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a b s t r a c t

The present study explores the ability of orange waste biomass to remove Cr (III) from aqueous solutions.
Batch kinetic and isotherm studies were carried out on a laboratory scale to evaluate the adsorption
capacity of orange waste. The effects of particle size, adsorbent dose and solution pH on Cr (III) removal
were also studied. The results showed that the higher the adsorbent dosage and the pH, the higher the
percentage of metal removal. No significant influence of particle size on sorption capacity was observed
in the experimental conditions studied. A kinetic study revealed that the adsorption of Cr (III) onto orange
waste was a gradual process and equilibrium was reached within 3 days. A pseudo-second order model
hromium
ixed-bed
ontinuous
reakthrough curves

was the most appropriate to describe the kinetic experimental data. Equilibrium assays displayed a max-
imum sorption capacity ranging from 0.57 mmol/g to 1.44 mmol/g when the pH increased from 3 to 5,
according to the Sips model, which along with the Redlich–Peterson equation, is very suitable for cor-
relating equilibrium data. The use of the studied adsorbent in the removal of chromium in continuous
mode was successful and the breakthrough curves were adequately represented by BDST model. Due to
the slow kinetics of chromium sorption onto orange waste, the sorption capacity in batch assays was

uous
higher than that in contin

. Introduction

Industrialization has led to increased amounts of heavy metals
eing dumped into the environment [1]. These kinds of substances
re stable and persistent environmental contaminants since they
annot be degraded or destroyed, and therefore tend to accu-
ulate in the soils, seawater, freshwater and sediments. Heavy
etals are known to have adverse effects on the environment and

uman health. For example, excessive levels of metals in the marine
nvironment can affect marine biota and pose a risk to human con-
umers of seafood.

Chromium is used in a wide variety of industrial applications,
ncluding steel production, electro-plating, leather tanning, nuclear
ower production, textile manufacturing, wood preservation, the
nodising of aluminium, water-cooling and chromate preparation
2,3]. Long time contact with chromium causes skin allergy and
ancer [4]. In water chromium (III) is toxic to fish when its concen-

ration exceeds 5.0 mg/L [5,6]. The maximum allowable levels of Cr
n drinking water considered safe by the US Environmental Protec-
ion Agency is 0.1 mg/L, although the World Health Organisation
ets the upper limit at 0.01 mg/L.

∗ Corresponding author. Tel.: +34 868 88 70 91; fax: +34 868 88 41 48.
E-mail address: maguilar@um.es (M.I. Aguilar).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.07.034
assays.
© 2009 Elsevier B.V. All rights reserved.

The elimination of chromium from wastewaters is therefore
a priority concern. Many physico-chemical methods have been
developed for heavy metal removal from aqueous solutions, includ-
ing precipitation, oxidation–reduction, ionic exchange, filtration,
electrochemical treatment, membrane techniques and recovery by
evaporation. However, all these methods involve high operating
costs and may produce large volumes of solid wastes [7,8]. Recently,
the search for an effective, simple and cheap treatment for the
removal of heavy metals has turned its attention on biosorption,
using materials of biological origin. Indeed, several materials have
demonstrated their capacity to retain chromium, including carrot
residues [9], eggshells [10], coir pitch [11], rice hull ash [12] and
olive stone [13].

To effectively apply these materials to the removal of heavy
metals, it is essential to understand the mechanism of interaction
between the metal ions and the sorbent material, as well as the
parameters that affect metal biosorption. In this study, a waste from
the orange juice industry was evaluated for its ability to remove
Cr (III) from aqueous solutions through sorption. The influence of
parameters, such as adsorbent dosage, particle size and pH in the

solution, on the biosorption process was examined. Various kinetic
and isotherm parameters were also evaluated from batch biosorp-
tion assays. Since, in industrial processes, continuous reactors are
preferred, column breakthrough data were obtained and analysed
using the BDST model.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:maguilar@um.es
dx.doi.org/10.1016/j.cej.2009.07.034
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. Materials and methods

.1. Adsorbent

The orange waste used as adsorbent in this study was provided
y Agrumexport, S.L., an orange juice manufacturing company

ocated in Murcia (Spain). The orange waste was first cut into small
ieces, extensively washed with tap water to remove adhering dirt
nd soluble components such as tannins, resins, reducing sugar and
olouring agents, and then oven-dried at 50–60 ◦C until constant
eight. The washed and dried material was crushed and sieved to

btain a particle size lower than 1.5 mm. Biomass was character-
zed by Fourier transform infrared spectroscopy (FTIR). The spectra
f the biosorbent before and after metal ion binding were recorded

n a Fourier transform infrared spectrophotometer (Perkin Elmer
6F PC) with the samples prepared as KBr discs.

