
A
o

V
F
a

b

c

a

A
R
R
A
A

K
B
O
L
R
W

1

g
p
n
A
s
w
f
a
b
e
t
fi

P
a
o
l

0
d

Journal of Hazardous Materials 161 (2009) 1255–1264

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

comparative study of natural, formaldehyde-treated and copolymer-grafted
range peel for Pb(II) adsorption under batch and continuous mode

ioleta Lugo-Lugo a, Susana Hernández-Lópeza, Carlos Barrera-Dı́aza,∗,
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a b s t r a c t

Natural, formaldehyde-treated and copolymer-grafted orange peels were evaluated as adsorbents to
remove lead ions from aqueous solutions. The optimum pH for lead adsorption was found to be pH 5.
The adsorption process was fast, reaching 99% of sorbent capacity in 10 min for the natural and treated
biomasses and 20 min for the grafted material. The treated biomass showed the highest sorption rate and
eywords:
iosorption
range peel
ead
emediation
ater

capacity in the batch experiments, with the results fitting well to a pseudo-first order rate equation. In
the continuous test with the treated biomass, the capacity at complete exhaustion was 46.61 mg g−1 for
an initial concentration of 150 mg L−1. Scanning electronic microscopy and energy dispersive X-ray spec-
troscopy indicated that the materials had a rough surface, and that the adsorption of the metal took place
on the surface. Fourier transform infrared spectroscopy revealed that the functional groups responsible for
metallic biosorption were the –OH, –COOH and –NH2 groups on the surface. Finally, the thermogravimetric
analysis indicates that a mass reduction of 80% can be achieved at 600 ◦C.
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. Introduction

Heavy metal contamination of water is a serious threat to the
lobe ecosystem. Strict environmental protection legislation and
ublic environmental concerns drive the search for novel tech-
iques to remove heavy metals from industrial wastewater [1].
lthough many techniques have been developed, most are expen-
ive or difficult to implement. However, the use of agriculture
aste for biosorption shows great promise. Preliminary economic

easibility studies indicate these natural adsorbents have several
dvantages over existing technologies, like ion exchange. Biosor-
ents are inexpensive, easy to chemically modify for increased
fficiency, suffer fewer environmental interferences, can be used
o recover valuable metals, and can easily be adapted to existing
ltration systems [2].

Agriculture is one of the richest sources for low-cost adsorbents.

rocessing wastes like orange peels posses little economic value
nd create serious disposal problems [3,4]. Mexico is the 3rd largest
range producer in the world with an annual production of 15 mil-
ion tons of oranges [5]. The orange processing industry in Mexico

∗ Corresponding author. Tel.: +52 722 2173890; fax: +52 722 2175109.
E-mail address: cbarrera@uaemex.mx (C. Barrera-Dı́az).
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roduces 600 thousand tons of orange juice, which increases the
isposal problem of the residue.

Powdered Citrus junos peels have been found to remove almost
ll Pb(II) from an aqueous solution in a pH range of 4–5.5 up to a
aximum capacity of 529 mg g−1 [6]. Common orange peels have

een used for Ni(II) sorption at pH 6 with a maximum capacity of
58 mg g−1 [7]. However, recent work has included modifications to
he citrus biomass. In one study, orange peels were saponified with
aOH, then reacted with citric acid, which gave a Pb(II) sorption
apacity of 253 mg g−1 at pH 4.5–6.0 [8]. In another study, the sub-
titution of phosphate groups onto orange processing residue with
e(III) produced an effective arsenic sorbent – 70 mg As(V) g−1 at
H 3 and 68 mg As(III) g−1 at pH 10 [9].

One problem associated with biosorbents is leaching of organic
omponents. Of the methods to increase effectiveness and pre-
ent organic leaching, two seem effective. In one study, pretreating
argassum biosorbent with a 0.2% (v/v) formaldehyde solution
ncreased the metal capacity to 302.5 mg Pb(II) g−1, 87.06 mg
u(II) g−1 and 71.6 mg Ni(II) g−1, at pH 5 [10]. In another study, poly-

crylamide was grafted onto coconut coir pith for Cr(VI) sorption
ith a capacity of 127 mg g−1 at pH 3 [11]. Polyacrylamide has been

rafted onto other biosorbents, like cotton [12], banana stalks [13],
ungal biomass [14], and cellulose [15] with similar success. This
rafting method improves the adsorption capacity and also pre-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cbarrera@uaemex.mx
dx.doi.org/10.1016/j.jhazmat.2008.04.087
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ents the organic leaching, but also increases the stability of the
dsorbent material, which is an important aspect of commercial
evelopment of the biosorbent.

