Journal of Hazardous Materials 161 (2009) 1255-1264

Contents lists available at ScienceDirect

Journal of Hazardous Materials

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

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

Violeta Lugo-Lugo?, Susana Hernandez-Lopez?, Carlos Barrera-Diaz®*,
Fernando Urefia-NaiiezP, Bryan Bilyeu®
3 Universidad Autonoma del Estado de México, Facultad de Quimica, Paseo Colon interseccién Paseo Tollocan S/N, C.P. 50120, Toluca, Estado de México, Mexico

b Instituto Nacional de Investigaciones Nucleares, A.P.18-1027, Col. Escandén, Delegacién Miguel Hidalgo, C.P. 11801, México, D.F, Mexico
¢ Xavier University of Louisiana, Department of Chemistry, 1 Drexel Drive, New Orleans, LA 70125, United States

ARTICLE INFO ABSTRACT

Article history:

Received 26 May 2007

Received in revised form 5 April 2008
Accepted 22 April 2008

Available online 3 May 2008

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
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 mgg-! for

gfg’ ::’;;iis;n an initial concentration of 150 mgL~!. Scanning electronic microscopy and energy dispersive X-ray spec-
Orange peel troscopy indicated that the materials had a rough surface, and that the adsorption of the metal took place

Lead on the surface. Fourier transform infrared spectroscopy revealed that the functional groups responsible for
metallic biosorption were the -OH, -COOH and -NH; 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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1. Introduction

Heavy metal contamination of water is a serious threat to the
globe ecosystem. Strict environmental protection legislation and
public environmental concerns drive the search for novel tech-
niques to remove heavy metals from industrial wastewater [1].
Although many techniques have been developed, most are expen-
sive or difficult to implement. However, the use of agriculture
waste for biosorption shows great promise. Preliminary economic
feasibility studies indicate these natural adsorbents have several
advantages over existing technologies, like ion exchange. Biosor-
bents are inexpensive, easy to chemically modify for increased
efficiency, suffer fewer environmental interferences, can be used
to recover valuable metals, and can easily be adapted to existing
filtration systems [2].

Agriculture is one of the richest sources for low-cost adsorbents.
Processing wastes like orange peels posses little economic value
and create serious disposal problems [3,4]. Mexico is the 3rd largest
orange producer in the world with an annual production of 15 mil-
lion tons of oranges [5]. The orange processing industry in Mexico
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produces 600 thousand tons of orange juice, which increases the
disposal problem of the residue.

Powdered Citrus junos peels have been found to remove almost
all Pb(II) from an aqueous solution in a pH range of 4-5.5 up to a
maximum capacity of 529 mgg-! [6]. Common orange peels have
been used for Ni(Il) sorption at pH 6 with a maximum capacity of
158 mg g~! [7]. However, recent work has included modifications to
the citrus biomass. In one study, orange peels were saponified with
NaOH, then reacted with citric acid, which gave a Pb(II) sorption
capacity of 253 mgg~! at pH 4.5-6.0 [8]. In another study, the sub-
stitution of phosphate groups onto orange processing residue with
Fe(Ill) produced an effective arsenic sorbent - 70mg As(V)g~! at
pH 3 and 68 mg As(Ill) g~ at pH 10 [9].

One problem associated with biosorbents is leaching of organic
components. Of the methods to increase effectiveness and pre-
vent organic leaching, two seem effective. In one study, pretreating
Sargassum biosorbent with a 0.2% (v/v) formaldehyde solution
increased the metal capacity to 302.5mg Pb(Il)g~!, 87.06 mg
Cu(ll)g~! and 71.6 mg Ni(Il) g~1, at pH 5 [10]. In another study, poly-
acrylamide was grafted onto coconut coir pith for Cr(VI) sorption
with a capacity of 127 mgg~! at pH 3 [11]. Polyacrylamide has been
grafted onto other biosorbents, like cotton [12], banana stalks [13],
fungal biomass [14], and cellulose [15] with similar success. This
grafting method improves the adsorption capacity and also pre-
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vents the organic leaching, but also increases the stability of the
adsorbent material, which is an important aspect of commercial
development of the biosorbent.

