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This study describes, in detail, the chemical modification of sugarcane bagasse with phthalic anhydride
to produce a carboxylate-functionalized sugarcane bagasse (SPA). The optimized modification condi-
tions yielded SPA with a percent weight gain of 77.08% and an amount of carboxylic acid groups of 4.76
mmol/g. The SPA was characterized by PZC, FTIR, elemental analysis, TGA, and SEM-EDX. An SPA adsor-
bent was used to remove Co?*, Cu?*, and NiZ* from aqueous solution in mono- and multicomponent
systems in batch mode. The adsorption kinetics followed a pseudo-second-order model. The adsorption

IS(EJ; :‘ﬁ:ﬁé bagasse rate constants assumed the following order: I<2‘C02+ >k2,N12* >I<2'Cu2+. Four mono- and multicomponent
Phthalic anhydride isotherm models were used to model the adsorption data. Monocomponent data were well described by
Adsorption the Langmuir model, whereas bicomponent data were well described by the modified extended Lang-
Metal ion muir and P-Factor models. The maximum adsorption capacities (Qmax.mono) for the Langmuir model were
Desorption 0.561,0.935, and 0.932 mmol/g for Co?*, Cu®*, and Ni?*, respectively. Adsorption in bicomponent systems

revealed that Cu?* suppressed the adsorption of Co?* and Ni2*, whereas Ni* suppressed the adsorption
of Co?*. Desorption studies revealed that the SPA adsorbent could be fully desorbed with a 1 mol/L HNO3

solution.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The pollution of water by heavy metals is becoming a serious
global problem, as they are toxic, non-degradable, and bioaccumu-
lative (Boamah et al.,2015; Fuand Wang,2011; Salmanetal.,2015).
The fast development of industries such as metal plating, mining,
fertilizers, tanneries, batteries, paper, pesticides, electronics, petro-
chemical, textile,among others has contributed to anincrease in the
concentration of toxic metals in wastewaters, which are directly or
indirectly discharged into the environment, mainly in developing
countries (Barakat, 2011; Fu and Wang, 2011; Kazemipour et al.,
2008). Some toxic metals of particular concern in the treatment of
industrial wastewaters and acid mine drainage include arsenic(III)
and (V), cadmium(II), chromium(III) and (VI), cobalt(II), copper(II),
lead(I), mercury(Il), manganese(Il), nickel(II), and zinc(II) (Barakat,
2011; Dumrul etal.,2011; Fuand Wang, 2011; Kursunlu et al.,2009;
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Sheoran and Sheoran, 2006). Toxic metals are thought to biomag-
nify, and biomagnification is one of the most significant reasons for
which metals are deemed harmful to the environment and living
organisms (Boamah et al., 2015; Fu and Wang, 2011). Heavy met-
als are also known to be carcinogenic and their adverse effects in
humans were well documented by Klaassen (2008).

Nowadays, the regulations used to control the concentration
of toxic metals in industrial effluents are becoming more and
more stringent, as the adverse effects of toxic metals are becom-
ing more well-known. Therefore, toxic metals must be removed
from wastewaters and acid mine drains in order to protect the
environment and living organisms (Fu and Wang, 2011; Sheoran
and Sheoran, 2006). According to Fu and Wang (2011) as well as
Barakat (2011), various methods are being used to remove toxic
metals. They include chemical precipitation, ion-exchange, adsorp-
tion, ultra- and nanofiltration, reverse osmosis, electrochemical,
and electrodialysis techniques. Among these methods, adsorption
has been recognized as an effective and economic method to treat
wastewaters containing toxic metals. It offers flexibility in design
and operation, as the adsorption process can be operated in batch
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or semicontinuous (fixed-bed column) modes (Fuand Wang, 2011).
In general, adsorption also produces high-quality treated effluents
and, because adsorption is often reversible, the adsorbents can be
regenerated through a suitable desorption process and reused, and
the adsorbate can also be recovered (Fu and Wang, 2011). When
the adsorbent is reused and the adsorbate can be recovered, the
adsorption is more economically favorable. Particularly, the use
of low-cost adsorbents, derived from agricultural crop residues,
natural materials, industrial by-products, or modified lignocellu-
losic materials, with a metal ion-binding capacity has recently
been pursued, as it makes the adsorption process more suitable
(Barakat, 2011). Among these bioadsorbents, sugarcane bagasse
(SB) is a promising alternative, as it is largely available in coun-
tries such as Brazil, China, and India (Ferreira et al., 2015; Yu et al.,
2015). According to Rocha et al. (2015), SB from different Brazil-
ian regions is composed, on average, of cellulose (42.19 4 1.93%),
hemicelluloses (27.60+0.88%), lignin (21.56 +1.67%), inorganics
(5.63 £2.31%), and extractives (2.84 &+ 1.22%).

Cellulose, hemicelluloses, and lignin have different types of
hydroxyl groups that can be modified with specific organic lig-
ands, exhibiting a metal ion-binding capacity. Several chemical
methods have been used and reported to modify lignocellulosic
materials to improve their metal ion-binding capacity, such as
esterification, etherification, halogenation followed by functional-
ization with organic ligands based on amine and sulfur compounds,
oxidation, and chemical grafting modification (Sun, 2010; Wan
Ngah and Hanafiah, 2008). In addition to the enhanced metal ion-
binding capacity provided by chemical modification, certain types
of organic ligands can provide modified adsorbent materials with
greater selectivity for the removal of specific metal ions by using
oxygen, amine, sulfur,among other electron-donor atoms or groups
that exhibit different affinities to metal ions (Dabrowski et al., 2004;
Hancock and Martell, 1989).

This study aimed to produce an adsorbent based on SB with
a metal ion-binding capacity through an esterification reaction
between phthalic anhydride (PA) and hydroxyl groups of SB. PA
is a commercial and stable reagent. It is use to introduce a metal
ion-binding capacity into SB, and it is suitable because PA is a
cheaper reagent than those often used for this purpose (Sun, 2010).
In this study, the chemical modification of SB with PA was exten-
sively studied and optimized. The produced adsorbent material
was used to study the adsorption of Co?*, Cu?*, and Ni?* from
spiked mono- and bicomponent aqueous solutions. The influences
of contact time, pH of the solution, and initial metal-ion con-
centration on adsorption were also studied in detail. A suitable
desorption process and the reuse of the spent adsorbent were also
evaluated.

2. Material and methods
2.1. Material

CoCl,-6H50, CuS0O4-5H,0, monochlroacetic acid (99%), and iso-
propanol were purchased from Synth (Brazil). Phthalic anhydride
(99%) (cat no. 125733) was purchased from Sigma-Aldrich (Brazil).
NiCl,-6H,0, glacial acetic acid (99.5%), NaOH, HCl (37% w/w),
acetone, and pyridine (Py) were purchased from Vetec (Brazil).
Quantitative filter papers (blue ribbon, JP-41, cat no. 3509-1,
12.5cm diameter, ash content of 0.00009g, and grammage of
80 g/cm?) were purchased from JProlab (Brazil). Py was refluxed
in a 2 L round-bottomed flask with NaOH pellets for 12 h, distilled,
and stored in flat-bottomed flasks containing NaOH pellets before
use. All metal-ion solutions were prepared using deionized water
(Millipore, model Milli-Q® Simplicity®). SB stalks were collected at
Ouro Preto, Minas Gerais, Brazil. SB stalks were prepared for chem-

ical modification following the methodology proposed by Ramos
et al. (2015).

2.2. Modification of sugarcane bagasse with phthalic anhydride

The esterification reaction between hydroxyl groups of SB and
PA was studied as a function of reaction time and amount of PA.

