, at pH 9.1–10.6, represented the amino groups of protein
aterials and the phenolic groups of acids [37].
Fig. 3 shows the pH-dependence of biomass overall charge cal-

ulated using Eqs. (3) and (4). A logical decrease in the overall
harge of the four tested biomass samples was observed as pH
ncreased. At acidic pH, the positive overall charge of the biosorbent
as due primarily to the protonation of amino groups provided

y proteins, the carboxylic groups being neutral or partially nega-
ive. As pH increased, protonated amino groups were progressively
eutralized; conversely carboxylic (and phosphate groups) became
egatively charged. The overall absolute charge of the untreated
iomass at pH 3 was three times higher than at pH 12. This indi-
ates that the quantity of amino groups in the biomass was high

ompared to carboxylic ones.

The zeta potential of biomass particles was also a decreasing
unction of pH in the pH 3–8 range (Fig. 4). Zeta potential is the
lectrical potential at the surface of a particle. It characterizes the
harge of a particle with a bound layer of counterions attached to

ig. 3. Evolution of the overall electrical charge of the biomass as a function of initial
H of the liquid medium (50–80-�m diameter particles).
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ig. 4. Zeta potential of crude biomass particles as a function of initial pH of the
iquid medium (50–80-�m diameter particles).

ts surface. The zeta potential of a number of biosorbent particles,
ncluding bacteria [38], cyanobacteria [39], yeasts [40], fungi [41],
ichens [42], aquatic [43] and terrestrial [44] plant materials, has
een shown to be a decreasing function of pH.

.1.2. Infrared spectroscopy
Infrared analysis allows identification of some characteristic

eaks from functional groups, including those implied in biosorp-
ion. The complex IR spectra of native, acid and alkali-treated P.
utilus biomass fractions (Fig. 5) confirmed the presence of R–NH2

mino groups (amino acids, proteins, glycoproteins, etc.), carboxylic
cids (fatty acids, lipopolysaccharides, etc.), sulfonates and phos-
hates (Table 2).

The different chemical treatments induced no significant shifts
r changes in intensity of the characteristic absorbance bands,
ith only slight peak shifts and/or intensity changes at 1642 cm−1

nd for bands <800 cm−1, the disappearance of peaks at 1740 and
410 cm−1 for acid-treated biomass, and the disappearance of weak
eak at 1230 cm−1 for acid- or alkali-treated biomass. It is difficult
o propose a precise interpretation of these minor modifications
hat probably involved carboxylic groups (Table 2) whose protona-
ion/esterification levels were modified by pre-treatment.

.2. Biosorption tests

.2.1. Determination of optimal operating conditions for
iosorption

To optimize the biosorption efficiency of P. mutilus biomass,
iosorption experiments were first performed under varying oper-
ting conditions relating to the biosorbent (biomass chemical
re-treatment, concentration and particle size), the sorbate (hex-
cyanoferrate concentration) and the test medium (initial pH,
gitation speed).

.2.1.1. Effect of initial pH and biomass pre-treatment. Fig. 6 shows
he biosorption kinetics of hexacyanoferrate ions by crude P. mutilus
iomass at low and high initial pH of the liquid medium. At both
Hs, the uptake of complex ion by the fungal biomass was slow in
omparison with most reported data on (free) metal ion adsorp-
ion by various biosorbents: a minimum contact time of about 24 h

as necessary to achieve the sorption equilibrium. In contradiction
ith the pH-charge profile of the biomass, the biosorption capacity
as noticeably lower at acid pH than at high pH. The biosorption

fficiency of all biomass fractions, crude or pre-treated, was low
t acidic or neutral pH and increased rapidly at pH higher than
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ig. 5. Infrared spectra of crude or pre-treated biomass (50–80-�m diameter partic

1 (Fig. 7). A very similar effect of initial pH on the biosorbent
fficiency at equilibrium has been reported by Aksu et al. using Rhi-
opus arrhizus biomass for iron(III)–cyanide ion biosorption [21].
o convincing explanation of this behaviour was given by these
uthors, however.