Since the effect of formaldehyde pretreatment and graft copoly-
merization on Pb(Il) adsorption by orange peels has not been
investigated, these treatments were evaluated in this work using
batch and continuous processes.

2. Materials and methods
2.1. Biosorbent preparation (NB)

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

2.2. Treated biosorbent (TB)

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

2.3. Grafted biosorbent (GB)

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

a. Biomass acidification: The natural biosorbent (NB) was mixed
with concentrated acetic acid (98%) in an ultrasonic processor
(Ultrasonik™ 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.

b. 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
N, 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.

c¢. Grafting: For this procedure, 0.5g 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.

2.4. Batch Pb(II) sorption experiments

Adsorption studies were carried out by batch technique to obtain
rate and equilibrium data. For these investigations, 0.12 g of adsor-
bent was added to each of a series of test tubes containing 12 mL of
solution with different adsorbate concentrations at pH 5 and agi-
tated intermittently from 0.5 min to 1 h. Equilibrium was achieved
quickly in less than 1 h, so shaking for times between 1 and 24 h

gave practically the same uptake. Adsorbate initial concentration
was 30 mg L. This methodology has been previously used [16,17].

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

2.5. Kinetic models and adsorption isotherms

The study of kinetics is an important factor in designing an
appropriate adsorption system. The adsorption of heavy metals
from the aqueous phase to the solid phase for a batch contact time
process, where the rate of sorption of lead onto the surface is pro-
portional to the amount of metal adsorbed, can be well described
as areversible reaction under an equilibrium condition established
between two phases. In order to consider the kinetic effects, the
Lagergren pseudo-first order equation given by Eq. (1), can be used
to determine the rate constant.

= =ki(ge — qc) (1)

The values g and q; are the mass of ions adsorbed per gram
of sorbent (mg/g) at equilibrium and at time t respectively, k; is
the rate constant for the pseudo-first order process (min~1), and t
is the time (min). In other cases, a pseudo-second order equation
may describe the process and it is given by Eq. (2)

8 ko(ge a7 @
In this case, k, is the rate constant for pseudo-second order
sorption (gmg~! min—1) [19].
Furthermore, kinetics effects can be studied using other models,
like Eq. (3), the Elovich model [19]. This equation is often valid for
systems in which the adsorbing surface is heterogeneous.

d
% = aexp(—fqr)

sif >> 1 (3)
where o (mgg~! min~1)is theinitial adsorption rate and Bis related
to the extent of surface coverage and the activation energy involved
in chemisorption (g mg~1). In this work, pseudo-first, second order
kinetics and Elovich model were considered in the study of adsorp-
tion process.

The results obtained by the adsorption experiments were
analyzed by the models of Langmuir, Freundlich, Sips and
Redlich-Peterson. The Langmuir isotherm model assumes uniform
energies of adsorption onto the surface with no transmigration of
adsorbate in the plane of the surface. The Langmuir isotherm is
given by Eq. (4), where ¢e is the amount adsorbed (mgg~1), Ce is
the equilibrium concentration of the adsorbate (mgL-1), and Qg
and b are the Langmuir constants related to maximum adsorption
capacity and affinity constant, respectively.

_ QobCe

e = 1+bCe (4)

The adsorption data was also analyzed by the Freundlich model.
The Freundlich model is given by Eq. (5), where ge is the amount
adsorbed (mgg1), Ce is the equilibrium concentration of the adsor-
bate (mgL~1), and Kr and n are Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively [20,21].

ge = KeCe'/" (5)
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The Sips model is a combination of the Langmuir and Freundlich
isotherm type models and takes the following form [22]:

_ Qmaxbcel/n

= (6)
14+ bC /M

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

where B<1 (7)

where kg (Lg™1), ag (Lmg~1) and B are Redlich-Peterson isotherm
constants. This equation reduces to a linear isotherm in the case of
low surface coverage and to a Langmuir isotherm when 8=1 [23].