2.2.1. Modification of sugarcane bagasse as a function of the
amount of phthalic anhydride

SB (1.0g), PA (2.0, 4.0, 6.0, or 8.0g), and anhydrous Py (15 mL)
were added to a 100 mL round-bottomed flask to give a solid-to-
liquid ratio of 1:15 (w/v). A reflux condenser with a drying tube
filled with anhydrous calcium chloride was attached to the flask.
The suspension was heated at 100°C in an oil bath placed on a
heating plate (Corning®, model PC-420D) under constant mag-
netic stirring at 300rpm for 3 h. At the end of the reaction, the
modified SB was left to cool for 30 min and then transferred to
a 250 mL beaker containing 125 mL of isopropanol. It was mag-
netically stirred for 30 min, after which it was transferred to a
150 mL glass Buchner funnel (disc diameter of 60 mm and poros-
ity of 3). The modified SB was washed with isopropanol twice.
Then, the phthalate-modified sugarcane bagasse (SPA) was sepa-
rated by vacuum filtration and washed sequentially with distilled
water (100 mL), 0.01 mol/L aqueous HCl solution (100 mL), distilled
water (100 mL), and isopropanol (50 mL) (Ko et al., 2010). The SPA
was then dried in an oven at 95 °C for 2.5 h, placed in a desiccator
to cool, and weighed. The values of percent weight gain (pwg) and
amount of carboxylic acid groups (ncoon) were determined.

2.2.2. Modification of sugarcane bagasse as a function of reaction
time

SB(1.0g),PA(6.00r 8.0 g),and anhydrous Py (15 mL) were added
to a 100 mL round-bottomed flask to give a solid-to-liquid ratio
of 1:15 (w/v). A reflux condenser with a drying tube filled with
anhydrous calcium chloride was attached to the flask. The suspen-
sions were heated at 100°C in an oil bath placed on a heating plate
(Corning®, model PC-420D) under constant magnetic stirring at
300 rpm. The reaction times studied for 6.0 g of PA were 3 and 6 h
and for 8.0 g they were 1, 3, 6, 12, 18, and 24 h. The purification and
characterization of the SPAs followed the procedures described in
Section 2.2.1.

2.3. Characterization of modified sugarcane bagasse with
phthalic anhydride

All samples were previously dried in an oven at 90 °C for 1 h and
stored in a desiccator before analyses, with the exception of those
used for the determination of the percent weight gain.

2.3.1. Percent weight gain
The percent weight gain (pwg) after esterification of the
hydroxyl groups of SB with PA was calculated using Eq. (1):

pwg = (M) « 100 (1)
Wsp

where pwg (%) is the percent weight gain, and wspa and wsg (g) are

the weights of SPA and SB, respectively.

2.3.2. Amount of carboxylic acid groups

The amount of carboxylic acid groups (ncoon ) released after the
esterification of SB with PA was determined by back titration. Two
0.1000g samples of SPA were weighed into 250 mL Erlenmeyer
flasks, and 100.0 mL of standardized aqueous NaOH solution (10
mmol/L) was added to each flask. The flasks were mechanically
stirred (100rpm)(Nova Etica, model 109/2) for 60 min at 25°C.
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Then, the suspensions were filtered using a single filtration (JP-41
filter paper). Three 20.0 mL aliquots from each flask were titrated
with standardized aqueous HCl solution (10 mmol/L) until the end-
point of phenolphthalein. The ncooy of SPA was calculated using Eq.

(2):

" _ [CNaoHVNaoH — 5 (Gl Vel 2
COOH = W (2)

where ncooy (mmol/g) is the amount of carboxylic acid groups
on the SPA surface and Cnaon and Cyg (mmol/L) are the concen-
trations of NaOH and HCI solutions, respectively, Vnaon (L) is the
volume of NaOH solution and Viy¢ (L) is the volume of HCI solution
expended when titrating excess unconsumed NaOH, and wspa (g)
is the weight of SPA.

2.3.3. Point of zero charge (PZC)

Three 0.01 mol/L NaNO3 solutions with pH values of 3, 6, and 11
were prepared by adjusting the pH of the solutions using 0.1 mol/L
HNO3 and NaOH solutions. Different amounts of SPA samples were
added to five 125 mL Erlenmeyer flasks and 20.0 mL of NaNOs3 solu-
tion of pH 3, 6, or 11 was added to each flask to give suspensions
of 0.05, 0.1, 0.5, 1, and 2% (w/v). The flasks were mechanically
stirred (130 rpm)(Nova Etica, model 109/2) for 24 h at 25 °C. Then,
the equilibrium pH value was measured using a pH meter (Hanna
Instruments, model HI 223) to obtain the PZC.

2.3.4. Fourier-transform infrared spectroscopy (FTIR)

Samples of SB, SPA, and SPA loaded with Co?*, Cu?*, and Ni2*
(1.0mg) were mixed with 100 mg of spectroscopy-grade KBr and
pressed in a hydraulic press at 8 tons for 0.5 min to obtain 13 mm
KBr pellets (Pike CrushIR, model 181-1110, Pike Technologies,
Canada). The FTIR spectra were recorded on an ABB Bomen MB
3000 FTIR spectrometer (Quebec, Canada) equipped with optics of
ZnSe and a DTGS detector set at a resolution of 4cm~! from 500 to
4000 cm~! with 32 scans.

2.3.5. Energy-dispersive X-ray (EDX) spectroscopy

Samples of SPA loaded with Co?*, Cu?*, and Ni?* were analyzed
onaVega3 SBSEM-EDX spectrometer (Tescan/Oxford Instruments)
using a filament voltage of 20keV and a backscattered electron
(BSE) detector. Samples of 100 mg of SPA loaded with metal ions
were pressed in a hydraulic press at 8 tons for 1 min to prepared
pellets of 13 mm. Then, they were sputter-coated with carbon in
modular high-vacuum coating equipment (Quorum Technologies,
model Q150R ES).

2.4. Adsorption experiments

Adsorption of Co2*, Cu2*, and Ni%* on SPA in a monocomponent
system was studied as a function of contact time (kinetics), pH of the
solution, and initial concentration of metal ions (isotherm). Bicom-
ponent adsorption isotherms composed of Co2*-Cu?*, Co2*-NiZ*,
and CuZ*-Ni2* systems in equimolar concentrations were also stud-
ied.

2.4.1. Adsorption of metal ions on SPA as a function of contact
time (kinetics)

Samples of 100.0 mL of each metal-ion solution (0.79 mmol/L),
buffered at pH 5.5 for Cu%* and 5.75 for Co* and Ni2* (0.05 mol/L
CH3COOH/CH3COONa), were added to 250 mL Erlenmeyer flasks
and pre-thermostated to 25°C in a shaker incubator for 1h (Tec-
nal, model TE-424, Piracicaba, SP, Brazil). Then, samples of SPA
(20.0 mg) weighed in cylindrical glasses (1.8 mm height x 2.2 mm
diameter) were added to each Erlenmeyer flask and stirred at
130 rpm for different time intervals. Then, the solids were filtered

off using a single filtration (JP-41 filter paper) and the concen-
tration of metal ion at time t was determined by a flame atomic
absorption spectrophotometer (FAAS) (Hitachi, model Z-8200)
(Aco=240.7mm, Acy=324.8 mm, and Ay; =232 mm). The amount
of each metal ion adsorbed on SPA at time t was calculated using
Eq.(3):

[(Gi = COppz+ Ve |
qi=—""—"""— (3)
! Wspa
where q; (mmol/g) is the amount of metal ion (M2*) adsorbed per
unit weight of SPA at a time t, V, 2+ (L) is the volume of metal-ion
solution, G; and C; (mmol/L) are the metal-ion solution concentra-
tions at 0 and time t, respectively, and wspy (g) is the weight of
SPA.

2.4.2. Adsorption of metal ions on SPA as a function of solution pH
Samples of SPA (20.0 mg) were directly weighed into 250 mL
Erlenmeyer flasks, and 100.0mL of each metal-ion solutions
(0.79 mmol/L) buffered at pH values from 2.0 to 3.5 (0.05mol/L
CICH,COOH/CICH,COONa) and from 4.0 to 5.75 (0.05mol/L
CH3COOH/CH3COONa) were added. The Erlenmeyer flasks were
placed into a pre-thermostated shaker incubator at 25°C and
stirred at 130 rpm until equilibrium was reached. Then, the solids
were filtered off through a single filtration (JP-41 filter paper) and
the concentrations of metal ions were determined by FAAS. The
maximum pH value of each metal-ion solution required to avoid
the formation of hydrolyzed species and precipitation was cal-
culated using the concentration of each metal-ion solution and
the solubility product constant (Ksp) for Co(OH), (5.92 x 10-13),
Cu(OH); (1.8 x 10729), and Ni(OH), (5.48 x 10~16) (Haynes, 2014).