Since the effect of formaldehyde pretreatment and graft copoly-
erization on Pb(II) adsorption by orange peels has not been

nvestigated, these treatments were evaluated in this work using
atch and continuous processes.

. Materials and methods

.1. Biosorbent preparation (NB)

Orange peels were obtained from a fruit field in the state of Ver-
cruz, México. The peels were rinsed with water, air dried for 5
ays, and then crushed and sieved through a 20 mesh screen. The
esulting dried biomass was designated as the natural biomass NB.

.2. Treated biosorbent (TB)

Formaldehyde treatment consisted of mixing 1 g of the NB
iomass with 100 mL of a 0.2% (v/v) aqueous formaldehyde solu-
ion for 24 h at room temperature. Afterwards, it was filtered and
ashed with distilled water until no color was detected in the
ltrate [10]. The resulting biomass was designated as the treated
iomass TB.

.3. Grafted biosorbent (GB)

The chemical modification of the orange peel consisted of three
teps: (a) biomass acidification, (b) copolymer synthesis, and (c)
iomass–copolymer grafting.

. Biomass acidification: The natural biosorbent (NB) was mixed
with concentrated acetic acid (98%) in an ultrasonic processor
(UltrasonikTM 28X) at 60 Hz for 30 min. The biomass was sepa-
rated from the acid solution by decanting and dried in an oven
at 60 ◦C for 24 h.

. Copolymer synthesis: A copolymer of poly(acrylamide-co-
metacrylic acid) in a 0.7:0.3 molar fraction was synthesized
by the following process. 0.3 mol methacrylic acid (MAA) and
0.7 mol acrylamide (AA) monomers, were dissolved in acetone
and thoroughly mixed at room temperature. Afterwards, 0.05 mL
of a 5% solution of benzoyl peroxide in acetone was added
as an initiator and the mixture was heated to 70 ◦C under an
N2 atmosphere for 24 h. The resulting precipitate was washed
with acetone, filtered and dried under vacuum for 3 days. The
resulting copolymer poly(acrylamide-co-metacrylic acid) was
abbreviated as COP.

. Grafting: For this procedure, 0.5 g COP was dissolved in 25 mL
ethanol and 0.5 g of the acidified biomass (step a) was added,
along with 0.2 mL of sulfuric acid as a catalyst. The mixture was
refluxed for 24 h, and the product was filtered and washed with
several portions of warm water to remove the excess copolymer
and dried under vacuum. The resulting product was designated
as the grafted biomass GM.

.4. Batch Pb(II) sorption experiments

Adsorption studies were carried out by batch technique to obtain

ate and equilibrium data. For these investigations, 0.12 g of adsor-
ent was added to each of a series of test tubes containing 12 mL of
olution with different adsorbate concentrations at pH 5 and agi-
ated intermittently from 0.5 min to 1 h. Equilibrium was achieved
uickly in less than 1 h, so shaking for times between 1 and 24 h

a
b
a

q
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ave practically the same uptake. Adsorbate initial concentration
as 30 mg L−1. This methodology has been previously used [16,17].

At specific times, the test solutions were centrifuged to separate
he adsorbent material from the supernate. The solid was dried
nd characterized using SEM, while the supernate was analyzed
or lead concentration using atomic absorption spectroscopy [18].
ll experiments were conducted in duplicate.

.5. Kinetic models and adsorption isotherms

The study of kinetics is an important factor in designing an
ppropriate adsorption system. The adsorption of heavy metals
rom the aqueous phase to the solid phase for a batch contact time
rocess, where the rate of sorption of lead onto the surface is pro-
ortional to the amount of metal adsorbed, can be well described
s a reversible reaction under an equilibrium condition established
etween two phases. In order to consider the kinetic effects, the
agergren pseudo-first order equation given by Eq. (1), can be used
o determine the rate constant.

dq

dt
= k1(qe − qt) (1)

The values qe and qt are the mass of ions adsorbed per gram
f sorbent (mg/g) at equilibrium and at time t respectively, k1 is
he rate constant for the pseudo-first order process (min−1), and t
s the time (min). In other cases, a pseudo-second order equation

ay describe the process and it is given by Eq. (2)

dq

dt
= k2(qe − qt)

2 (2)

In this case, k2 is the rate constant for pseudo-second order
orption (g mg−1 min−1) [19].