2.6. Continuous experiments

Fixed bed reactors were used to produce lead sorption break-
through curves. They consisted of 1cm diameter glass columns
packed with the 0.5 g of TB (selected according to the best results
found during the batch experiments). The flow rate was 1 mL min—!
at pH 5.0 with initial metal concentrations of 150 and 250 mgL-1.
Filtrate samples at specific time intervals were analyzed by atomic
absorption spectroscopy to determine the metal concentration[18].
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Fig. 1. (a) Copolymerization of acrylamide and methacrylic acid and (b) grafting reaction of COP onto natural biomass NB.
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All experiments were conducted in duplicate. The exhausted sor-
bent was characterized using SEM.

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

_ (Co— (Ce/2))ts

m

q (8)

In this equation, q is the sorption capacity (mgg='), Cq and Ce
are influent and effluent concentration respectively (mgL-1), Q is
the volumetric flow (Lmin~1), ts is the service time (min), and m is
the adsorbent mass (g).

Further, the adsorption isotherms were calculated using 5, 30,
100, 150, 200, 250, 300 and 400 mg L~ concentrations at equilib-
rium time.

2.7. Characterization

All biosorbents obtained were characterized by the following
techniques:

The images of the orange peels before and after adsorption
process were captured by scanning electron microscopy (SEM)
using a JEOL-5900-LV at 20keV in High-vac mode (with gold
sputtering), which included an energy dispersive X-ray probe for
semi-quantitative elemental analysis. The UV-vis spectrometry
was performed on a PerkinElmer Lambda 25. IR analysis was done
on all the biosorbents before and after Pb(II) sorption on a Vertex
70 FTIR spectrometer by ATR. Thermogravimetric analysis was done
on a SDT Q600 from TA Instruments in a nitrogen atmosphere at a
heating rate of 20°Cmin~! from 25 to 600 °C.

3. Results
3.1. Copolymer-grafted biomass

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

18xim

thermal induction in order to produced free-radical species that
initiates the copolymerization of acrylamide and methacrylic acid
through their double bonds (Fig. 1a), with a reaction yield of 99%. It
is important to note that one important purpose of the use of these
monomers is the incorporation of carboxyl and amide groups onto
the cellulose matrix of the orange peel to improve the uptake of
Pb(II) and give better stability.

The copolymer was then grafted onto the natural biomass (NB)
by an esterification reaction between the hydroxyl groups of the
cellulose and the carboxylic acid groups of the copolymer following
a condensation mechanism catalyzed by sulfuric acid. The yield of
this reaction was 60%. The reaction is shown in Fig. 1b.

3.2. Characterization of biomasses

3.2.1. SEM

The copolymer (COP) obtained in step b (Section 2.3) was a fine
white powder with uniform 160 nm diameter spherical particles
(Fig. 2a). The SEM micrographs of the biomass before (NB) and after
treatment (TB) and after modification (GB) are shown in Fig. 2. In
Fig. 2b, the surface of the NB is a continuous cellular arrangement
with pores around 20 pm. This orange peel porosity is located in the
albedo zone, the white and spongy part of the peel, which consists
of enlarged parenchymatous cells with great intercellular spaces, as
it shown in micrographs. The orange peel also has a very compact
cellular structure, called the flavedo zone containing oil glands and
covered with a layer of natural wax. The GB in Fig. 2c has a rougher
porous surface morphology which is covered by a layer, indicating
the presence of the copolymer on the surface of the biomass. The
structure of TB in Fig. 2d is very similar to that of the NB.

This particular cell arrangement of albedo zone allows us to
explain the ability of the biosorbents for the impregnation of the
pores with external liquid and for remove heavy metals.