2.4.3. Adsorption as a function of the initial metal-ion

concentration

2.4.3.1. Monocomponent isotherms. Samples of SPA (20.0 mg) were
directly weighed into 250 mL Erlenmeyer flasks, and 100.0 mL of
each metal-ion solution, buffered at pH 5.5 for Cu?* and 5.75 for
Co?* and Ni2* (0.05mol/L CH3COOH/CH3COONa), with concen-
trations ranging from 0.05 to 1.12 mmol/L, were added. Further
experimental procedures were the same as those described in Sec-
tions 2.4.1 and 2.4.2.

2.4.3.2. Bicomponent isotherms. Samples of SPA (20.0 mg) were
directly weighed into 250 mL Erlenmeyer flasks, and 100.0 mL
of the binary equimolar metal-ion solutions, buffered at pH 5.5
(0.05 mol/L CH3COOH/CH3COONa), with concentrations ranging
from 0.05 to 1.12 mmol/L for Co2*-Cu?*, Co2*-Ni?*, and Cu%*-Ni2",
were added. Further experimental procedures were the same as
those described in Sections 2.4.1 and 2.4.2.

2.5. Desorption experiments

Samples of SPA (100 mg) were directly weighed into 250 mL
Erlenmeyer flasks, and 100.0mL of each metal-ion solution
(3.15 mmol/L for Co?*, Cu%*, and Ni%*) buffered at pH 5.5 (0.05 mol/L
CH3COOH/CH3COONa) was added. The flasks were stirred in a
pre-thermostated shaker incubator at 25°C and 130rpm for
180 min, using the optimal experimental parameters determined
from the respective adsorption studies for Co2*, Cu%*, and Ni2*.
Then, the solids were filtered off through a single filtration step,
washed with an excess of deionized water, dried in an oven at 60 °C
for 12 h, and stored in a desiccator. Dried samples of SPA (20.0 mg)
loaded with each metal ion were directly weighed into 250 mL
Erlenmeyer flasks, and 20.0 mL of 1.0 mol/L HNO3; was added. The
flasks were placed into a pre-thermostated shaker incubator at
25°Cand 130 rpm for 5 min. Further experimental procedures were
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Fig. 1. (a) Scheme illustrating the synthesis route used to synthesize the SPA adsorbent, (b) suggested adsorption mechanism of metal ions (M2*) onto the SPA adsorbent
[M=Co, Cu, or Ni and mX™~ =counter ion (SO42-or CI-)], and (c) suggested desorption mechanism of the metal ions from the SPA surface.

the same as those described in Sections 2.4.1 and 2.4.2. The desorp-
tion efficiency (DE) was calculated by Eq. (4):

C Vi
DE = e+ THNOs 100 (4)
Qr,maxWspa

where DE (%) is the desorption efficiency, CE‘M2+ (mmol/L) is the
equilibrium concentration of the metal ion (M%*), Vynos (L) is the
volume of nitric acid solution, Qrmax (mmol/g) is the theoretical
maximum adsorption capacity determined for each metal ion, and
Wspa (g) is the weight of SPA loaded with each metal ion.

2.5.1. Reuse of the spent SPA

SPA adsorbents from desorption studies were washed with an
excess of deionized water and isopropanol, before being dried in an
oven at 95 °C for 2.5 h. Samples of SPA (20.0 mg) were weighed into
250 mL Erlenmeyer flasks, and 100.0 mL of each metal-ion solution
(0.79 mmol/L) was added. The optimal experimental parameters
determined from adsorption studies were adopted. Further exper-
imental procedures were the same as those described in Sections
2.4.1 and 2.4.2. The re-adsorption efficiency (RE) of SPA for a new
cycle of adsorption of each metal ion was calculated using Eq. (5):

{[(Wspppz+ — Wspa) Qrmax] des T (QmaxWspa )re-ads | /WspA
QT,max
« 100 (5)

RE =

where RE (%) is the re-adsorption efficiency, Wopap2+ (8) IS the
weight of SPA loaded with metal ion, wsps (g) (inside brackets

with subscript “des”) is the weight of SPA after desorption, which is
determined from wgp, \2+ and the desorption efficiency (DE), Qmax
(mmol/g) is the new maximum adsorption capacity obtained from
the re-adsorption study, and wspa (g) is the weight of SPA used in
the re-adsorption test. The subscripts “des” and “re-ads” in Eq. (5)
are related to the desorption and re-adsorption tests, respectively.

3. Results and discussion
3.1. Preparation and characterization of SPA adsorbent

The characterization of SB and SPA adsorbent by thermogravi-
metric analysis (TGA) (Fig. S1 and Table S1) and scanning electron
microscopy (SEM) (Fig. S2) can be accessed in the Supplementary
material.

3.1.1. Percent weight gain and number of carboxylic acid groups

Fig. 1 presents the synthetic route used to obtain the SPA adsor-
bent, showing a suggestion of the adsorption mechanism through
which metal ions (M2*) are removed from aqueous solution by SPA
adsorbent, and a suggestion of the desorption mechanism through
which metal ions are desorbed from the SPA surface and released
into the aqueous solution. The chemical modification of SB with
PA using Py as a solvent and base/catalyst to produce SPA was
optimized through the evaluation of the effects of reaction time
and PA concentration on the values of pwg and ncooy. The results
of optimizing the esterification reaction are presented in Table 1,
which shows that, as the amount of PA was increased, pwg and
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Table 1
The results of optimizing the chemical modification of SB with PA.
Phthalic anhydride Reaction SPA?
(PA) (g) time (h)
pwg (%) Ncoon (mmol/g)
2.0 3 40.62 + 3.38 242 +0.18
4.0 58.99 + 0.10 2.71 + 0.08
6.0 7529 + 1.43 3.26 £+ 0.03
8.0 81.22 +2.84 3.18 £ 0.10
6.0 3 75.29 + 1.43 3.26 + 0.03
6 77.08 £+ 0.00 4.76 + 0.03
8.0 1 62.71 £ 3.35 2.57 +£0.20
3 81.22 + 2.84 3.18 £ 0.10
6 98.06 + 1.25 3.60 + 0.25
12 140.80 + 1.60 4.95 + 0.02
18 142.90 +14.09 4.80 + 0.95
24 161.22 + 8.89 4.99 + 047

@ The weight of SB used in all chemical modifications was 1.0 g. All reactions were
performed in duplicate.

Ncoon also increased. The increase in the amount of PA from 2.0 to
8.0 g yielded an increase in both pwg and ncgoy. A small variation
between the ncooy values was observed for reactions employing
6.0 and 8.0 g of PA, considering the standard deviation. Therefore,
when studying the esterification as a function of reaction time, 6.0
and 8.0 g of PA were also assessed with a view to a possible reduc-
tion in the preparation costs of the SPA adsorbent on a larger scale.
For reactions employing 8.0 g of PA, as the reaction time increased,
pwg and ncooy also increased. The same behavior was noticed for
reactions using 6.0 g of PA. However, the ncgoy for the reaction
employing 6.0 g of PA and a reaction time of 6 h was similar to that
when using 8.0 g of PA and reaction times equal to or greater than
12 h. Thus, to decrease the preparation costs of the SPA adsorbent,
6.0 g of PA (PA/SB ratio=6:1) and a reaction time of 6 h were cho-
sen to prepare a larger amount of SPA adsorbent in order to perform
the adsorption experiments. These reaction conditions were cho-
sen by taking into account the highest ncooy obtained using the
smaller amount of PA and shorter reaction time. When increas-
ing the reaction scale to 10.0 g of SB and 60.0 g of PA, the pwg and
ncoon Values were 74.85% and 4.79 + 0.03 mmo/g, respectively. The
scale—up of the reaction resulted in a decrease in the pwg by 2.98%
and anincrease in ncooy by 0.63%. The estimated preparation cost of
SPA (PA/SB = 6:1 and 6 h reaction time) based on the international
market prices of the chemicals used, SB, and electricity in Brazil
was US$ 85.60 per kilogram of SPA. The preparation cost of SPA did
not include the chemicals used in the elaboration steps (Section
2.2.1) and the possibility of recovering and recycling Py and excess
PA.