.2. Chemical

Stock metal solutions (2000 mg/L) were prepared by dissolv-
ng 15.39 g of Cr(NO3)3·9H2O supplied by Panreac in a mixture of
00 mL of distilled water and 10 mL of concentrated nitric acid,
nd diluting to 1 L with distilled water. All working solutions were
repared by diluting the stock solution with distilled water to the
eeded concentration. All chemicals used were of analytical reagent
rade and were purchased from Panreac.

.3. Experimental procedure

.3.1. Batch experiments
Experiments were performed to determine the effect of vari-

us parameters (adsorbent concentration, particle size and pH) on
he sorption of Cr3+ onto orange waste. These studies were carried
ut in batch mode and at constant room temperature. Accurately
eighed amounts of biomass were added to glass flasks contain-

ng 50 mL of metal solution at a concentration of 100 mg/L. The
ixtures were stirred magnetically and their pH was continuously

djusted to the desired value using small volumes of HNO3 or
H4OH dilute solutions. After 3 days, which is more than suffi-

ient to reach equilibrium, samples were filtered through glass
ber prefilters (Millipore AP40) and the filtrates were analysed

or residual metal ion concentration by atomic absorption spec-
rophotometry (Perkin Elmer model AA300) with an air-acetylene
ame.

In order to study the effect of particle size on Cr3+ sorption,
xperiments were carried out at pH = 4 with 0.2 g of biomass
f different particle sizes (<0.15 mm, 0.15–0.3 mm, 0.3–0.5 mm,
.5–0.8 mm, 0.8–1 mm, 1–1.25 mm, 1.25–1.5 mm, 1.5–2.5 mm,
1.5 mm).

The effect of adsorbent concentration on sorption of Cr3+ was
btained by adding 0.0125 g, 0.025 g, 0.05 g, 0.075 g, 0.1 g, 0.15 g,
.2 g, 0.25 g, 0.3 g, 0.35 g or 0.4 g of adsorbent (particle size fraction
1.5 mm) to glass flasks containing the metal solution.

To investigate the effect of pH on the biosorption of Cr3+, the pH
f solutions were adjusted to 2, 3, 4 and 5 (adsorbent dosage = 4 g/L,
article size fraction <1.5 mm).

Isotherm assays were carried out at three different pH values (3,
and 5) by varying the initial concentration of metal from 0 mg/L to
00 mg/L (adsorbent dosage = 4 g/L, particle size fraction <1.5 mm).

Kinetic studies were carried out in a glass beaker with mag-
etic stirring at room temperature (25 ◦C), adding 4 g of biomass

as added to 1 L of metal solution (100 mg/L) and keeping the pH

f the suspension constant throughout the experiment. The assays
ere carried out at three different pH values (3, 4 and 5). Samples

≈5 cm3) were withdrawn at suitable time intervals using 20 cm3

yringes, filtered immediately through glass fiber prefilters and
ering Journal 155 (2009) 199–206

then analysed for metal ion concentration using an atomic absorp-
tion spectrophotometer.

Metal uptake at different adsorbent-solution contact times (q,
mmol/g) was calculated using the general definition:

q = C0 · V0 − Ct · Vt

m
(1)

where C0 and Ct are the metal concentrations in solution (mmol/L)
at time 0 and t, respectively, V0 and Vt are the solution volumes (L)
at time 0 and t, respectively, and m is the mass of the biosorbent
used (g). After reaching equilibrium, Eq. (1) was used to calculate
the adsorption capacity of the adsorbent, qe, using Ct and Vt at
equilibrium.