3.2.2. FTIR
The adsorption of heavy metals onto any biomass is due to
the functional groups on the components [6]. To confirm the

Fig. 2. Scanning electron microphotographs of (a) COP, (b) NB, (c) GB and (d) TB all at 1000x.
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Fig. 3. FTIR spectra of: (a) NB, (b) COP and (c) GB.

modification of the biomass, FTIR spectra were performed on
the raw and grafted biomass. Since the NB is mostly composed
of cellulose, pectic acid and pectins [7-9] we expect to see the
signals due to O-H, C-0O, C-H, and C-C bonds in Fig. 3a. The
peaks at 3332 are due to —-OH vibrations from alcohol and pec-
tic acid components of the biomass. The peaks at 2928, 2985 and
1428 cm~! correspond to the ~CH,- groups in the cellulose; 1738
and 1598cm! are assigned to the carbonyl (-C=0) stretching
from the carboxylic acid and carboxylate groups, respectively. The
broad signal at 1040 cm~! encloses all the vibrations from the C-0
bonds in the primary and secondary hydroxyl and the carboxylic
acid.

The copolymer (Fig. 3b) is composed of methacrylic acid and
acrylamide with the signals corresponding to these groups. The
broad doublet from 3550 to 2800cm~! includes the stretching
vibrations of the hydrogen in O-H and N-H groups from carboxylic
and primary amide, respectively. The hydrogen-bonded carbonyl
from both carboxylic acid and amide appears at 1661 cm~! and the
shoulder at 1605 cm~! is the typical N-H stretching from primary
amides. Another two important signals are situated at 1441 cm~! (a
doublet) and 968 cm~! which correspond to C-H from the methyl
and methylene groups and the bending of the OC-OH from the
dimer carboxylic acids. After modification of the biomass with the
copolymer (Fig. 3¢), we can appreciate some important changes
that evidence the reaction between carboxylic acid groups from
the copolymer and the hydroxyl groups from the biomass. The
broad band centered at 3332 cm~! indicates the presence of some
hydroxyl unreacted groups and the N-H vibration from the pri-
mary amide. The main range in which the most important changes
were presented is considered from 1732 to 901 cm~1[11,14,25].
First, signals at 1732 and 901 cm~! show the presence of unre-
acted carboxylic acids from the copolymer. A new signal appears
at 1657 due to the carbonyl stretching from the amide and the
hydrogen-bonded new ester group formed during the grafting reac-
tion. Another signal that indicates the presence of the copolymer
and the reaction with the biomass, is the split signal centered at
1045 cm~!. This band encloses some bending of C-0, C-O-C and
C-N bonds from unreacted hydroxyl (1045 and 1032 cm~1) and car-
boxylic acid groups, amide (1150 cm~1) and the new ester group
(1163 cm™1).
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Fig. 4. TGA curves for NB, TB and GB biomass.

Other work supports these absorption band assignments to
functional groups that are expected to be responsible for metallic
biosorption, specifically -OH, -COOH and —-NH; groups [26-28].

3.2.3. TGA

A comparison of TGA curves for NB, TB and GB is shown in Fig. 4.
The results indicate the best thermal stability is for the grafted
copolymer (GB) and TB with respect to NB. For the three samples,
the first weight loss measured at 160 °C was: 14% for NB, 7% for TB,
and only 4% for GB. This loss is due to the elimination of physically
absorbed water and in the case of NB there was an additional loss of
some small volatile organic molecules like oils, terpenes, dyes, etc.
The second important temperature was the starting decomposition
temperature, indicated by rows in Fig. 6. NB has the lower decom-
position temperature (271.6 °C) followed by TB (280.5°C) and GB
(305.2°C). Decomposition temperatures in both of these last sam-
ples were improved by 3% (9 °C)and 12%(33.6 °C), respectively from
the NB. Those important changes indicate that during chemical
treatment there was: (1) a better removal of volatile organic com-
pounds and (2) structural changes due to chemical reactions with
formaldehyde and the copolymer giving a better stability. Thus,
both TB and GB do not exhibit leaching of organic components like
seen in the NB [27].