Liuetal.(2006)also studied the esterification of SB with PA using
Py as a base/solvent (PA/SB ratio=1:1.5 and Py/SB ratio=1:10)
under ultrasound irradiation at 115 °C for 75 min. They reported a
maximum pwg of 39.1% when using the reaction conditions previ-
ously mentioned. In comparison to the results reported by Liu et al.
(2006), SPAs were obtained in this study with higher pwg values.

3.1.2. Elemental analysis and FTIR spectroscopy

Elemental analysis was carried out for SB and SPA. The car-
bon, hydrogen, and nitrogen contents for SB and SPA were 46.56
and 48.62%, 5.09 and 5.31%, 0.30 and 0.19%, respectively. Fig. 2a
presents the FTIR spectra for SB and SPA. The major changes that
can be highlighted in the spectrum of SB in relation to SPA are:
(1) the appearance of a band at 3074 cm~!, which is attributed to
an intramolecular bond between the hydrogen of the carboxylic
acid group and the oxygen of the carbonyl ester group; (2) the
appearance of bands at 2638 and 2527 cm~!, which are related
to the stretching of hydrogen bonding exhibited by dimmers of
aromatic carboxylic acid; (3) the appearance of a strong band at

1724 cm~1, which corresponds to the stretching of conjugated car-
bonyl ester; (4) the appearance of bands at 1600 and 1491 cm™!,
which are related to the stretching of C=Cbonds in the benzene ring
of phthalate moiety and lignin; (5) a band at 1286cm™, related
to the C—O stretching in esters and carboxylic acids; and (6) a
band at 745cm™! related to C—H out-of-plane bending for the
1,2-substituted benzenoid ring (Pavia et al., 2014). The absence of
bands at 1850-1800 cm~1 in the FTIR spectrum of SPA, which corre-
spond to asymmetric and symmetric stretching modes of carbonyl
group of cyclic carboxylic acid anhydride, indicates that SPA is free
of unreacted PA (Liu et al., 2006; Pavia et al., 2014). These changes
in the FTIR spectra of SPA in comparison with SB confirm the intro-
duction of the phthalate moiety into SB through the esterification
reaction. Similar IR band assignments were reported by de Melo
et al. (2010) and Liu et al. (2006) who studied the esterification of
microcrystalline cellulose and SB with PA, respectively.

Fig. 2b presents the FTIR spectra for SPA and SPA loaded with
Co2*, Cu?*, and Ni2*. The adsorption of metal ions on the SPA adsor-
bent was characterized by the splitting of the band in the region of
1685 cm~! (Smith, 1998), which corresponds to the stretching of
C=0 in carboxylic acid groups. This band appears to be overlapped
with the ester band at 1724cm~!. When the metal-ion adsorp-
tion takes place, this band is split and two new bands appear at
1592 and 1552cm™!, corresponding to the asymmetric stretch-
ing of carboxylate groups. The band at 1592cm~! also appears
to be overlapped with the stretching of C=C bonds at 1600 cm™!
as seen in Fig. 2b for SPA-loaded with Co%*, CuZ*, and NiZ*. The
splitting of the band at 1685 cm™! is attributed to the carboxylic
acid group and is indicative that these groups are deprotonated
during the adsorption of metal ions and that the carboxylate
groups are involved in the adsorption of metal ions (Lyszczek,
2007). These changes in the FTIR spectra for SPA in comparison
with SPA loaded with Co%*, Cu?*, and Ni2* prove that the adsorp-
tion mechanism involves an ion-exchange phenomenon, in which
hydronium ions are exchanged by metal ions followed by complex-
ation of the metal ions with carboxylate groups, as suggested in
Fig. 1b.

3.1.3. Point of zero charge (PZC)

The PZC was determined to assess the surface properties of the
SPA adsorbent. The pH that is required to yield a net zero surface
charge may be related to the acidity constant (K;) of an adsorbent
material containing acidic functional groups (Noh and Schwarz,
1990). Thus, the surface of an adsorbent has a net positive surface
charge at pH<PZC, whereas, at pH > PZ(, it has a net negative sur-
face charge. The PZC value for the SPA adsorbent was 2.92 +0.06.
The pK, values of PA, corresponding to the position of carboxyl
groups 1 and 2, are 2.98 and 5.28 (Fig. 1), respectively (Braude and
Nachod, 1955). A comparison of the pK, values for PA and the PZC
of SPA indicates that electronic effects provided by the presence of
the ester bond between the hydroxyl groups of SB and the phtha-
late moiety influenced the acidity of the remaining carboxyl groups.
The PZC value for the SPA adsorbent indicates that the adsorption
of metal ions will occur at pH > 2.92.

3.1.4. Energy dispersive X-ray (EDX) spectroscopy

EDX spectroscopy was used to map the surface of the SPA adsor-
bent in order to evaluate the adsorption sites of the adsorbed metal
ions and their distribution along the surface of the SPA. Fig. 3a-c
presents the distribution of Co2*, Cu2*, and Ni2* on the surface of the
SPA adsorbent. In Fig. 3a-c, a non-uniform distribution of adsorbed
Co?*, Cu?*, and Ni2* was observed at the adsorption surface sites of
the SPA adsorbent. Some regions exhibited higher concentrations
of metal ions than others. The Langmuir model better described
the adsorption of Co%*, Cu?*, and Ni2* on the SPA adsorbent, as pre-
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Fig. 2. FTIR spectra of (a) SB and SPA and (b) SPA and SPA loaded Co?*, Cu?*, and Ni?* (transmittances of SPA-Co%*, SPA-Cu?*, and SPA-Ni%* spectra were shifted by 30, 60,

and 90%).

sented in Section 3.2.3.1. This suggests the formation of a uniform
adsorption layer on the SPA surface. Conversely, in Fig. 3a—c, it can
be seen that there are some preferential adsorption sites. How-
ever, the Langmuir model would still be representative, taking into
account that there is no experimental evidence of multilayer forma-
tion, but merely the presence of sparse and preferential adsorption
sites on the SPA surface. Similar results were reported by Liu and
Xu (2007) for the biosorption of Ni2* on aerobic granules and by
Vieira and Beppu (2006) for the adsorption of Hg2* on unmodified
and modified cross-linked chitosan films.

3.2. Adsorption experiments

3.2.1. Effect of the solution pH on metal-ion removal

The effect of the solution pH on metal-ion removal by SPA was
assessed at 25 °C with a 0.79 mmol/L metal-ion solution, 130 rpm,
0.2 g/L adsorbent, as well as 180 min equilibrium time (t. ), based on
kinetic data (Table 2) for Co%*, Cu%*, and Ni%*. Figure 4 presents the

equilibrium adsorption capacity (ge) of Co?*, Cu?*, and Ni2* on the
SPA adsorbent as a function of the solution pH from 2.0 to 5.75. The
removal of metal ions from aqueous solution is strongly controlled
by the solution pH, as the solution pH affects both the surface charge
of the SPA adsorbent and the form of the metal ions in the aqueous
solution. The net surface charge of an adsorbent in aqueous solu-
tion is associated with its PZC. The PZC value of the SPA adsorbent is
2.92. Therefore, the removal of metal ions was favored at pH > PZC,
where the surface of the SPA adsorbent is negatively charged, owing
to the deprotonation of carboxylic acid groups. Fig. 4 shows that
the ge increased as the solution pH increased, and a plateau was
not attained for the removal of Co?*, Cu?*, and Ni2*. At low pH val-
ues (pH < 3), the carboxylate groups on the SPA adsorbent surface
were protonated and the removal of metal ions did not occur. For
pH values higher than the PZC (pH > 3), the removal of Cu?* took
place as a consequence of strong attractions between the negatively
charged carboxylate groups containing nonbonding electron pairs
on the SPA adsorbent surface and positively charged metal ions in
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Fig. 4. Effect of pH on the adsorption of Co?*, Cu?*, and Ni?* onto the SPA (0.79
mmol/L M2*, 130 rpm, 25°C, 0.2 g/L SPA and 180 min of shaking for Co?*, Cu?*, and
Ni%*, respectively).