Various mechanisms have been proposed to try to explain the
dsorption of a negative complex on a negatively charged sur-
ace, in particular as concerns the adsorption of gold and silver
yanide on activated carbon in the weakly acidic and alkaline pH

anges. Since electrostatic adsorption of complex ions is excluded,
dsorption may proceed by way of chemisorptive interactions,
ossibly at uncharged active centres [45]. Adsorption involving

on pairs, whose formation leads to charge neutralization of the
dsorbing species, and adsorption of unpaired ions implying strong

able 2
R absorption bands and corresponding possible groups

ave number
cm−1)

Band
intensitya

Assignment

Functional groups Bonds

434 S (broad) Amide, amine N H stretching
Alcohol O H stretching

919 S (narrow) Carboxylic acid O H stretching
Alkane C H stretching

743 W Carboxylic acid, ester C O stretching

642 A Amide C O stretching
Amine N H bending
Alkene C C stretching

418 A Sulfate S O stretching
Alkane C H bending
Phenol O H stretching
Carboxylic acid C O stretching

231 W Carboxylic acid, ester,
anhydride

C O stretching

082 S (broad) Ether, alcohol, ester C O stretching
98 A Alkene C H bending
800 A Phosphate, sulfonate, sulfide

a S: strong; A: average; W: weak.

d
t
k
m

c
t
p
t

F
p
t

1) Crude, (2) NaOH-treated, (3) HCl-treated and (4) CH3COOH-treated biomass.

dsorbate–adsorbent interactions that exceed the electrostatic
epulsion, are the two most widely accepted theories (see Ref. [46]
nd references therein).

These results show that the elimination of the cyanide complex
s effective in alkaline medium only. After alkalinization, effluents
earing cyanide and metal ions like those produced by mining or
urface treatment industries will contain free or metal-combined
yanides in addition to trace metal ions—since most metal ions,
ncluding ferric or ferrous iron, will be precipitated as hydroxides
ue to their low solubility constants. The treatment of these indus-
rial effluents by biosorption on P. mutilus may be advantageous
nowing that the cyanide ion is very unstable and volatile in acid
edium.
At pH 12.5, the crude and CH3COOH-treated biomass parti-
les showed very similar biosorption efficiencies, noticeably higher
han those obtained for NaOH- and HCl-treated ones. However, the
ositive/negative influence of acid/base pre-treatment on biosorp-
ion capacity was low compared to that reported by others [47].

ig. 6. Biosorption kinetics of hexacyanoferrate anions by crude P. mutilus biomass
articles (50–80-�m diameter) at acid and alkaline pHs (hexacyanoferrate concen-
ration, 150 mg dm−3; biomass concentration, 3.0 g dm−3; stirring speed, 150 rpm).
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ig. 7. Adsorption capacity of P. mutilus biomass (50–80-�m diameter particles)
s a function of initial pH of the liquid medium (hexacyanoferrate concentration,
50 mg dm−3; biomass concentration, 3.0 g dm−3; stirring speed, 150 rpm).

s a consequence, a highly alkaline initial pH of 12.5 was selected
or the next biosorption tests that were performed using crude
iomass.

.2.1.2. Effects of biomass and hexacyanoferrate concentra-
ions. In the range of the tested complex ion concentrations
100–1000 mg dm−3), the equilibrium capacity of P. mutilus
iomass reached a maximum value for an initial biosorbent con-
entration of ca. 0.3 g dm−3 (Fig. 8). On the other hand, the absolute
mount of complex ion adsorbed increased with the biosorbent
oncentration owing to an increasing adsorption surface area
not shown). The decrease in qe value as biomass concentration
ncreases is a frequently reported observation [21,31,38,40] and

ay be due to partial particle aggregation causing a decrease in
pecific surface area of the biosorbent.