Furthermore, kinetics effects can be studied using other models,
ike Eq. (3), the Elovich model [19]. This equation is often valid for
ystems in which the adsorbing surface is heterogeneous.

dqt

dt
= ˛ exp(−ˇqt) siˇ >> 1 (3)

here ˛ (mg g−1 min−1) is the initial adsorption rate and ˇ is related
o the extent of surface coverage and the activation energy involved
n chemisorption (g mg−1). In this work, pseudo-first, second order
inetics and Elovich model were considered in the study of adsorp-
ion process.

The results obtained by the adsorption experiments were
nalyzed by the models of Langmuir, Freundlich, Sips and
edlich–Peterson. The Langmuir isotherm model assumes uniform
nergies of adsorption onto the surface with no transmigration of
dsorbate in the plane of the surface. The Langmuir isotherm is
iven by Eq. (4), where qe is the amount adsorbed (mg g−1), Ce is
he equilibrium concentration of the adsorbate (mg L−1), and Q0
nd b are the Langmuir constants related to maximum adsorption
apacity and affinity constant, respectively.

e = Q0bCe

1 + bCe
(4)

The adsorption data was also analyzed by the Freundlich model.
he Freundlich model is given by Eq. (5), where qe is the amount

dsorbed (mg g−1), Ce is the equilibrium concentration of the adsor-
ate (mg L−1), and KF and n are Freundlich constants related to the
dsorption capacity and adsorption intensity, respectively [20,21].

e = KFCe
1/n (5)
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The Sips model is a combination of the Langmuir and Freundlich
sotherm type models and takes the following form [22]:

= qmaxbCe
1/n

1 + bCe
1/n

(6)

At low sorbate concentrations it effectively reduces to a Fre-
ndlich isotherm, while at high sorbate concentrations it predicts
monolayer adsorption capacity characteristic of the Langmuir
sotherm. Redlich and Peterson proposed an empirical equation to
epresent equilibrium data:

e = kRCe

1 + aRCˇ
e

where ˇ ≤ 1 (7)

p
f
a
F
a

Fig. 1. (a) Copolymerization of acrylamide and methacrylic acid
Materials 161 (2009) 1255–1264 1257

here kR (L g−1), aR (L mg−1) and ˇ are Redlich–Peterson isotherm
onstants. This equation reduces to a linear isotherm in the case of
ow surface coverage and to a Langmuir isotherm when ˇ = 1 [23].

.6. Continuous experiments

Fixed bed reactors were used to produce lead sorption break-
hrough curves. They consisted of 1 cm diameter glass columns

acked with the 0.5 g of TB (selected according to the best results
ound during the batch experiments). The flow rate was 1 mL min−1

t pH 5.0 with initial metal concentrations of 150 and 250 mg L−1.
iltrate samples at specific time intervals were analyzed by atomic
bsorption spectroscopy to determine the metal concentration [18].

and (b) grafting reaction of COP onto natural biomass NB.
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ll experiments were conducted in duplicate. The exhausted sor-
ent was characterized using SEM.

The maximum capacity under continuous flow conditions is
escribed by the Metcalf–Eddy model (Eq. (8)) based on solution
oncentration and flow [24].

= (C0 − (Ce/2))Qts

m
(8)

In this equation, q is the sorption capacity (mg g−1), C0 and Ce

re influent and effluent concentration respectively (mg L−1), Q is
he volumetric flow (L min−1), ts is the service time (min), and m is
he adsorbent mass (g).

Further, the adsorption isotherms were calculated using 5, 30,
00, 150, 200, 250, 300 and 400 mg L−1 concentrations at equilib-
ium time.

.7. Characterization

All biosorbents obtained were characterized by the following
echniques:

The images of the orange peels before and after adsorption
rocess were captured by scanning electron microscopy (SEM)
sing a JEOL-5900-LV at 20 keV in High-vac mode (with gold
puttering), which included an energy dispersive X-ray probe for
emi-quantitative elemental analysis. The UV–vis spectrometry
as performed on a PerkinElmer Lambda 25. IR analysis was done
n all the biosorbents before and after Pb(II) sorption on a Vertex
0 FTIR spectrometer by ATR. Thermogravimetric analysis was done
n a SDT Q600 from TA Instruments in a nitrogen atmosphere at a
eating rate of 20 ◦C min−1 from 25 to 600 ◦C.