solution. Conversely, the removal of Co?* and Ni?* took place at
pH values higher than 4. This indicates that an alternative method
to separate Cu?* from Co%* and Ni2* is to control the solution pH

at values below 4. The maximum ¢e value was attained at pH 5.5
for Cu?* and 5.75 for Co?* and Ni2*. Adsorption at pH values greater
than 5.5 for Cu?* and 5.75 for Co%* and Ni2* was not evaluated, as the
formation of metal-hydrolyzed species [M(OH)*] could occur with
consequent precipitation of metal-ion hydroxides [M(OH),].
Therefore, pH values of 5.5 for Cu2* and 5.75 for Co?* and Ni%*
were chosen as the maximum pH values for the following adsorp-
tion experiments, both as a function of time and initial metal-ion
concentration.

3.2.2. Adsorption kinetics

The adsorption kinetics represents one of the most significant
parameters for designing a wastewater treatment plant based on
the batch adsorption process (Ho and McKay, 1999). Pseudo—first—
(see the Supplementary material) and pseudo-second-order
kinetic models were used to model the adsorption rate of metal
ions on the SPA adsorbent surface at pH 5.5 for Cu?* and 5.75 for
Co?* and Ni%* at 25°C, 130 rpm, 0.79 mmol/L metal-ion solution,
and 0.2 g/L adsorbent.

The pseudo — second — order kinetic model of Ho and McKay
(1998) also expresses the rate of adsorption as a function of the
adsorption capacity; however it assumes that the rate—limiting
step may be chemical adsorption, involving valency forces through
the sharing or exchange of electrons between adsorbent and adsor-
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Table 2
Results of modeling the experimental kinetic data, monocomponent and bicomponent equilibrium adsorption data for the adsorption of metal ions on SPA (25°C, 130 rpm,
0.2 g/L SPA).
Kinetic model
Experimental Parameters Co** Cu?* Ni2*
data pH 5.75 5.5 5.75
te (min) 180 180 180
(eexp (Mmol/g) 0.464+0.014 0.448 £0.018 0.554+£0.027
Pseudo-second-order  geest (Mmmol/g) 0.443 +£0.016 0.43240.022 0.52540.025
ks (g/mmol min) (420+£0.82)x 10! (1.54+0.35)x 10! (1.89+£0.43)x 10!
R? 0.9218 0.9222 0.9404
Xred 0.0034 0.0051 0.0066
Monocomponent isotherms
Experimental Parameters Co?* Cu®* Ni2*
data Qmaxexp (Mmol/g) 0.462 +£0.021 0.845 +0.006 0.701+0.017
pH 5.75 5.5 5.75
te (min) 180 180 180
CN 10.36 5.67 6.84
I (mol/L) 0.0512 0.0523 0.0526
Ve 0.886 0.886 0.886
Langmuir Qmax,est (mmol/g) 0.561+0.027 0.935+0.061 0.932+£0.052
b (L/mmol) 7.24+0.90 7.09+1.21 3.01+0.33
R? 0.9658 0.9388 0.9800
Xred 0.0022 0.0075 0.0022
AadsG° -22.334+2.76 —22.284+3.79 -20.16+2.19
Freundlich K [mmol/g/(L/mmol)!/"] 0.556+0.031 0.973+0.034 0.7594+0.017
n 2.57+£0.23 2.374+0.12 1.90+0.06
R? 0.9198 0.9685 0.9892
Xred 0.0052 0.0039 0.0012
Bicomponent isotherms
Experimental Parameters Co-Cu Cu-Co Co-Ni Ni-Co Cu-Ni Ni-Cu
data Qmax.expi (Mmol/g) 0.152+0.014 0.505+0.019 0.180+0.007 0.281+0.006  0.627 +0.007 0.532+0.019
Qmaxexp,i+j (mmol/g) 0.657 +£0.024 0.461 +0.009 1.159 +0.020
Qmaxexp,imulti/Qmax.expmono ~ 0.329 0.598 0.390 0.401 0.742 0.759
pH 5.5 5.5 5.5 5.5 5.5 5.5
te.mono (Min) 180 180 180 180 180 180
Ie (mol/L) 0.0536 0.0537 0.0557
Ve 0.886 0.886 0.886
Modified ni 2.161+0.382 7.089+0.126  1.613+0.199 1.132+£0.128  0.714+0.100 2.050+0.221
extended Ul 0.956+0.303 1.521+0.512  0.399+0.074 1.601+0.344 0.781+0.218 42.40+80.26
Lang- R? 0.8069 0.9289 0.9126 0.9511 0.9404 0.9100
muir Xred 0.0031 0.0034 0.0016 0.0014 0.0038 0.0063
P-Factor P; 2.857 1.629 2.693 2.672 1.437 1.114
Kii 6.20+1.28 12.72+1.72 6.958 +£0.974 6.653+0.708 11.69+1.43 1.545+0.179
a.; (L/mmol) 11.05+3.21 13.61+£2.70 12.40+2.25 7.14+1.18 12.50+2.07 1.658 +0.441
R? 0.8268 0.9298 0.9018 0.9554 0.9321 0.9106
Xred 0.0028 0.0034 0.0018 0.0013 0.0044 0.0063

bate (Ho and McKay, 1999). The model of Ho and McKay (1998) is
shown in Eq. (6):
9 ky(ge - a0 (6)
where g. and g; (mmol/g) are the adsorption capacities at equilib-
rium te and at time t (min), respectively, and k, (g/mmol.min) is
the pseudo-second-order rate constant. Rearranging and integrat-
ing Eq. (6) using boundary conditions gt =0att=0and g: = q; at t=t¢,
yields Eq. (7).
kZQEZt
qt = m (7)
The experimental kinetic data were modeled by nonlinear
regression analysis using pseudo — first— and pseudo — second
— order kinetic models with Microcal OriginPro® 2015 software,
which was set to use the Levenberg-Marquardt iteration algorithm
and the weight method statistical [Eq. (8)]. The weights were used
to minimize the chi-squared (x2) value [Eq. (9)] in order to obtain
the best fitting curve. Both the coefficient of determination (R2)
and reduced x2 [Eq. (10)] were taken into account to evaluate the
quality of the nonlinear regression analysis and to define the best

kinetic model for describing the adsorption process.
1

Wi = —

Yi

(8)

where w; is the weighting coefficient and y; is the experimental
data point.

N 2
X = ZWi (.Vi —)ﬁ) (9)

i=1
where J; is the theoretical data point calculated by the model.

2
) X

X = —
red U

(10)
where x2.q is the reduced chi-squared and v is the number of
degrees of freedom.