At a given initial concentration of biomass, in particular at the
ptimal concentration of 0.3 g dm−3, the qe value was an increasing
unction of the initial concentration of complex ions (Fig. 8). How-

ver, the percentage of adsorbed hexacyanoferrate was noticeably
igher at moderate C0 value, reaching ca. 24% at C0 = 150 mg dm−3

ompared to 7% at C0 = 975 mg dm−3. Therefore, initial concentra-
ions of 0.3 g dm−3 biomass and 150 mg dm−3 hexacyanoferrate
ere chosen for next experiments.

ig. 8. Influence of biomass concentration (crude biomass; 50–80-�m diameter
articles) on adsorption efficiency for different initial concentrations of hexacyano-

errate ions (initial pH, 12.5; stirring speed, 250 rpm).

u
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s
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ig. 9. Influence of stirring speed on adsorption efficiency (crude biomass;
0–80-�m diameter particles; initial pH, 12.5; hexacyanoferrate concentration,
50 mg dm−3; biomass concentration, 0.3 g dm−3).

.2.1.3. Effect of stirring speed. The biosorption efficiency of the
iomass was noticeably affected by the stirring speed of the par-
icle suspension (Fig. 9). The qe value increased with the agitation
peed to reach a maximum at 150 rpm. A higher probability of col-
ision between adsorbing ions and biosorbent particles, together

ith a decrease in external mass transfer resistance (i.e., increased
ulk and film diffusion of complex ions) explain this effect as a
onsequence of turbulence enhancement. The biosorption capacity
ecreased at higher agitation speed that affected the homogene-

ty of the biomass particle suspension due to vortex formation. A
tirring speed of 150 rpm was selected from these results.

.2.1.4. Effect of biomass particle size. Fig. 10 shows the influence
f the mean diameter of biomass particles (dp) on the biosorbent
bility to adsorb complex ions. The qe value was an increasing func-
ion of dp, reaching a maximum for the 315–400-�m fraction and
tabilizing at higher dp value. This evolution was observed for the
rude biomass and all other biomass types, acid- or alkali-treated,
he crude and CH3COOH-treated particles remaining the most effi-
ient for all tested sizes. It contradicts most published data that
nderline the favourable effect of a decrease in biosorbent particle
ize on biosorption efficiency—the smaller the particle, the larger its
pecific area (Sp). Probably the benefit of a higher available interfa-

ial area was offset by enlarged intraparticular diffusion resistance
or the smaller P. mutilus particles.

From these preliminary results, the following conditions were
sed for kinetic and equilibrium biosorption experiments: crude
nd CH3COOH-pre-treated biomass; initial pH, 12.5; biosorbent

ig. 10. Influence of particle size on adsorption efficiency of crude and pre-treated
iomass granules (initial pH, 12.5; hexacyanoferrate concentration, 150 mg dm−3;
iomass concentration, 0.3 g dm−3).
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Table 3
Physical characteristics of the biomass

Biomass type Particle size,
dp (�m)

Humidity (%) Apparent
density, �app

(g cm−3)

Specific areaa,
Sp (m2 g−1)

Crude 50–80 3.70 0.66 0.14
CH3COOH-treated 50–80 1.81 0.60 0.15
C
C

c
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Table 4
Rate constants of pseudo-first-order and pseudo-second-order diffusion models

Biomass type Pseudo-first-order Pseudo-second-order

k1 (×103 min−1) R2 k2 (×105 g mg−1 min−1) R2

R
T
R
T

i
a

a
(
s
h
s
b
p
f
f
t

3
e
(
o
i
f
k
i
t
o

3
o
t
s

rude 315–400 2.50 0.52 0.03
H3COOH-treated 315–400 2.60 0.55 0.03

a An average value of dp was used for calculations.

oncentration, 0.3 g dm−3; initial hexacyanoferrate concentration,
50 mg dm−3 (kinetic experiments); agitation speed, 150 rpm. In
ddition, two biomass particle sizes were tested, i.e., the finest par-
icles resulting from biomass grinding (50–80 �m) and the largest
nes leading to optimal sorption efficiency (315–400 �m). Some
hysical characteristics of the selected two biomass fractions are
iven in Table 3.