3.24. UV-vis

One parameter that increases the feasibility of industrial use
of the biosorbents is the absence of organic leaching from the
biosorbent to the aqueous solution which leads to secondary pol-
lution. As we mentioned in Section 1, one method to give biomass
stability is the pretreatment of the biomass with formaldehyde.
Fig. 5 shows a comparison of UV-vis spectra of the remnant
solution from batch sorption. Two absorption bands are promi-
nent, one of them between 300 and 350 nm with a maximum at
319 nm, and another in 250-300 nm with the maximum at 272 nm.
They can be attributed to organic compounds, chromophores,
and essential oils in the orange peels that absorb in the UV
range.

A distinct decrease in absorbance of the remnant solution with
modification and pretreatment (50% and 75%, respectively) was
observed. These results indicate that during the formaldehyde
pretreatment organic compounds are extracted from the biomass
surfaces. In orange peels, there are pigments like chlorophyll and
carotenes which are soluble in organic solvents. Furthermore, alde-
hydes like formaldehyde are commonly used for preservation of
plant and animal tissues, which gives added stability to the mate-
rial. 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.

observed in the remnant solution after treatment are due to extrac-
tion.

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

2R-OH + HCHO — (R-0),CH; +H,0

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

3.3. Kinetic studies

The rate of biosorption is a very important factor for design and
process optimization in industry. The effect of contact time on the
adsorption of lead using NB, TB and GB biosorbents is shown in
Fig. 6. It shows that the sorption rate of removal of Pb(II) by all
the biosorbents is quite rapid at the beginning of the process and
becomes slower as equilibrium is approached. In the case of NB
and TB, about 99% of the adsorption capacity for Pb(II) was attained
within the first 10 min of contact for a Pb(Il) solution of 30 mgL-!.
When GB is used, the maximum Pb(II) removal occurs in 20 min.
It is observed that in all cases no desorption takes place. Once the
equilibrium is reached it remains constant.

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

It was found that the pseudo-second order model for NB, TB and
GB provides a good description of the experimental data, although
the correlations coefficients show that it was not the best fit. The
results demonstrate that the amounts of Pb(Il) adsorbed at equi-
librium were similar for all cases, but highest for TB. Also, the
rate constant k, for TB (k; =3.02089 ¢ mg~! min—') was higher than
NB and GB (k, =1.8877 gmg ! min~! and k; =0.6681 gmg~! min~!
respectively). This can be explained by the existence of functional
groups on the surfaces that have been increased as the organics
dissolved during the pretreatment.

The pseudo-second order rate expression has been used suc-
cessfully to describe the adsorption of pollutants from aqueous
solutions, and is used to describe chemisorption involving valent
forces through the sharing or exchange of electrons between the
adsorbent and adsorbate as covalent forces and ion exchange [30].

q/mgg
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Fig. 6. Lead adsorption by NB, TB and GB as function of time from an initial Pb(II)
concentration of 30 mgL~! at room temperature and pH 5.

Although the experimental points could be fitted by the
pseudo-second order equation, the best fit was observed with the
pseudo-first order model. This model describes reactions at the
particle-solution interface, and frequently shows biphasic kinet-
ics with a fast rate at the beginning followed by a slower rate.
The experimental data can be described by two first order reac-
tions, behavior interpreted as reactions at two site types: external
sites quickly accessible and internal sites which are less accessi-
ble [31,32]. The experimental data follow this behavior and Table 1
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Table 1

Kinetic constants for the biosorption of Pb(Il), pseudo-first, second-order kinetic and Elovich models

Pseudo-first order Pseudo-second order

Elovich model

ki(Lmin"')  ge(mgg™) 7 ka(gmg'min"')  ge(mgg™')  h(mgg'min') P a(mgg'min"')  B(gmg!) P
NB  1.7924 2.7387 0.9994  1.8877 2.8096 14.9011 0.9990 1643 x 10'° 13.0367 0.9933
TB  3.1504 2.7643 0.9997  3.0281 2.8235 24.1400 0.9980 1297 x 10° 12.7696 0.9884
GB  1.2046 2.7312 0.9996  0.6681 2.8151 5.2941 0.9947 242.7259 3.7084 0.9611

shows that the amount of Pb(II) adsorbed by TB at equilibrium
(ge=2.7643mgg ') is higher than NB and GB (ge=2.7387mgg!
and ge=2.7312mgg'). Also the Lagergren rate constant k; was
always highest for TB (k; =3.1504 Lmin~'). This is indicative of the
affinity of the sorbent for the metal being more emphasized for the
pretreated biomass.