Table 2 presents the kinetic parameters obtained by mod-
eling the experimental kinetic data with pseudo-second-order
kinetic model using nonlinear regression analysis. Results of mod-
eling kinetic data with pseudo-first-order model and experimental
kinetic data are available in Tables S2 and S3 (see the Supple-
mentary Material). Fig. 5a-c presents plots of g versus t for the
adsorption of Co2*, Cu?*, and Ni* onto the SPA adsorbent, and
the curves fitted to the experimental data using pseudo-first- and
pseudo-second-order kinetic models are shown. Table 2 shows
that both the values of R? and x2,4 obtained by fitting the
pseudo-second-order model to the experimental data were higher
and lower in comparison with the pseudo-first-order model (Table
S2), respectively. Additionally, when the experimental equilibrium
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Fig. 5. Adsorption kinetics of (a) Co?*, (b) Cu?*, and (c) Ni2* on the SPA at pH 5.75
for Co?* and Ni?* and 5.5 for Cu?*, 0.79 mmol/L M2*,25°C, 130 rpm and 0.2 g/L SPA.

adsorption capacity (ge.exp) was compared to the estimated equi-
librium adsorption capacity (qeest), it could be seen that the values
provided by the pseudo-second-order model were more similar
than those provided by the pseudo-first-order model. This sug-
gests that the pseudo-second-order model better describes the

adsorption kinetics of Co%*, Cu?*, and Ni2* on the SPA adsorbent.
The ratios of ky cojcu, k2,cojni> and ka nijcy Were 2.73, 2.22, and 1.23,
respectively. This means that Co?* is adsorbed by SPA faster than
Cu?* and Ni2*, whereas Ni2* is adsorbed more quickly by SPA than
Cu?*. These findings suggest that it would be possible to make a
kinetic separation of Co?* from Cu2* and Ni?* in a multicompo-
nent ion solution if a low agitation time is used in a batch-mode
system. The separation of Co?*, Cu?*, and Ni2* from aqueous solu-
tions is oftenrequired in hydrometallurgy processing (Po$piech and
Walkowiak, 2007) and industrial wastes, for example, in acid mine
drainage (Yavuz et al., 2003).

3.2.3. Adsorption isotherms

Adsorption isotherms describe how different kinds of pollu-
tants interact with adsorbents and, therefore, are very important
in the clarification of adsorption mechanisms as well as in deter-
mining the equilibrium adsorption capacity and its influence on the
surface properties on adsorption. Hence, adsorption isotherms are
essential in the design of batch adsorption systems (Ferreira et al.,
2015; Foo and Hameed, 2010). Adsorption of Co%*, Cu?*, and Nj2*
on the SPA adsorbent was investigated in mono- and bicomponent
aqueous solutions at 25°C, 130 rpm, 0.2 g/L SPA, 0.05-1.12 mmol/L
metal-ion solution, with an equilibrium time of 180 min (based on
the kinetic studies of Section 3.2.2).

3.2.3.1. Monocomponent adsorption. Monocomponent isotherm
models of Langmuir, Freundlich, Sips, and Redlich-Peterson (R-P)
have been used to describe the equilibrium features of adsorption
(Srivastava et al., 2006). For theoretical approaches of the Sips and
Redlich-Peterson isotherm models see the Supplementary mate-
rial.

The Freundlich isotherm model (Freundlich, 1906) assumes
adsorption on a heterogeneous surface with a non-uniform dis-
tribution of adsorption heat over the adsorbent surface. Whereas,
the Langmuir isotherm model (Langmuir, 1918) assumes adsorp-
tion on a homogeneous surface with the adsorption sites having
identical energy or equal affinity to the adsorbate (Srivastava et al.,
2006).

The Freundlich isotherm is given by Eq. (11):

1
e = KyCe /M (11)

where K is the Freundlich constant [(mmol/g)(L/mmol)!/"] and n
is the heterogeneity factor (Srivastava et al., 2006).
The Langmuir isotherm is given by Eq. (12):

e = QmaxbCe
€T 1+bCe

where b (L/mmol) is the Langmuir constant related to the adsorp-
tion energy or affinity of the adsorbate for the adsorption site and
Qmax is the maximum adsorption capacity (mmol/g).

The change in adsorption free energy of the system (A ,4;G°) can
be calculated using Eq. (13):

(12)

A,4sG° = —RTInK, (13)

where Kj; is the thermodynamic equilibrium constant (dimension-
less), T (K) is the absolute temperature, and R is the ideal gas
constant (8.314 J/Kmol).

According to Liu (2009), the thermodynamic equilibrium con-
stant can be calculated from Langmuir constant, b, using the
approach shown in Eq. (14):

Ki = [%(mol/n] (14)

where ye is the activity coefficient at equilibrium (dimensionless)
at 25°C.
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If the adsorbate is a metal ion, the activity coefficient is strongly
affected and promptly decreases as the ionic strength increases.
Therefore, it is crucial to correct the activity coefficient for each
adsorption system evaluated using the extended Debye-Hiickel
law [Eq. (15)] to provide a correct calculation of A ;45G° (Liu, 2009).

-0.509z2/Ie (15)

1+ aV/1es05

where z is the charge of the metal ion, I (mol/L) is the ionic
strength at equilibrium, and « (pm) is the ion size (considered
to be 600 pm for Co2*, Cu?*, and Ni2*) (Harris, 2010). The ionic
strength was calculated using the first equilibrium concentration
data point of the plateau of the mono- and bicomponent adsorp-
tion isotherms. Monocomponent experimental data were modeled
through nonlinear regression analysis of the Langmuir, Freundlich,
Sips, and R-P isotherm models using Microcal OriginPro® 2015
software. The monocomponent isotherm model parameters were
found by minimizing the reduced y2 value, as shown in Section
3.2.2. The equilibrium monocomponent adsorption isotherms for
the removal of Co?*, Cu?*, and Ni%* using the SPA adsorbent at 25 °C,
130rpm, and 0.2 g/L SPA are presented in Fig. 6a-c. Monocompo-
nent adsorption was evaluated at pH 5.5 for Cu%* and 5.75 for Co2*
and Ni2*. Table 2 shows the results of modeling the experimen-
tal adsorption data through nonlinear regression analysis for the
two monocomponent isotherm models. The results of modeling the
experimental adsorption data with the Sips and Redlich-Peterson
models and experimental isotherm data are available in Tables S2
and S4 (see the Supplementary material). As shown in Table 2, con-
sidering the values of Qmax.exp, Qmaxest, R%, and x2eq, as well as
the shape of the isotherm curves shown in Fig. 6a-c, the adsorp-
tion of Co2*, Cu?*, and Ni%* was best described by the Langmuir
model. However, considering the values of R and y2,.q, the adsorp-
tion of Cu?* and Ni?* seems to be better described by the Sips
model. Conversely, the Sips model exhibited a higher R? value and
smaller y2..q value for the adsorption of Cu?* and Ni%*; the value
of Qmaxest in comparison with Qmax,exp Was overestimated by this
model. Furthermore, also by analyzing the values of R? and x2,eq,
the adsorption of Cu?* and Ni2* seemed again to be better described
by the Freundlich and R-P models in comparison to the Langmuir
model. However, the Freundlich and R-P models do not seem to
represent the plateau of the isotherm curves for the adsorption of
Cu?* and Ni2* very well, exhibiting a tendency to overestimate the
maximum adsorption capacity of the SPA adsorbent. In addition,
the R-P exponents () for the adsorption of Cu?* and Ni%* were
closer to unity than zero, thus closely approximating the Langmuir
model. The n parameter of Sips also suggested that the adsorption
systems involving adsorption of Cu2* and Ni2* presented a certain
degree of heterogeneity.

In fact, the SPA adsorbent has a heterogeneous surface, where
the adsorption sites are mostly composed of carboxylic acid groups
from the phthalate moiety. The other functional groups present on
the SPA surface, which can present a capacity for adsorbing metal
ions, are the phenolic and carboxylic acid groups in lignin. There-
fore, the surface of the SPA adsorbent is not only composed of
adsorption sites that have identical affinity to the adsorbates. Thus,
the interpretation of such adsorption system is not so simple, and
the adsorption of Co2*, Cu?*, and Ni2* cannot be seen as fully Lang-
muirian. In addition, the analysis of the Scatchard plot (Fig. 6a-c) for
adsorption of Co%*, Cu?*, and Ni2* on the SPA adsorbent reveals pro-
files exhibiting multilinearity, which are related to the presence of
different binding sites presenting different affinities toward metal
ions. These binding sites are divided into type-1 (high-affinity, H)
and type-2 (low-affinity, L) (Anirudhan and Suchithra, 2010). The
binding constants (b) and estimated maximum adsorption capac-
ities (Qmaxest) of H and L binding sites were calculated and are

logye =

given in Table S2. As seen in Table S2, binding sites exhibiting
high-affinity were related to low-capacity binding sites, whereas
those exhibiting low-affinity were related to high-capacity. Accord-
ing to Anirudhan and Suchithra (2010), carboxyl groups exhibiting
low pKj, values and different conformations for metal binding may
exhibit different affinities toward metal ions, thereby confirming
the heterogeneity of the adsorption sites on the SPA adsorbent.
However, although the Langmuir model failed to fully describe
the adsorption system to a certain degree, and its use to esti-
mate the adsorption constants for comparison purposes is very
desirable.