.2.2. Kinetic experiments and modelling
The biosorption kinetics of hexacyanoferrate ions by P. mutilus

iomass particles in the optimal operating conditions defined
bove are shown in Fig. 11. In such optimized conditions, these
inetics remained slow: about 5 h of contact were necessary to
each 50% of the maximum (equilibrium) sorption capacity (qe)
hich, at the tested initial concentration of complex ions (i.e.,

50 mg dm−3), amounted to 185 and 310 mg g−1 for crude biomass
articles with 50–80 and 315–400 �m diameters, respectively. The
e values for CH3COOH-treated biomass particles were slightly
igher, i.e., 205 and 335 mg g−1. To clarify the mechanisms con-
rolling the adsorption process, these experimental data were
ompared to some standard kinetic models.

.2.2.1. Pseudo-first-order and pseudo-second-order models. The
alues of the rate constants for the pseudo-first-order (k1) and
seudo-second-order (k2) sorption reaction were obtained respec-
ively by plotting the linearity of ln(qe − qt) versus t (Eq. (8)) and
f 1/(qe − qt) versus t (Eq. (10)). The rate constants for kinetic

odelling of complex ions uptake are presented in Table 4. The

xperimental adsorption kinetics were adequately described by
oth Lagergren and Ho relationships, with correlation coefficients
lose to 1, Eq. (10) giving slightly better fits for the 50–80 �m par-
icles. The rate constants k1 and k2 decreased as the particle size

ig. 11. Adsorption kinetics of hexacyanoferrate anions by biomass particles with
ptimized operating conditions (initial pH, 12.5; hexacyanoferrate concentration,
50 mg dm−3; biomass concentration, 0.3 g dm−3; agitation speed, 150 rpm) and use
f crude and CH3COOH-treated biomass granules with 50–80 �m or 315–400 �m
iameter.

t
t
t
t
p
p

F
o
d

aw, 50–80 �m 2.66 0.957 2.51 0.985
reated, 50–80 �m 2.57 0.959 1.58 0.993
aw, 315–400 �m 1.24 0.983 1.21 0.977
reated, 315–400 �m 0.79 0.990 0.41 0.995

ncreased and as a consequence of biomass pre-treatment with
cetic acid.

The pseudo-first-order and pseudo-second-order models
ssume that the biosorption rate is proportional to the number
or the square of number) of unoccupied sites at the biosorbent
urface. An increase in rate constants with decreasing particle size
as been frequently observed and attributed to the larger total
urface area of small particles [48]. According to these models,
iomass pre-treatment reduced the number of free sites at the
article surface: since the best biosorption efficiency was obtained
or large, pre-treated biomass granules, biosorption of hexacyano-
errate ions by P. mutilus biomass was very probably not limited to
he particle surface.

.2.2.2. External mass transfer (film diffusion) model. The initial
xternal diffusion rate (kLA in Eq. (13)) and the corresponding
liquid-film) mass transfer coefficient kL, obtained from the slope
f ln(Ct/C0) as a function of time for the low t values (Fig. 12), were
ncreased by increasing the biomass particle size (Table 5). There-
ore, the use of large particles favoured external mass transfer. The
L values were low compared to reported data on various metal
on-biosorbent systems, including free metal ions V(IV) and chi-
osan [49], complex, negatively charged Cr(VI) ions and chitin [50],
r else Cu(II) ions and waste sugar beet pulp [51].