. Results
.1. Copolymer-grafted biomass

The grafted biosorbent GB was made using a copolymer pre-
iously synthesized. This copolymer (COP) was synthesized with

p

3

t

Fig. 2. Scanning electron microphotographs of (a)
Materials 161 (2009) 1255–1264

hermal induction in order to produced free-radical species that
nitiates the copolymerization of acrylamide and methacrylic acid
hrough their double bonds (Fig. 1a), with a reaction yield of 99%. It
s important to note that one important purpose of the use of these

onomers is the incorporation of carboxyl and amide groups onto
he cellulose matrix of the orange peel to improve the uptake of
b(II) and give better stability.

The copolymer was then grafted onto the natural biomass (NB)
y an esterification reaction between the hydroxyl groups of the
ellulose and the carboxylic acid groups of the copolymer following
condensation mechanism catalyzed by sulfuric acid. The yield of

his reaction was 60%. The reaction is shown in Fig. 1b.

.2. Characterization of biomasses

.2.1. SEM
The copolymer (COP) obtained in step b (Section 2.3) was a fine

hite powder with uniform 160 nm diameter spherical particles
Fig. 2a). The SEM micrographs of the biomass before (NB) and after
reatment (TB) and after modification (GB) are shown in Fig. 2. In
ig. 2b, the surface of the NB is a continuous cellular arrangement
ith pores around 20 �m. This orange peel porosity is located in the

lbedo zone, the white and spongy part of the peel, which consists
f enlarged parenchymatous cells with great intercellular spaces, as
t shown in micrographs. The orange peel also has a very compact
ellular structure, called the flavedo zone containing oil glands and
overed with a layer of natural wax. The GB in Fig. 2c has a rougher
orous surface morphology which is covered by a layer, indicating
he presence of the copolymer on the surface of the biomass. The
tructure of TB in Fig. 2d is very similar to that of the NB.

This particular cell arrangement of albedo zone allows us to
xplain the ability of the biosorbents for the impregnation of the

ores with external liquid and for remove heavy metals.

.2.2. FTIR
The adsorption of heavy metals onto any biomass is due to

he functional groups on the components [6]. To confirm the

COP, (b) NB, (c) GB and (d) TB all at 1000×.
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Fig. 3. FTIR spectra of: (a) NB, (b) COP and (c) GB.

odification of the biomass, FTIR spectra were performed on
he raw and grafted biomass. Since the NB is mostly composed
f cellulose, pectic acid and pectins [7–9] we expect to see the
ignals due to O–H, C–O, C–H, and C–C bonds in Fig. 3a. The
eaks at 3332 are due to –OH vibrations from alcohol and pec-
ic acid components of the biomass. The peaks at 2928, 2985 and
428 cm−1 correspond to the –CH2– groups in the cellulose; 1738
nd 1598 cm−1 are assigned to the carbonyl (–C O) stretching
rom the carboxylic acid and carboxylate groups, respectively. The
road signal at 1040 cm−1 encloses all the vibrations from the C–O
onds in the primary and secondary hydroxyl and the carboxylic
cid.

The copolymer (Fig. 3b) is composed of methacrylic acid and
crylamide with the signals corresponding to these groups. The
road doublet from 3550 to 2800 cm−1 includes the stretching
ibrations of the hydrogen in O–H and N–H groups from carboxylic
nd primary amide, respectively. The hydrogen-bonded carbonyl
rom both carboxylic acid and amide appears at 1661 cm−1 and the
houlder at 1605 cm−1 is the typical N–H stretching from primary
mides. Another two important signals are situated at 1441 cm−1 (a
oublet) and 968 cm−1 which correspond to C–H from the methyl
nd methylene groups and the bending of the OC–OH from the
imer carboxylic acids. After modification of the biomass with the
opolymer (Fig. 3c), we can appreciate some important changes
hat evidence the reaction between carboxylic acid groups from
he copolymer and the hydroxyl groups from the biomass. The
road band centered at 3332 cm−1 indicates the presence of some
ydroxyl unreacted groups and the N–H vibration from the pri-
ary amide. The main range in which the most important changes
ere presented is considered from 1732 to 901 cm−1[11,14,25].