The value of the Sips parameter, n, for the adsorption of Cu2*
and Ni2* is greater than unity, which differs from the parameter
n for the adsorption of Co2*. As the Sips isotherm constant, n, can
be used as an estimation of the heterogeneity of the adsorption
system, it suggests that the adsorption of Cu?* and Ni%* is more
heterogeneous than Co2*. As the Sips isotherm is a combination of
Langmuir and Freundlich isotherms, the values of n for the adsorp-
tion of Co?*, Cu?*, and Ni2* suggest that the adsorption system is
more Langmuirian than Freundlichian. According to experimental
equilibrium data and the Langmuir model, the maximum metal-ion
adsorption capacity of the SPA adsorbent adopted the following
order Cu2?*>Ni2* » Co?*. As the monocomponent adsorption sys-
tems were best described by the Langmuir model, the modified
Langmuir models were used to evaluate and interpret the bicom-
ponent adsorption data, which are shown in the next Section.

As shown in Table 2, the coordination numbers (CNs) were
higher than unity. This indicates that more than one carboxy-
late group is being used to adsorb a metal ion. The values of the
CNs exhibited the following order CoZ*»Ni2*>Cu?*. The differ-
ence between physisorption and chemisorption is apparent in the
magnitude of the changes in enthalpy and free energy of adsorp-
tion. Generally, the magnitude of the change in free energy for
physisorption is smaller than that of chemisorption (Yu et al.,
2001). The change in free energy of adsorption for physisorp-
tion ranges from —20 to 0kJ/mol and chemisorption from —80
to —400k]J/mol (Hampola et al., 2013; Yu et al., 2001). The val-
ues of A,4G° for the adsorption of Co2*, Cu?*, and Ni2* on the
SPA adsorbent were in the range from —20.2 to —22.3 kJ/mol,
which are slightly higher than those expected for physisorption
and much lower than those expected for chemisorption. This indi-
cates that a mixed mechanism may be controlling the removal of
Co?*, Cu?*, and Ni%* from aqueous solution by the SPA adsorbent.
Further evidence of the adsorption mechanism was provided by
FTIR spectrum of SPA in comparison with spectra of SPA loaded
with Co?*, Cu?*, and Ni?*, as earlier discussed in Section 3.1.2.
Based on the changes in free energy of adsorption and FTIR spec-
tra, it is suggested that the adsorption mechanism is controlled
by two steps: (1) ion-exchange, in which hydronium ions are
exchanged with metal ions and (2) complexation, where metal ions
are complexed by carboxylate groups through the sharing of non-
bonding electron pairs of negatively charged oxygen atoms with
metal ions. However, as discussed in Section 3.3, the desorption
data of SPA loaded with Co?*, Cu2*, and Ni?* indicate that fairly
weak bonds are formed between the carboxylate groups and the
metal ions studied. Thus, these results confirm that the adsorp-
tion mechanism involves a contribution of both physisorption and
chemisorption, as ion-exchange is a characteristic phenomenon of
physisorption and complexation is a characteristic phenomenon
of chemisorption (Unlii and Ersoz, 2006). The energy required in
the former lies in the magnitude of the physisorption (Ferreira
et al.,, 2015), whereas the energy involved in the latter is depen-
dent on the magnitude of chemisorption. Other evidence lies
in the fact that the activation energy required for desorption is
large and the removal of the chemisorbed species from the sur-
face may only be possible under suitable conditions, for example,
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Fig. 6. Equilibrium adsorption isotherms for the monocomponent adsorption of (a) Co?*, (b) Cu?*, and (c) Ni?* on the SPA at 25 °C, pH 5.75 for Co?* and Ni?* and 5.5 for Cu?*,
180 min, 130 rpm, 0.2 g/L SPA and bicomponent adsorption of (d) Co?*-Cu?*, (e) Co?*-Ni?*, and (f) Cu?*-Ni?* at pH 5.5 and 180 min (EL=Extended Langmuir; MEL =Modified
Extended Langmuir; JS MEL =Jain and Snoeyink Modified Extended Langmuir).

through chemical treatment of the surface, which was per- 3.2.3.2. Bicomponent adsorption. Three bicomponent adsorption
formed in this study by using 1.0mol/L HNO3 as the desorbing systems Co%*-Cu2*, Co2*-Ni2*, and Cu?*-Ni2* were studied and
solution. modeled using four models: (1) the nonmodified competitive Lang-

muir model, (2) the Jain and Snoeyink (J-S) modified extended
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Langmuir model, (3) P-Factor, and (4) the modified extended
Langmuir model with an interaction factor. The binary metal-ion
systems were equimolar (C;=C;) with concentrations varying
from 0.05 to 1.12 mmol/L. For theoretical approach of the non-
modified competitive Langmuir and Jain and Snoeyink (J-S)
modified extended Langmuir models see the Supplementary
material.

The P-Factor is a model developed by McKay and Al Duri (1987).
It assumes the same concepts as the Langmuir isotherm model and
is described by Eq. (16):

1 K iCe i, multi
Qeimulti = 5 | T — e
e i,multi = B (1 +ar,iCe i multi

where P; was termed by McKay and Al Duri (1987) as a “lumped”
capacity factor, which can be defined as shown in Eq. (17):

P = (I<L’i/a]"i)mono _ Qmax,mono (17)

(KL,i/aL,i) a Qmax,multi

where (Ky;/ar i Jmono and (Ki ;/ay i)multi are the maximum adsorption
capacities for component i in a monocomponent and multicompo-
nent adsorption system, respectively.

The modified extended competitive Langmuir model (Mathews
and Weber, 1980) is also an extension of the Langmuir isotherm
model for a component i in an adsorption system with N compo-
nents. However, this model incorporates an interaction factor, 1, as
shown in Eq. (18):

Qmaxibi (Ce,i/i)
N
=1

where 7; and 7n; are the interaction factors that can be esti-
mated from the nonlinear regression of competitive adsorption
data using Qmax,i» Qmax,» bj, and b; from the monocomponent Lang-
muir isotherm.

The multicomponent adsorption isotherm models were eval-
uated using the monocomponent parameters determined from
the nonlinear regression analysis of the monocomponent equilib-
rium adsorption data (Table S4) using the Langmuir model [Eq.
(12)], as shown in Tables 2 and S2. Microsoft Excel® 365 soft-
ware for Windows® was used to determine the values of R? and
X2 red for the nonmodified competitive Langmuir and ]J-S modified
extended Langmuir models using the multicomponent equilibrium
adsorption data (Tables S2 and S5) for each metal ion. The inter-
action factor () of the modified extended Langmuir model was
determined by nonlinear regression analysis of the multicompo-
nent equilibrium adsorption data (Table S5) by minimizing x2,eq
with Microcal OriginPro® 2015 software and using the procedures
described in Section 3.2.2. The value of Quax multi used to determine
the parameter P; was obtained from the nonlinear regression anal-
ysis of the multicomponent equilibrium adsorption data, using the
Langmuir model [Eq. (12)] and Microcal OriginPro® 2015 software,
as previously mentioned. The results of modeling the multicom-
ponent equilibrium adsorption data with multicomponent models
are presented in Tables 2 and S2.