.2.2.3. Intraparticle diffusion models. In agreement with a number
f published data [52–54], intraparticle diffusion plots according
o the Weber and Morris model (Eq. (14)) presented two succes-
ive linear regions, the first straight line showing a steeper slope
han the second one (Fig. 13). These linear relationships between

he sorption efficiency of biomass particles and the root of contact
ime indicate that the rate-controlling step of complex ion biosorp-
ion was essentially intraparticle diffusion. The bi-linearity of the
lots may be attributed to the existence of two different classes of
ores in the biosorbent structure, i.e., macropores and micropores.

ig. 12. Plots of ln(Ct/C0) vs. time for determination of the mass transfer coefficient
f complex ions through the stagnant film surrounding biomass particles (external
iffusion).
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Table 5
External and intraparticle diffusion coefficients

Biomass type (R, raw; T, treated) Initial liquid-film mass transfer coefficienta Intraparticle diffusion rate constantb Average diffusion coefficientb

kLS (×105 s−1) kL (×107 m s−1) R2 ki1
c ki2

c R2 Di (×1015 m2 s−1) R2

R, 50–80 �m 1.16 2.8 0.917 0.75 0.986 1.8 0.989
0.22 0.917

T, 50–80 �m 1.31 2.9 0.924 0.71 0.964 1.5 0.971
0.24 0.944

R, 315–400 �m 1.35 15.0 0.960 1.03 0.984 46.0 0.992
0.27 0.907

T, 315–400 �m 1.59 17.6 0.977 0.76 0.992 22.2 0.996
0.18 0.716
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a monolayer sorption mechanism. Better correlation coefficients
were obtained for the Langmuir equation, however.

The results obtained for the most efficient biomass particles
a External diffusion.
b Intraparticle diffusion.
c ki (mg g−1 s−0.5).

he values of the corresponding intraparticle diffusion rate con-
tants ki1 and ki2 (Table 5) were in the range of [53,55] or, more
requently, superior to [52,54,56–58] those given by others for a
ariety of sorbent–sorbate couples. The rate constants ki1 and ki2
haracterizing diffusion of complex ions in 315–400 �m diameter
articles were somewhat higher than those determined for smaller
ranules. In addition, biosorption rate control by micropore diffu-
ion occurred more rapidly in 50–80 �m biomass particles than in
arger ones. This may indicate reduced accessibility of adsorbing
ons to the macroporous volume of the biosorbent and/or some
logging of macropores in thin particles. The process of complex
on biosorption by thin biomass particles began with macrop-
re diffusion whereas the Weber and Morris plots displayed a
onlinear portion during the early contact times for 315–400 �m
iosorbent particles, indicating that biosorption by larger par-
icles was also affected by boundary film diffusion during this
eriod.

A fairly linear distribution of experimental biosorption data was
lso obtained by applying the Urano and Tachikawa model (Eq. (15),
ig. 14). The Di values were significantly higher for large biomass
articles than for thinner ones, but remained very low compared
o the diffusion coefficient of hexacyanoferrate ions in water, i.e.,
round 7 × 10−10 m2 s−1 [59,60]. They were in the range of literature
ata [49,54,56], however.

.2.3. Equilibrium experiments and modelling
The effect of the initial concentration of iron(III)–cyanide ions
n the biosorption efficiency of crude and pre-treated biomass par-
icles is shown in Fig. 15. Whatever the particle size, the maximum
apacity for the two types of biomass was reached for an initial con-
entration of complex ions around 1200 mg dm−3. The highest qe

ig. 13. Intraparticle diffusion kinetics for complex ion biosorption on crude and
re-treated biomass particles according to the Weber and Morris model.

(

F
b
t
g

ig. 14. Intraparticle diffusion plots according to Urano and Tachikawa model.

alue, namely 616 mg g−1, was displayed by granules of CH3COOH-
reated biomass with diameters in the 315–400 �m range.