irst, signals at 1732 and 901 cm−1 show the presence of unre-
cted carboxylic acids from the copolymer. A new signal appears
t 1657 due to the carbonyl stretching from the amide and the
ydrogen-bonded new ester group formed during the grafting reac-
ion. Another signal that indicates the presence of the copolymer

nd the reaction with the biomass, is the split signal centered at
045 cm−1. This band encloses some bending of C–O, C–O–C and
–N bonds from unreacted hydroxyl (1045 and 1032 cm−1) and car-
oxylic acid groups, amide (1150 cm−1) and the new ester group
1163 cm−1).

s
c
h
p
r

Fig. 4. TGA curves for NB, TB and GB biomass.

Other work supports these absorption band assignments to
unctional groups that are expected to be responsible for metallic
iosorption, specifically –OH, –COOH and –NH2 groups [26–28].

.2.3. TGA
A comparison of TGA curves for NB, TB and GB is shown in Fig. 4.

he results indicate the best thermal stability is for the grafted
opolymer (GB) and TB with respect to NB. For the three samples,
he first weight loss measured at 160 ◦C was: 14% for NB, 7% for TB,
nd only 4% for GB. This loss is due to the elimination of physically
bsorbed water and in the case of NB there was an additional loss of
ome small volatile organic molecules like oils, terpenes, dyes, etc.
he second important temperature was the starting decomposition
emperature, indicated by rows in Fig. 6. NB has the lower decom-
osition temperature (271.6 ◦C) followed by TB (280.5 ◦C) and GB
305.2 ◦C). Decomposition temperatures in both of these last sam-
les were improved by 3% (9 ◦C) and 12% (33.6 ◦C), respectively from
he NB. Those important changes indicate that during chemical
reatment there was: (1) a better removal of volatile organic com-
ounds and (2) structural changes due to chemical reactions with
ormaldehyde and the copolymer giving a better stability. Thus,
oth TB and GB do not exhibit leaching of organic components like
een in the NB [27].

.2.4. UV–vis
One parameter that increases the feasibility of industrial use

f the biosorbents is the absence of organic leaching from the
iosorbent to the aqueous solution which leads to secondary pol-

ution. As we mentioned in Section 1, one method to give biomass
tability is the pretreatment of the biomass with formaldehyde.
ig. 5 shows a comparison of UV–vis spectra of the remnant
olution from batch sorption. Two absorption bands are promi-
ent, one of them between 300 and 350 nm with a maximum at
19 nm, and another in 250–300 nm with the maximum at 272 nm.
hey can be attributed to organic compounds, chromophores,
nd essential oils in the orange peels that absorb in the UV
ange.

A distinct decrease in absorbance of the remnant solution with
odification and pretreatment (50% and 75%, respectively) was

bserved. These results indicate that during the formaldehyde
retreatment organic compounds are extracted from the biomass

urfaces. In orange peels, there are pigments like chlorophyll and
arotenes which are soluble in organic solvents. Furthermore, alde-
ydes like formaldehyde are commonly used for preservation of
lant and animal tissues, which gives added stability to the mate-
ial. As a result, the absorption diminutions of those UV bands
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Fig. 5. UV–vis spectra of batch remnant solutions of NB, TB and GB.

bserved in the remnant solution after treatment are due to extrac-
ion.

Another explanation for the reduction of organic leaching from
B is based on the reaction between the formaldehyde and the
ydroxyl groups of the natural biomass forming acetal groups
hich give structural stability to the biomass [29].

R–OH + HCHO → (R–O)2CH2 + H2O

This effect has been observed in other biomasses and is sup-
orted by the TGA curves for NB, TB and GB shown in Fig. 4, since
he thermal stability is indicative of the chemical bonding in the

aterial.

.3. Kinetic studies

The rate of biosorption is a very important factor for design and
rocess optimization in industry. The effect of contact time on the
dsorption of lead using NB, TB and GB biosorbents is shown in
ig. 6. It shows that the sorption rate of removal of Pb(II) by all
he biosorbents is quite rapid at the beginning of the process and
ecomes slower as equilibrium is approached. In the case of NB
nd TB, about 99% of the adsorption capacity for Pb(II) was attained
ithin the first 10 min of contact for a Pb(II) solution of 30 mg L−1.
hen GB is used, the maximum Pb(II) removal occurs in 20 min.

t is observed that in all cases no desorption takes place. Once the
quilibrium is reached it remains constant.