2.3.2. Continuous experiments
The continuous sorption experiments were carried out in an

acrylic tubular column, 50 cm high and 2.2 cm internal diameter.
The orange waste (particle size from 0.6 mm to 1.5 mm) was packed
in the column between glass beads, which prevents the orange
waste from washing out and enables a uniform inlet flow into the
column. Two different bed heights (25.5 cm and 34 cm) were tested.
These bed heights correspond to 18 g and 24 g of orange waste,
respectively. A 20 mg/L Cr3+ solution at pH 4 was pumped upwards
by a peristaltic pump, at 8.5 mL/min, to the column reactor. The
solution was fed from the bottom of the reactor and samples were
collected at the top of the column during the time-course of the
experiments. Column effluent samples were collected regularly by a
programmable fraction collector and analysed by atomic absorption
spectrometry (Perkin Elmer model AA300). The pH of the efflu-
ent samples was also measured. Each experiment was carried out
until the effluent Cr3+ concentration (Ct) were close to the influent
concentration (C0), Ct/C0 ∼= 0.99.

All batch and continuous experiments were performed in dupli-
cate at least and the mean values are presented with a maximum
deviation of 5% in all the studied cases. Blank samples were run
under similar experimental conditions but in the absence of adsor-
bent. No chemical precipitation or losses of metal ions to the
material employed were detected.

2.3.3. Modelling of kinetic, isotherm and breakthrough curves
Different theoretical models (Table 1) and mathematical treat-

ments were applied to experimental data in order to find a
model which adequately predicts breakthrough curves, kinetic and
isotherm data. The models were fitted using the non-linear fit-
ting facilities of the Solver add-in of Microsoft Excel. The validity
of models was evaluated by the determination coefficient (r) and
the average relative error function (ARE, %). This error function
measures the relative differences between experimental values and
those predicted by the models.

3. Results and discussion

3.1. FTIR analysis

In order to determine which functional groups are responsible
for metal uptake, FTIR spectra of the biosorbent, before and after
Cr3+ uptake, were recorded. The spectra of adsorbent were mea-
sured in the range of 400–4000 cm−1. As can be seen in Fig. 1, the
spectra show a number of absorption peaks, indicating the complex
nature of the material studied.

The FTIR spectrum of orange waste exhibits a broad peak at

3422 cm−1, which corresponds to the O–H stretching vibrations
of cellulose, pectin, absorbed water, hemicellulose, and lignin [14].
The OH stretching vibrations occur within a broad range of frequen-
cies, indicating the presence of free hydroxyl groups and bonded OH
bands of carboxylic acids [15,16]. The band at 2924 cm−1 indicates
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Table 1
Kinetic, isotherm and continuous fixed bed models used in the work.

Parameters

Kinetic models
Pseudo-first order qt = qe · (1 − e−k1 ·t ) qe , equilibrium sorption capacity

(mmol/g)
k1, pseudo-first order rate constant
(min−1)

Pseudo-second order qt = t
(1/(k2 ·q2

e ))+(t/qe)
qe , equilibrium sorption capacity
(mmol/g)
k2, pseudo-second order rate
constant (g/mmol min)

Elovich equation qt = 1
ˇ

· ln(˛ · ˇ) + 1
ˇ

· ln t ˛, constant in Elovich equation
(mmol/g min)
ˇ, exponent in Elovich equation
(g/mmol)

Intraparticle diffusion qt = k · √
t k, intraparticle diffusion rate

constant (mmol/g min1/2)

Isotherm models

Langmuir qe = qmax ·b·Ce
1+b·Ce

qmax, maximum sorption capacity
(mmol/g)
b, Langmuir constant (L/mmol)

Freundlich qe = kF · C
1/n
e

kF, Freundlich constant (L/g)−1/n

n, Freundlich exponent

Sips qe = q′
max ·b′ ·C1/n′

e

1+b′ ·C1/n′
e

q′
max, maximum sorption capacity

(mmol/g)
b′ , Sips constant (L/mmol)−1/n′

n′ Sips exponent

Redlich–Peterson qe = kR ·Ce

1+aR ·Cˇ
e

kR, Redlich–Peterson constant (L/g)
aR, Redlich–Peterson constant
(L/mg)ˇ

ˇ, Redlich–Peterson exponent

Continuous fixed-bed model
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DST C
C0

= 1
1+exp(((N0 ·Ka ·H)/�)−Ka ·C0 ·t)