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

The Elovich rate equation uses constants for adsorption and
desorption to describe the kinetics of chemisorption on highly het-
erogeneous surfaces. The experimental data in this study do not
show as good of a fit as the pseudo-first or pseudo-second order
models. However, the results of applying this model to the sorption
of Pb(II) on NB, TB and GB show acceptable correlation coefficients
with the lowest being r2 =0.9611 for GB. This can be explained in
function of biomass treatment: NB is more heterogeneous than TB
due to the formaldehyde pretreatment and GB is more homoge-
neous than TB due the grafting of COP onto its surface.As explained
in Section 3.2.4, TB biomass does not leach organic compounds
during adsorption. Moreover, the number of active binding sites
have increased as the organics dissolved. Sample pretreatment can
augment adsorption capacity, while avoiding secondary pollution.
According to Table 1, the TB biomass has the highest rate kinetic
constants. Therefore, the optimum biomass for the continuous pro-
cess evaluation is TB.

3.4. Biosorption isotherms

3.4.1. pH effect of lead biosorption

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

4 T6
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Fig. 7. Lead removal from aqueous solution as function of pH at room temperature
for the time to reach equilibrium from an initial concentration of 30 mgL-'.

rium time was reached, and the results indicate an increment of the
initial aqueous solution pH when the initial pH was 2 or 3, while
no changes were observed for pH of 1, 4 and 5.

The increase in the lead binding is likely related to the pH-
dependent charges on the surface functional groups like hydroxyl,
amide and carboxylic acid. Therefore, the electrostatic attraction
plays an important role in metal adsorption onto the orange peels.
At pH 2, the positively charged surface of the adsorbent produces an
electrostatic repulsion between the surface and the cationic metal.
Also, lower adsorption of Pb(Il) at strong acidic pH is due to the
presence of excess H30" ions competing with the Pb(II) ions for the
adsorption sites.

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

3.4.2. Initial concentration effect of lead biosorption

The adsorption isotherm studies are of fundamental importance
in determining the adsorption capacity of Pb(Il) onto the biomass.
Four different sorption models are compared for the fitting of
experimental data for the lead isotherm of TB at pH 5 and room
temperature as shown in Fig. 8.

When the lead concentrations were increased from 5 to
400 mgL-1, the uptake of lead increased too. In order to determine
the mechanistic parameters associated with Pb(II) adsorption, the
results of the experiments were fit to the Langmuir, Freundlich,
Sips and Redlich-Peterson models with the sorption parame-
ters given in Table 2. The fit and all the parameters were also
obtained by a nonlinear regression analysis using the software
Statistica 6.0.

The Langmuir model is probably the most widely applied
to sorption isotherms. It considers the sorption energy of each
molecule the same, independent of the surface of the material,
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Fig. 8. Adsorption isotherms models for Pb(II) using TB at room temperature and

pH 5.0.



1262 V. Lugo-Lugo et al. / Journal of Hazardous Materials 161 (2009) 1255-1264

Table 2
Isotherm constants for the biosorption of Pb(II) by TB
Qo (mgg1) b (mgL-1) r
Langmuir

41.9981 0.42 0.9768
K (mgg™") n 2
Freundlich

12.4242 2.3813 0.9512
Gmax (Mgg™") b(mgL™") n r
Sips

40.4112 0.443496 0.9345 0.9771
Kz (Lg™") ag (Lmg™") B r
Redlich-Peterson

18.9437 0.5121 0.9536 0.9772

with the sorption taking place only on some sites and no interac-
tions between the molecules [34]. This model shows a better fit to
the adsorption isotherm data (r2=0.9768) than Freundlich model
(12 =0.9512).