The kinetic models of pseudo-first order, pseudo-second order
nd Elovich model were applied and the calculated kinetic con-
tants, all obtained by a nonlinear regression analysis using the
oftware Statistica 6.0, are listed in Table 1. The correlation coef-
cients obtained for the kinetics models are higher than 0.96 for all
iosorbents.

It was found that the pseudo-second order model for NB, TB and
B provides a good description of the experimental data, although

he correlations coefficients show that it was not the best fit. The
esults demonstrate that the amounts of Pb(II) adsorbed at equi-
ibrium were similar for all cases, but highest for TB. Also, the
ate constant k2 for TB (k2 = 3.02089 g mg−1 min−1) was higher than
B and GB (k2 = 1.8877 g mg−1 min−1 and k2 = 0.6681 g mg−1 min−1

espectively). This can be explained by the existence of functional
roups on the surfaces that have been increased as the organics
issolved during the pretreatment.
The pseudo-second order rate expression has been used suc-
essfully to describe the adsorption of pollutants from aqueous
olutions, and is used to describe chemisorption involving valent
orces through the sharing or exchange of electrons between the
dsorbent and adsorbate as covalent forces and ion exchange [30].

i
T
t
s
b

ig. 6. Lead adsorption by NB, TB and GB as function of time from an initial Pb(II)
oncentration of 30 mg L−1 at room temperature and pH 5.

Although the experimental points could be fitted by the
seudo-second order equation, the best fit was observed with the
seudo-first order model. This model describes reactions at the
article–solution interface, and frequently shows biphasic kinet-

cs with a fast rate at the beginning followed by a slower rate.

he experimental data can be described by two first order reac-
ions, behavior interpreted as reactions at two site types: external
ites quickly accessible and internal sites which are less accessi-
le [31,32]. The experimental data follow this behavior and Table 1
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Table 1
Kinetic constants for the biosorption of Pb(II), pseudo-first, second-order kinetic and Elovich models

Pseudo-first order Pseudo-second order Elovich model

k1 (L min−1) qe (mg g−1) r2 k2 (g mg−1 min−1) qe (mg g−1) h (mg g−1 min−1) r2 ˛ (mg g−1 min−1) ˇ (g mg−1) r2
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t
obtained by a nonlinear regression analysis using the software
Statistica 6.0.

The Langmuir model is probably the most widely applied
B 1.7924 2.7387 0.9994 1.8877 2.8096
B 3.1504 2.7643 0.9997 3.0281 2.8235
B 1.2046 2.7312 0.9996 0.6681 2.8151

hows that the amount of Pb(II) adsorbed by TB at equilibrium
qe = 2.7643 mg g−1) is higher than NB and GB (qe = 2.7387 mg g−1

nd qe = 2.7312 mg g−1). Also the Lagergren rate constant k1 was
lways highest for TB (k1 = 3.1504 L min−1). This is indicative of the
ffinity of the sorbent for the metal being more emphasized for the
retreated biomass.

The correlations obtained for pseudo-first order and pseudo-
econd order are very close, so it is hard to assume the prevalence
f any predominant sorption mechanism. In addition, numerous
esearches have concluded that the sorption of heavy metals onto
iomasses is described by pseudo-second order kinetics.

The Elovich rate equation uses constants for adsorption and
esorption to describe the kinetics of chemisorption on highly het-
rogeneous surfaces. The experimental data in this study do not
how as good of a fit as the pseudo-first or pseudo-second order
odels. However, the results of applying this model to the sorption

f Pb(II) on NB, TB and GB show acceptable correlation coefficients
ith the lowest being r2 = 0.9611 for GB. This can be explained in

unction of biomass treatment: NB is more heterogeneous than TB
ue to the formaldehyde pretreatment and GB is more homoge-
eous than TB due the grafting of COP onto its surface.As explained

n Section 3.2.4, TB biomass does not leach organic compounds
uring adsorption. Moreover, the number of active binding sites
ave increased as the organics dissolved. Sample pretreatment can
ugment adsorption capacity, while avoiding secondary pollution.
ccording to Table 1, the TB biomass has the highest rate kinetic
onstants. Therefore, the optimum biomass for the continuous pro-
ess evaluation is TB.