From linearized Langmuir (Eqs. (16) and (17)) and Freundlich
Eqs. (18) and (19)) isotherms of complex ions, Langmuir and Fre-
ndlich parameters characterizing adsorption capacity (qm, KF) and
ffinity (b, n) of P. mutilus particles for complex ions and their
orrelation coefficients (R2) were calculated (Table 6). Both mod-
ls satisfactorily fitted the biosorption equilibrium data, indicating
pre-treatment with acetic acid, 315–400 �m diameter) are very

ig. 15. Effect of varying initial concentrations of hexacyanoferrate ions on the
iosorption efficiency of P. mutilus biomass (initial pH, 12.5; biomass concentra-
ion, 0.3 g dm−3; agitation speed, 150 rpm). Crude and CH3COOH-treated biomass
ranules with 50–80 �m or 315–400 �m diameter were used.
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Table 6
Sorption isotherm coefficients of Langmuir and Freundlich models

Biomass type Langmuir Freundlich

qm (mg g−1) b (dm3 mg−1) R2 KF (mg(n−1)/n dm3/n g−1) n R2

Raw, 50–80 �m 373.2 0.0113 0.997 54.1 3.79 0.966
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reated, 50–80 �m 420.0 0.0125
aw, 315–400 �m 550.8 0.0308
reated, 315–400 �m 623.8 0.0282

imilar to those reported by Aksu et al. [21] for biosorption of
ron(III)–cyanide ions to R. arrhizus biomass at pH 13.

. Conclusion

In this study, adsorption of iron(III)–cyanide on P. mutilus
ungal biomass in crude or acid/alkali-treated form has been mon-
tored in batch assays. Biosorption efficiency was shown to be
ffected by various experimental parameters including biomass
re-treatment, particle size and initial pH of the complex ion solu-
ion.

Adsorption capacity was little modified by acid/alkali treat-
ents compared to native biomass, avoiding the need for time

onsuming and costly pre-treatment stages of the biosorbent. The
aximum efficiency of crude and pre-treated biomass was reached

or particle size between 315 and 400 �m. This particle size is
igher than those commonly tested in batch biosorption experi-
ents, e.g., metal biosorption with powdered bacterial [48], fungal

61,62] or algal biomass [63], but somewhat lower than those rec-
mmended by Volesky [19] for continuous experiments. It may be
herefore a good compromise between maximum mass transfer
nto the particles and minimum resistance to liquid flow in con-
inuous (columnar) processes [19].

Although P. mutilus cell wall contained chemical groups con-
erring to this biomass an overall positive charge in acid medium
amine groups) and a negative charge in basic conditions (car-
oxylic, phosphate groups), the best performance of the complex
nion biosorption was obtained at strongly alkaline pH, i.e., around
2. Therefore, under the conditions of optimal pH, this biosorbent
an be used successfully in operating conditions that allow the
imultaneous removal of complex metal–cyanide ions (by adsorp-
ion) and free metal ions (by precipitation) likely to coexist in
ndustrial wastewaters with no possibility of free cyanide liberation
s HCN.

The adsorption kinetics of iron(III)–cyanide ions on P. mutilus
articles was also discussed in the light of classical models for sur-

ace adsorption, film diffusion and intraparticle mass transfer. Both
urface adsorption and intraparticle diffusion contributed to the
ctual adsorption process. The equilibrium adsorption data fitted
ell to the Freundlich and Langmuir isotherm models. The maxi-
um monolayer capacity of fungal biomass in optimal operating

onditions was over 600 mg g−1, in the range of the values reported
y others [21].

In conclusion, this study demonstrates that the dried P. mutilus
iomass may be used as an effective biosorbent for the treatment
f wastewater containing complex cyanided ions. P. mutilus is not
nly an abundant industrial waste and may be an alternative to
ore costly materials, such as the widely used activated char-

oal but also microbial biomass specifically cultivated for the sole
urpose of biosorption. However, the relatively slow biosorption

inetics of the complex anion, controlled primarily by intraparti-
le diffusion, is a negative feature for practical development of
his material. These preliminary batch experiments must therefore
e followed by additional tests in a continuous system (column
eactor) with improved adsorption/desorption rates to confirm the

[

[

[

0.997 66.0 3.97 0.964
0.999 115.5 4.41 0.928
0.999 178.6 6.11 0.932

echnical and economic interests of this biosorbent. Such tests
re being performed and results will be published in the near
uture.
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