The Freundlich model has generally been considered an empiri-
cal relationship and has been derived by assuming an exponentially
decaying sorption site energy distribution. From Fig. 8 and Table 2,
it can be seen that the Freundlich model does not fit the exper-
imental data well. In the low concentration range the calculated
Freundlich uptakes are lower whereas in the high concentration
range it is higher than the experimental uptake values. Although
the Freundlich model has generally been considered an empirical
relationship and has been used widely to fit experimental data, it

NARFORM-Pb

zaku X1. 880 18rm

is not the suitable model for describing the lead sorption processes
onto TB.

The Sips and Redlich-Peterson models with correlation coef-
ficients of r2=0.9771 and 2 =0.9772 respectively, have better fits
than the Langmuir and Freundlich models. The overlapped Lang-
muir, Sips and Redlich-Peterson isotherms are not significantly
different, as shown in Fig. 8. In terms of fitting the models to
experimental data, it was found that the Sips isotherm model gives
a better fit than Langmuir for the lead sorption isotherm of TB.
This isotherm model has a simple expression and interpretable
parameters in terms of maximum capacity. The materials can be
heterogeneous, if the active sites are treated, since the model is
based on the heterogeneity of adsorption energy. The parameter n
of this model represents the degree of surface heterogeneity - the
lower this value, the more heterogeneous the biosorbent sites. The
value obtained in this work was 0.9345 [35].

Although the Redlich-Peterson isotherm shows the highest cor-
relations coefficient, the value of 8 approaches unity (8=0.9596),
indicating that the Redlich-Peterson isotherm tends towards a
Langmuir isotherm.

The Langmuir and Sips models are a good fit to describe the
lead sorption processes onto TB, because they incorporate an inter-
pretable parameter: Qp and gmax (41.9981 and 40.4112mgg~!
respectively) which corresponds to the highest possible biosor-
bents uptake (complete saturation isotherm plateau). Recent
papers show the capacity of orange peels for lead and other heavy
metals with good fits to a Langmuir isotherm [6-9].

3.4.3. Characterization after biosorption
Once the biosorption was complete, the dried solid was
observed using SEM, as shown in Fig. 9. The micrographs show that
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Fig. 9. SEM micrographs and EDS 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
time (min) time (min)
Pb/TB (Co=150mgL") 46.61 464 141
Pb/TB (Co=250mgL") 22.40 617 60

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

3.5. Continuous studies

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

Table 3 lists the service time at breakthrough for each concentra-
tion. The capacity at complete exhaustion was determined by the
Metcalf-Eddy method (where the effluent plot joins the effluent in
the breakthrough curve and dividing these values by the weight of
adsorbent in the column). The column capacities were found to be
greater than their corresponding batch capacities. This effect has
been described previously [36].

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

4. Conclusions

There has been an increasing interest in using natural sorbents
as well as the pretreatment or chemical surface modification of
these sorbents as adsorbents for metal ion removal from aque-
ous solutions. Surface modification has been a way to enhance
the adsorption capacity of many types of sorbents for metal ions.
In particular, introducing amino groups on an adsorbent is desir-

able due to the nitrogen atoms acting as a good chelating agent
for the removal of heavy metal ions from aqueous solutions. In
this study, natural, formaldehyde-treated, and copolymer-grafted
orange peel biosorbents were compared. Using UV-vis spec-
troscopy, the formaldehyde-treated sorbent showed the least
organic leaching into the aqueous solution. In the solution pH val-
ues ranging from 2.0 to 6 studied, adsorption amounts for lead
ions were greatest at pH 5.0. The Langmuir and Sips adsorption
isotherms adequately fit the experimental values. For lead ion
removal, the formation of metal complexes with the oxygen atoms
in the hydroxyl groups on the surface may play an important role.
This pretreated biosorbent has potential applications in water and
wastewater treatment for the removal of heavy metal ions since
good results were obtained in continuous tests.
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