N0, volumetric sorption capacity
(mmol/g)
Ka, kinetic constant (L/mmol min)

ymmetric or asymmetric CH stretching vibration of aliphatic acids.
he peak at 2854 cm−1 was the symmetric stretching vibration of
H2 due to CH bonds of aliphatic acids. Bands around 1647 cm−1

nd 1736 cm−1 are indicative of the existence of free and esterified
arboxyl groups, respectively [17]. The peak at 1373 cm−1 may be
ssigned to symmetric stretching of –COO−. The bands observed
t 1027–1039 cm−1 were assigned to C–O stretching of alcohols
nd carboxylic acids [18]. Similar FTIR spectra were obtained by
odeiro et al. [19] with orange peel. When the biomass was loaded
ith chromium, differences in the positions of the absorbance

eaks appeared. Band shifting and possible involvement of hydroxyl
roups were observed around the broad peak at 3422 cm−1 in the
orption process. In the spectrum of the chromium-loaded biomass,
here was a decrease in peak intensity at 2854 cm−1 due to the

nteraction between chromium ions and different C–H groups in
he biomass. No change was observed in the free carboxyl band
t 1736 cm−1, but the shift of the asymmetric and symmetric C O
ands (1647–1636 cm−1) indicates a degree of carboxyl bonding.
esides, Cr3+ sorption result in a relative decrease in free carboxyl

ig. 1. FTIR spectra of the orange waste in BrK disk, before and after adsorption of
r (III).
Fig. 2. Effect of orange waste concentration on chromium removal. Particle size
<1.5 mm; [Cr3+]0 = 100 mg/L, pH = 4 and contact time = 3 days.

band intensity (1636 cm−1) in relation to esterified carboxyl band
intensity (1736 cm−1). From these spectra it seems that carboxyl
and hydroxyl groups are the main functional groups involved in
Cr3+ bonding to the orange waste. The importance of these groups
has been demonstrated in assays carried out with this biomass with
the mentioned functional groups blocked [20].

3.2. Batch biosorption experiments

3.2.1. Effect of adsorbent dose on Cr3+ uptake
The effect of adsorbent dose on Cr3+ uptake by orange waste

is illustrated in Fig. 2. In view of the obtained results, it can be
concluded that the adsorbent dose strongly affects metal removal.
The increase in adsorbent concentration up to 4 g/L resulted in
a large increase in the percentage of metal uptake (0–80% metal
uptake). The increase in the percentage of metallic ion removed
with increasing biosorbent doses could be attributed to increased
adsorbent surface area, which could increase the number of adsorp-
tion sites available. Any further increase in adsorbent concentration
did not significantly affect the percentage of metal removal, per-
haps because almost all the ions had been bound to the sorbent
and to the establishment of equilibrium between the ions bound to
the solid phase and those remaining in solution. On the contrary, a
decrease in sorption capacity (qe) was observed when the biosor-
bent dose was further increased, which can be explained by initial
concentration gradient between the solid adsorbent and the bulk
liquid [21]. Taking into account the Cr3+ percentage removal and
the Cr3+ uptake (mmol/g), an adsorbent dose of 4 g/L was selected
for all further experiments.

3.2.2. Effect of particle size on Cr3+ uptake
Fig. 3 shows the effect of particle size on Cr3+ sorption by orange

waste. No significant differences were observed in the sorption
capacity of the individual fractions with a particle size lower than
1.5 mm. In porous materials, the contribution of external surface
area to the total surface area is very limited. And so, particle size
reduction has a negligible effect on increasing total surface area [22]
and little effect on the adsorption capacity. Besides, in this kind
of material, metal removal may be controlled by ionic exchange

and so be independent of the accessible surface area. The material
employed as biosorbent in this study presents a high porosity and
also high quantities of light metals (Ca2+, Mg2+, Na+, K+), which are
susceptible to being exchanged. The sorption capacity of a whole
sample, particle size <1.5 mm, showed similar values of sorption



202 A.B. Pérez Marín et al. / Chemical Engineering Journal 155 (2009) 199–206

F
[

c
f
s

3

e
T
s
a
i
c
a
f

m
C
f
i
s
o

ig. 3. Effect of particle size on chromium removal. [Adsorbent] = 4 g/L;
Cr3+]0 = 100 mg/L, pH = 4 and contact time = 3 days.

apacity to those of the individual fractions. Therefore, this whole
raction was selected for further test since the reduction and clas-
ification by size is facilitated.

.2.3. Effect of pH
The pH value has been suggested as one of the major param-

ters controlling the sorption of metals with biosorbents [23–25].
he effect of pH on the removal of Cr3+ from aqueous solutions is
hown in Fig. 4. As can be seen, the sorption capacity was clearly
ffected by this parameter, the amount of metal removed increas-
ng with increasing pH. It is known that variations in pH could
hange the characteristics and availability of metal ions in solution
s well as the chemical status of the functional groups responsible
or biosorption [26].