.4. Biosorption isotherms

.4.1. pH effect of lead biosorption
The pH of the aqueous solution containing the adsorbate is an
mportant parameter in the heavy metal biosorption processes. Its
ffect on lead binding was studied by varying the pH of the solu-
ion using TB as the biomass. Fig. 7 shows the removal of Pb(II)
nd the initial and final pH of the aqueous solution. The final pH
alue was taken from the supernatant solution when the equilib-

ig. 7. Lead removal from aqueous solution as function of pH at room temperature
or the time to reach equilibrium from an initial concentration of 30 mg L−1.

t
m

F
p

14.9011 0.9990 1643 × 1010 13.0367 0.9933
24.1400 0.9980 1297 × 109 12.7696 0.9884

5.2941 0.9947 242.7259 3.7084 0.9611

ium time was reached, and the results indicate an increment of the
nitial aqueous solution pH when the initial pH was 2 or 3, while
o changes were observed for pH of 1, 4 and 5.

The increase in the lead binding is likely related to the pH-
ependent charges on the surface functional groups like hydroxyl,
mide and carboxylic acid. Therefore, the electrostatic attraction
lays an important role in metal adsorption onto the orange peels.
t pH 2, the positively charged surface of the adsorbent produces an
lectrostatic repulsion between the surface and the cationic metal.
lso, lower adsorption of Pb(II) at strong acidic pH is due to the
resence of excess H3O+ ions competing with the Pb(II) ions for the
dsorption sites.

This is supported by earlier work [8] about the equilibrium,
inetics and isotherm of biosorption of lead ions onto pretreated
hemically modified orange peel. As the pH of the system increases,
he number of high electronic density sites increases. Electron-rich
urface sites on the adsorbent favor the adsorption of metal due to
he electrostatic attraction [33].

.4.2. Initial concentration effect of lead biosorption
The adsorption isotherm studies are of fundamental importance

n determining the adsorption capacity of Pb(II) onto the biomass.
our different sorption models are compared for the fitting of
xperimental data for the lead isotherm of TB at pH 5 and room
emperature as shown in Fig. 8.

When the lead concentrations were increased from 5 to
00 mg L−1, the uptake of lead increased too. In order to determine
he mechanistic parameters associated with Pb(II) adsorption, the
esults of the experiments were fit to the Langmuir, Freundlich,
ips and Redlich–Peterson models with the sorption parame-
ers given in Table 2. The fit and all the parameters were also
o sorption isotherms. It considers the sorption energy of each
olecule the same, independent of the surface of the material,

ig. 8. Adsorption isotherms models for Pb(II) using TB at room temperature and
H 5.0.
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Table 2
Isotherm constants for the biosorption of Pb(II) by TB

Q0 (mg g−1) b (mg L−1) r2

Langmuir
41.9981 0.42 0.9768

KF (mg g−1) n r2

Freundlich
12.4242 2.3813 0.9512

qmax (mg g−1) b (mg L−1) n r2

Sips
40.4112 0.443496 0.9345 0.9771
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p
metals with good fits to a Langmuir isotherm [6–9].
R (L g−1) aR (L mg−1) ˇ r2

edlich–Peterson
18.9437 0.5121 0.9536 0.9772

ith the sorption taking place only on some sites and no interac-
ions between the molecules [34]. This model shows a better fit to
he adsorption isotherm data (r2 = 0.9768) than Freundlich model
r2 = 0.9512).

The Freundlich model has generally been considered an empiri-
al relationship and has been derived by assuming an exponentially
ecaying sorption site energy distribution. From Fig. 8 and Table 2,

t can be seen that the Freundlich model does not fit the exper-

mental data well. In the low concentration range the calculated
reundlich uptakes are lower whereas in the high concentration
ange it is higher than the experimental uptake values. Although
he Freundlich model has generally been considered an empirical
elationship and has been used widely to fit experimental data, it

3

o

Fig. 9. SEM micrographs and EDS
Materials 161 (2009) 1255–1264

s not the suitable model for describing the lead sorption processes
nto TB.