At pH values above 3, other ionic species besides free Cr3+

ay exist in solution, such as Cr(OH)2
+, Cr(OH)2+, Cr2(OH)2

4+ and
r (OH) 5+ [27,28] and the biosorbent could present higher affinity
3 4

or any of these species than for the free Cr3+ ion. Accordingly, the
ncrease in sorption capacity with pH could be due to chromium
peciation as well as to the degree of ionization of the active groups
f the biomass.

Fig. 5. Sorption kinetics of chromium onto orange waste. [Adsor
Fig. 4. Influence of pH on Cr3+ removal. [Adsorbent] = 4 g/L; particle size <1.5 mm;
[Cr3+]0 = 100 mg/L and contact time = 3 days.

The low adsorption capacity at low pH values can be explained
by the competition of chromium with protons for the adsorp-
tion sites and by the electrostatic repulsion between protonated
biomass surface and metal cations, since in this pH range chromium
ions are present as cations [29,30]. At higher pH values, the lower
number of H+ and the greater number of surface ligands with neg-
ative charges resulted in greater metal adsorption. As mentioned
above, carboxylic groups (–COOH) are important functional groups
for metal uptake by orange waste. At pH values higher than 3–4,
these groups are deprotonated and negatively charged and, conse-
quently, the attraction of positively charged metal ions would be
enhanced [31].

3.2.4. Sorption kinetics data
When designing a sorption processing system, it is desirable

to know the rate at which the metal uptake will occur, since
the required contact time will influence the physical size of the
adsorber. Bearing this in mind, chromium sorption kinetics were
obtained at three different pH values (3, 4, and 5), while the other

experimental variables were kept constant. Fig. 5 shows the sorp-
tion kinetics of chromium on the orange waste at different pH
values, as well as the fit to the kinetic models described in Section
2 (Table 1).

bent] = 4 g/L; particle size <1.5 mm and [Cr3+]0 = 100 mg/L.
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Table 2
Characteristic parameters of the different kinetic models and values of average rel-
ative errors (ARE, %) and coefficients of determination (r).

Cr3+

pH = 3 pH = 4 pH = 5

Pseudo-first order
qe (mmol/g) 0.146 0.294 0.449
k1(min−1) 0.033 0.007 0.011
ARE (%) 3.82 11.69 8.85
r 0.95 0.85 0.87

Pseudo-second order
qe (mmol/g) 0.149 0.307 0.457
k2 (g/mmol min) 0.394 0.037 0.042
ARE (%) 2.55 7.71 4.20
r 0.97 0.95 0.97
Elovich
˛ (mmol/g min) 4.94 0.047 0.143
ˇ (mmol/g) 92.76 27.79 19.99
ARE (%) 7.84 1.47 5.00
r 0.77 0.98 0.97
Intraparticle diffusion
k
A
r
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t
t
s
f
r
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f

e
s
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m
(

t
q
f
e
d
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r
a

As a brief analysis of the kinetic data, it can be concluded that
i (mmol/g min1/2) 0.003 0.005 0.008
RE (%) 41.51 28.92 39.39

0 0 0

As can be seen, the sorption rate was quite fast at the initial stage
eing it gradually slowed down. The faster initial rate may be due to
he availability of the uncovered sorption sites of the adsorbent at
he beginning. Although more than 90% of the amount of chromium
orbed at equilibrium was reached in 3 h for pH = 3 and in 1 day
or pH 4 and 5, chromium took almost 3 days to reach the equilib-
ium. As expected (Fig. 4), it was found that equilibrium biosorption
apacities are significantly affected by solution pH, with higher pH
avouring metal-ion removal.

As mentioned above, the experimental kinetic data were
valuated using several kinetic models: pseudo-first order, pseudo-
econd order, Elovich and intraparticle diffusion equations. The
alues of the characteristic parameters of the models, the deter-
ination coefficients and the values of the average relative error

ARE) are tabulated in Table 2.
The pseudo-first order equation did not provide an accurate fit to

he experimental data (Fig. 5 and Table 2). The calculated values of
e were lower than the experimental values. For most of the papers
ound in the bibliography whose data have been modelled using this
quation, a good fit between experimental and theoretical model

ata were obtained in the early stages of sorption. Nevertheless,
fter approximately 40% metal ion uptake the correlation falls off
apidly and, therefore, the pseudo-first order kinetic model is not
pplicable to the whole sorption period [32]. In fact, the pseudo-

Fig. 6. Sorption isotherm of chromium onto orange waste. [Adsorb
ering Journal 155 (2009) 199–206 203

first order approach assumes that the uptake rate is limited by only
one process or mechanism acting on a single class of sorbing sites.
So, this model does not seem to be appropriate for a heterogeneous
surface such as that described in this study, since multiple sorption
sites and mass transfer effects may exist.