The Sips and Redlich–Peterson models with correlation coef-
cients of r2 = 0.9771 and r2 = 0.9772 respectively, have better fits
han the Langmuir and Freundlich models. The overlapped Lang-

uir, Sips and Redlich–Peterson isotherms are not significantly
ifferent, as shown in Fig. 8. In terms of fitting the models to
xperimental data, it was found that the Sips isotherm model gives
better fit than Langmuir for the lead sorption isotherm of TB.

his isotherm model has a simple expression and interpretable
arameters in terms of maximum capacity. The materials can be
eterogeneous, if the active sites are treated, since the model is
ased on the heterogeneity of adsorption energy. The parameter n
f this model represents the degree of surface heterogeneity – the
ower this value, the more heterogeneous the biosorbent sites. The
alue obtained in this work was 0.9345 [35].

Although the Redlich–Peterson isotherm shows the highest cor-
elations coefficient, the value of ˇ approaches unity (ˇ = 0.9596),
ndicating that the Redlich–Peterson isotherm tends towards a
angmuir isotherm.

The Langmuir and Sips models are a good fit to describe the
ead sorption processes onto TB, because they incorporate an inter-
retable parameter: Q0 and qmax (41.9981 and 40.4112 mg g−1

espectively) which corresponds to the highest possible biosor-
ents uptake (complete saturation isotherm plateau). Recent
apers show the capacity of orange peels for lead and other heavy
.4.3. Characterization after biosorption
Once the biosorption was complete, the dried solid was

bserved using SEM, as shown in Fig. 9. The micrographs show that

analysis for Pb(II) using TB.
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Fig. 10. Breakthrough curves of Pb(II) using TB at room temperature.

Table 3
Service time of the column at different initial aqueous solution concentration

System Q (mg/g−1) Exhaustion Service
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time (min) time (min)

b/TB (C0 = 150 mg L−1) 46.61 464 141
b/TB (C0 = 250 mg L−1) 22.40 617 60

he TB biomass looks very similar to TB before the sorption process,
ut with bright edges on the surface, an EDS analysis showed that
his corresponds to lead. Moreover particles of calcium and silicon
re also evident on the surface.

.5. Continuous studies

The use of packed bed columns as a reactor for biosorption gives
major advantage because it combines an optimum management
f the sorption capacity with very low metal concentration in the
ffluent. The upper part of the packed biosorbent is saturated at
he relatively high incoming concentration of the metal solution so
hat high uptake values are obtained, whereas the low concentra-
ion effluent encounters fresh and powerful sorbent material at the
ottom part of the packing. Fig. 10 shows the breakthrough curves
f Pb(II) as a function of effluent volume (L). In this work, two ini-
ial concentrations were used to evaluate the performance in the
ontinuous system (150 and 250 mg L−1).

Table 3 lists the service time at breakthrough for each concentra-
ion. The capacity at complete exhaustion was determined by the

etcalf–Eddy method (where the effluent plot joins the effluent in
he breakthrough curve and dividing these values by the weight of
dsorbent in the column). The column capacities were found to be
reater than their corresponding batch capacities. This effect has
een described previously [36].

These are significant results, because column studies have not
een done on treated orange peels and are encouraging for appli-
ations in industry.

. Conclusions

There has been an increasing interest in using natural sorbents

s well as the pretreatment or chemical surface modification of
hese sorbents as adsorbents for metal ion removal from aque-
us solutions. Surface modification has been a way to enhance
he adsorption capacity of many types of sorbents for metal ions.
n particular, introducing amino groups on an adsorbent is desir-

[

[

Materials 161 (2009) 1255–1264 1263

ble due to the nitrogen atoms acting as a good chelating agent
or the removal of heavy metal ions from aqueous solutions. In
his study, natural, formaldehyde-treated, and copolymer-grafted
range peel biosorbents were compared. Using UV–vis spec-
roscopy, the formaldehyde-treated sorbent showed the least
rganic leaching into the aqueous solution. In the solution pH val-
es ranging from 2.0 to 6 studied, adsorption amounts for lead

ons were greatest at pH 5.0. The Langmuir and Sips adsorption
sotherms adequately fit the experimental values. For lead ion
emoval, the formation of metal complexes with the oxygen atoms
n the hydroxyl groups on the surface may play an important role.
his pretreated biosorbent has potential applications in water and
astewater treatment for the removal of heavy metal ions since

ood results were obtained in continuous tests.
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