The pseudo-second order model is based on the assumption
that the rate-limiting step may be a chemical sorption involv-
ing valence forces through the sharing or exchange of electrons
between adsorbent and adsorbate [33,34]. Contrary to the pseudo-
first order equation, this model adequately predicts the sorption
behaviour over the whole sorption period. It provides the smallest
average relative error and the highest r for two of the three cases
studied. In the other case, kinetics at pH = 4, the Elovich equation
provides the best description of the system, the average relative
error being lower than 8% and r > 0.95, and so this model could
be considered acceptable to represent the kinetic data. Moreover,
the equilibrium adsorption capacities, qe, obtained with this model
are more reasonable than those obtained with the pseudo-first
order model when comparing predicted results with experimen-
tal data. According to the pseudo-second order model, k2 is related
to the rate of sorption. The data obtained confirm that the rate
at pH = 3 is considerable higher than those obtained at higher
pH values.

The Elovich equation assumes that the solid surface active sites
are heterogeneous in nature and therefore, exhibit different activa-
tion energies for chemisorption [32]. The equation has previously
been applied successfully to the sorption of heavy metal onto dif-
ferent biomass [35–37]. An Elovich plot gives curved lines or sharp
changes in the gradient, the latter of which could be interpreted as
a change in the adsorption mechanism. ˛ is related to the rate of
sorption, confirming that the sorption rate at pH = 3 is considerably
higher than those obtained at higher pH values. In constrast, it was
observed that the constant ˇ decreases as the pH values increase. So,
by increasing the pH value, within the range studied, the available
adsorption surface of orange waste decreases. This model provide
an adequate description of the kinetic data at pH values higher than
3 (ARE < 5%, r > 0.97).

The intraparticle diffusion equation did not provide a suitable
fitting to the experimental data, giving values for the average
relative error of more than 28%, for all the studied cases. This result
indicates that intraparticle diffusion is not the rate controlling
mechanism.
pseudo-second order kinetic model provides an accurate descrip-
tion of sorption kinetic onto orange waste for the studied cases. It
is assumed, therefore, that the controlling mechanism of sorption
is the chemical reaction.

ent] = 4 g/L; particle size <1.5 mm and contact time = 3 days.
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Table 3
Characteristic parameters of the different isotherm models and values of average
relative errors (ARE, %) and coefficients of determination (r).

Cr3+

pH = 3 pH = 4 pH = 5

Langmuir
qmax (mmol/g) 0.241 0.776 1.52
b (L/mmol) 2.08 11.45 9.68
ARE (%) 11.05 8.46 12.2
r 0.960 0.994 0.996

Freundlich
kF (L/g)1/n 0.147 0.640 1.19
n 3.94 3.36 3.39
ARE (%) 3.68 19.9 47.2
r 0.995 0.980 0.944

Sips
q′

max (mmol/g) 0.559 0.855 1.52
b′ (L/mmol)1/n′

0.37 4.70 9.68
n′ 2.76 1.32 1.00
ARE (%) 2.63 5.16 12.2
r 0.996 0.997 0.996

Redlich–Peterson
kR (L/g) 7.52 13.2 14.8
aR (L/mmol)ˇ 49.5 18.1 9.7
ˇ
A
r
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0.77 0.89 1.0
RE (%) 3.02 3.32 12.2

0.996 0.999 0.996

.2.5. Sorption equilibrium data
Adsorption isotherms are basic requirements for designing any

dsorption system. An accurate mathematical description of the
quilibrium adsorption capacity is indispensable for reliable pre-
iction of the adsorption parameters and quantitative comparison
f adsorption behaviour for different biosorbent systems [38]. Fig. 6
hows the sorption isotherm of Cr (III) onto the orange waste at dif-
erent pH values, as well as the fit to the isotherm models described
n Section 2 (Table 1). For all isotherms, the amount of metal sorbed
ncreases initially with the metal concentration at equilibrium but
hen reaches saturation. Once more, it can be corroborated that the
orption uptake is strongly affected by pH. The parameters of the
sotherm models, the determination coefficients and the values of
he average relative error (ARE) are shown in Table 3.

The Freundlich isotherm is an empirical equation used to
escribe multilayer adsorption with interaction between adsorbed

ons [39]. This model predicts that the metal concentration on the
dsorbent will increase as long as there is an increase in the metal
oncentration in the liquid phase. However, the experimental data
ndicate that an isotherm plateau is reached at a limiting value of
he solid phase concentration. This plateau is not predicted by the
reundlich equation. Thus, in all the cases where there is evidence
f this plateau (pH > 3), a great difference between the experimental
quilibrium data and the predicted ones (ARE > 20%) were found.

The Langmuir model provides an adequate correlation of equi-
ibrium data (ARE < 13%, r > 0.96). This model served to estimate the

aximum metal uptake values where they could not be obtained
xperimentally. The constant b represents the affinity between the
orbent and sorbate. High values of b are reflected in the steep ini-
ial slope of a sorption isotherm, indicating desirable high affinity.
hus, high qmax and a steep initial isotherm slope (high b) are desir-
ble. Comparing maximum sorption capacity of orange waste with
hose obtained with other adsorbents in assays carried out under
imilar conditions (0.22 mmol/g for coir pitch [11], 0.87 mmol/g for

arrot residues [9], 1.30 mmol/g for rose waste biomass [40]), it can
e concluded that orange waste has high adsorption capacity and
an be considered a promising material for use as adsorbent.

The Sips isotherm effectively reduces to the Freundlich isotherm
t low sorbate concentration, whereas it predicts a monolayer
ering Journal 155 (2009) 199–206

sorption capacity, characteristic of the Langmuir isotherm, at high
sorbate concentrations. In the two cases in which the Langmuir
model provides the best description of the experimental data
(pH = 4 and 5), the values of the exponent n were closest to 1. Sim-
ilar to the Sips model constants, the same trend was observed for
the Redlich–Peterson model constants. The exponent ˇ values were
close to 1 at pH > 3. The models involving three fitting parame-
ters provided better correlation of the equilibrium data (ARE < 13%,
r > 0.99) than the two-parameter models.

3.3. Continuous biosorption experiments

Batch biosorption assays give fundamental information related
with the chromium biosorption performance of a given biosor-
bent. However, in most industrial wastewater treatment units, a
continuous mode of operation is preferred. Therefore, continuous
biosorption experiments were also carried out. The performance
of the column bed is usually described through the concept of a
breakthrough curve, which is obtained by plotting the measured
concentration divided by the inlet concentration (C/C0) against time
(t). Breakthrough and saturation time, biosorption yield (%), and
Cr3+ uptake are relevant parameters that they can be obtained from
the breakthrough curve as follows:

• Breakthrough time (tb, min) is considered on the basis of the
effluent discharge limit for Cr3+. So, the breakthrough time was
obtained for an effluent Cr3+ concentration of 5 mg/L.

• Saturation time (tsat, min) is usually considered when the effluent
concentration remains close to influent concentration for a long
period.

• The uptake capacity (qads, mmol/g) is obtained by dividing the
quantity of Cr3+ biosorbed (mads) by the sorbent mass (m).

qads = mads

m
(2)

where the total quantity of Cr3+ biosorbed in the column (mads,
mmol) is calculated from the area above the breakthrough curve
multiplied by the flow rate (Q, L/min).

mads = Q ·
∫ tb

0

(C0 − C) · dt (3)

• The Cr3+ biosorption yield (%) can be calculated as follows:

Cr3+ biosorption yield = mads

mtotal
· 100 (4)

where the total amount of Cr3+ (mtotal, mmol) can be obtained as
follows:

mtotal = C0 · Q · tsat (5)

Various simple mathematical models have been developed to
describe and possibly predict the dynamic behaviour of the column
bed. One of the most widely used models for the continuous flow
conditions is the BDST model, which is a straightforward model for
predicting the relationship between bed depth and service time in
terms of process concentrations and biosorption parameters. The
model is based on physically measuring the capacity of the bed at
different breakthrough values. It ignores intraparticle mass transfer
resistance and external film resistance, so that the sorbate is sorbed
onto the biosorbent surface directly [41]. The rate of sorption is
controlled by the surface reaction between sorbate and the unused
capacity of the biosorbent.
The experimental breakthrough curves at two different bed
heights and those obtained for the BDST model are represented
in Fig. 7. The experimental breakthrough time (the position at
C/C0 = 0.25), saturation time (the position at C/C0 = 0.99), biosorp-
tion yield (%) and Cr3+ uptake (mmol/g), as well as the BDST
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Table 4
Different experimental parameters of the breakthrough curves and characteristic parameters of BDST model, along with the values of average relative errors (ARE, %) and
coefficients of determination (r).

Test Experimental values BDST model

mol/

H
H

p
e
t
t
u
m
c
d
a
A
a
s
i
o
m
e
i
t
t
o
t
w
fi
l
m
u
o
i
a

h
fi
d

F

tb (min) tsat (min) % Ads qads (m

= 25.5 cm 1025 2922 49.4 0.24
= 34 cm 1523 3426 57.5 0.24

arameters, the determination coefficient and the average relative
rror, are tabulated in Table 4. The concentration profiles of the solu-
ion exiting the column show that the adsorption zone, the part of
he column where adsorbate is transferred to the adsorbent, contin-
es increasing and finally coincides with the top of the column, the
etal ion concentration gradually rising and approaching the feed

oncentration [42]. Chromium removal is fast and highly effective
uring the initial phase. Subsequently, metal removal decreases, as
consequence of the progressive saturation of the binding sites.
s it can be seen, a displacement of the adsorption front with
n increase in height was obtained. The breakthrough time, the
aturation time and the biosorption yield increase as bed height
ncreases since a higher bed depth results in a longer residence time
f the solution in the column, allowing the metal ions to diffuse
ore deeply inside the biosorbent, and so, all the above param-

ters increase. For the two bed heights assayed, the effluent pH
nitially increased (up to 6) and then gradually decreased to reach
he pH value of the influent (data not shown). This might be due to
he release of light ions like Ca2+, Mg2+, Na+ and K+ present in the
range waste to the solution. In contrast and contrary to expected,
he amounts of Cr3+ sorbed per unit of mass in the continuous assays
ere significantly lower than those obtained in batch assays. These
ndings agree with other published results [43,44] and suggest that

ower contact time between adsorbate and adsorbent for column
ode operation is one of the main reasons for such a decrease in

ptake values. Due to the slow kinetics of chromium sorption onto
range waste, the metal ions do not have sufficient time to diffuse

nto the whole of the biosorbent mass in column mode operation,
nd so the amount of Cr3+ sorbed is considerably reduced.
The low value of the average relative error (ARE < 7%) and the
igh value of the correlation coefficient (r > 0.99) confirm the good
t of this model and infers that the BDST model successfully
escribes the breakthrough curves for the removal of Cr3+ by orange

ig. 7. Column breakthrough curves for adsorption of Cr3+ on orange waste beds.
g) N0 (mmol/L) ka (L/mmol h) r ARE (%)

40.4 0.66 0.99 6.9
42.7 0.54 0.99 6.9

waste. The satisfactory fitting of the experimental data and the BDST
modelled breakthrough curves confirm that the sorption mecha-
nism could be controlled by chemical reaction.

4. Conclusions

In light of the experimental results obtained and their evalua-
tion, orange waste, an agrobased waste material, has considerable
potential for use in the removal of chromium from aqueous solu-
tions.

FTIR analysis of the biosorbent, before and after chromium sorp-
tion, shows that carboxylic and hydroxyl groups could be the major
functional groups involved in metal binding to the orange waste.

The metal uptake by biosorption is strongly affected by param-
eters such as adsorbent dosage and pH, whereas adsorbent particle
size had no significant effect on Cr3+ uptake. The higher the adsor-
bent dose and pH, the higher the metal removal attained.

Kinetic studies show that chromium took approximately 3
days to reach equilibrium. Experimental data can be described
adequately by a pseudo-second order kinetic, confirming the
chemisorption of chromium onto orange waste.

The Sips and the Redlich–Peterson isotherm models were found
to fit the equilibrium data well. The values obtained for maximum
sorption capacity in this work are within the range described in
previous studies.

Dynamic adsorption studies revealed that orange waste could
be successfully used as biosorbent for treating effluents containing
Cr (III) and breakthrough curves can be satisfactorily fitted to the
BDST model.
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