Bicomponent adsorption studies were performed at pH 5.5,
130rpm, 25°C, 0.2 g/L SPA, and with an equimolar concentration of
metal ions in binary mixtures. Fig. 6d-f presents the graphs for the
binary adsorption systems Co%*-Cu2*, Co2*-Ni2*, and CuZ*-Ni2",
respectively. The equilibrium adsorption data for bicomponent
metal-ion systems can also be analyzed in terms of Qmax for a metal
ion, i, in the presence of another metal ion, j, or when metal ion i is
present alone in the aqueous solution (Qmax exp,i,multi/Qmax.exp,mono )-
When  Qmax,exp,imulti/Qmaxexpmono > 1, the adsorption of metal

multi

Ge,i = (18)

ion i is promoted by the presence of the metal ion j. When
Qmaxexp,imulti/Qmax.exp.mono = 1, there is no observable net interac-
tion between metal ions i and j. When Quax exp,imulti/ Qmax,exp,mono
< 1, the adsorption of metal ion i is suppressed by the presence of
metal ion j (Ronda et al., 2013). As shown in Table 2, the adsorp-
tion of all metal ions was suppressed by the presence of another
metal ion. However, in the binary system involving Co?* and Cu?*,
there was greater the adsorption of Cu?* compared to the adsorp-
tion of Co2*, whereas in the binary system involving Co2* and Ni2*,
the adsorption of Co2?* was less than NiZ*, In the binary system
composed of CuZ* and Ni2*, the adsorption of CuZ* was greater
than the adsorption of Ni2*. The Pearson parameter (§) for Co2*,
NiZ*, and Cu?* equals 0.130, 0.126, and 0.104 (Pearson, 1973),
respectively. Thus, the hardness of the metal ions follows the order
Co%* > NiZ* > Cu?*. The carboxylate group of the phthalate moiety
grafted on the SPA adsorbent behaves as a very weakly basic, neg-
atively charged, oxygen-donor group that can be stabilized by
resonance. The Co%*, Ni2*, and Cu?* ions are considered border-
line Lewis acids, whereas a carboxylate ligand, such as an acetate
ion, is considered as a hard Lewis base. In terms of the hard and soft
acid base (HSAB) concept, the carboxylate ligands should exhibit a
preference for harder metal ions. However, according to the Irving
and Williams (1953) series, which discusses the relative stabilities
of complexes formed between transition-metal ions and ligands,
carboxylate ligands form more stable complexes with metal ions
in the following order Cu2* > Ni2* > Co2*. The obtained results are
in good agreement with the Irving and Williams series, and for
the monocomponent and multicomponent adsorption systems the
maximum adsorption capacities follow the order Cu2* > Ni2* > Co%*,

The adsorption data, as a function of solution pH, contact time
(kinetics), and initial metal-ion concentration, indicate that there is
the possibility to partially separate Cu2* from Co2* and Ni2* by uti-
lizing the effect of solution pH and Ni2* from Co?* through kinetic
(ka.co®* [koniZt=2.22) and thermodynamic control (Qmaxestmulti;
see Table 2). The mono- and bicomponent adsorption data obtained
in this study could be used to design a fixed-bed column in order
to study the removal of Co?*, Cu?*, and Ni2* from mono- and mul-
ticomponent aqueous solutions and to evaluate the possibility of
separating these metal ions.

The A,4sG° values for the multicomponent systems were sim-
ilar to those for the monocomponent systems. This indicates that
multicomponent adsorption was also favorable and spontaneous.
As shown in Table 2 by comparing the three bicomponent adsorp-
tion systems, higher R? and lower x?,.q values were obtained by
modeling the equilibrium adsorption data with modified extended
Langmuir and P-Factor models. Nonmodified extended Langmuir
and J-S modified extended Langmuir models showed a worse
fit to the experimental data (see Table S2 in the Supplemen-
tary material). These results confirm that there are interactions
between the metal ions in the bicomponent systems studied. Figure
S3 presents the graphs of geest against geexp for the bicompo-
nent adsorption systems studied. Table S6 presents the slopes and
intercepts of the plots of geest against geexp for the bicomponent
systems studied. As shown in Fig. S3a-f, most of the equilib-
rium adsorption data points are distributed around the 45° dashed
line, with a 95% confidence interval, for the modified extended
Langmuir and P-Factor models. The slopes and intercepts for the
bicomponent systems composed of i-j and j-i metal ions were
closer to unity and zero, respectively, for the modified extended
Langmuir and P-Factor models in comparison with nonmodified
extended Langmuir and J-S modified extended Langmuir models.
This indicates that the modified extended Langmuir and P-Factor
models can predict the values of ge es; from experimental data very
well.

The maximum metal-ion adsorption capacity in the bicompo-
nent systems (Qmax.exp,i+j) (Table 2) were lower than the sum of
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Table 3
Comparison of Qmax for the removal of Co?*, Cu?*, and Ni?* by various adsorbents reported in the literature.
Adsorbent Type of solid Ligand type pH Equilibrium Qmax (mmol/g)? Reference
abbreviation support time (min)
Co?* Cu?* Niz*
SPA Sugarcane bagasse  Carboxylic acid 5.5-5.75 180 0.561 0.935 0.932 This study
STA Sugarcane bagasse  Carboxylic acid 5.5-5.75 180, 250, 75 1.140 1.197 1.563 Ramos et al. (2015)
CSIS Chitosan Amine/amide/azomethine 5.0 180 0.908 1.623 0.684 Monier et al. (2010)
PET-g-(MAA/AAm) Poly(ethylene Carboxylic acid/amide 5.0 120 0.461 0.492 0.741 Coskun et al.
terephthalate) (2006)
(PET)
Sp-HPBA Sporopollenin (Sp)  Phenolic/imine 5-6 90 0.039 0.043 0.036 Cimen et al. (2013)
of Lycopodium
clavatum
Palygorskite Palygorskite Silanol - 1440 1.27 1.57 1.72 Oliveira et al.
(Brazil) (2013)
BANPA Banana Carboxylic acid ~6 120, 120, 60 0.56 0.49 0.55 Rodrigues et al.
pseudostem (2013)
BANMA Banana Carboxylic acid ~6 180, 120, 120 0.27 0.29 0.47 Rodrigues et al.
pseudostem (2013)
PAMMAmM Synthetic polymer  Nitrogen from 5.5-6.0 30 0.122 0.201 0.104 Kushwaha et al.
matrix aniline/alkylamide (2013)
Sil-NSuc Silica gel Amine/carboxylic acid 5.5 - 1.85 1.04 1.89 Arakaki et al.
(2013)
Celam biopolymer  Cellulose Aliphatic amine/nitrogen ~6 - 0.097 0.102 0.077 Silva Filho et al.
of pyridine (2013)

4 Maximum adsorption capacities obtained from the Langmuir model at 25 °C, except for Palygorskite adsorbent (30°C).

the single maximum adsorption capacities for each metal ion. Sim-
ilar results were reported by Srivastava et al. (2006), who studied
the adsorption of Cd%* and Zn%* on bagasse fly ash in mono- and
bicomponent systems. According to Srivastava et al. (2006), the
lower maximum adsorption capacities observed for bicomponent
systems in comparison with monocomponent systems are a result
of the presence of a variety of adsorption sites on the adsorbent
surface, which exhibits partially specific affinity to the single metal
ions. These observations seem to infringe upon the assumptions
of the Langmuir theory, that is, the adsorbent surface is com-
posed of homogeneous adsorption sites, so there should be no
preferential adsorption or lateral interactions between adsorbates,
and the adsorption sites exhibit equal affinities to the adsorbate.
Although the Langmuir theory fails to fully describe the adsorp-
tion behavior of bicomponent systems, the use of the modified
extended Langmuir model seemed reasonable, as the interaction
factor incorporated the deviations from the nonmodified extended
Langmuir model and its assumptions. The P-Factor model does not
account for competition or interactions between the metal ions that
influence adsorption (Choy et al., 2000). These competitions and
interactions result in deviations in the estimation of the equilibrium
adsorption capacity (qe ). However, the P-Factor model provided a
good estimation of ge est in comparison with ge exp (Table S6). This
good estimation could be obtained because we used the “lumped”
factor, P;, which provides a major enhancement over the extended
Langmuir model, as reported by Choy et al. (2000). As shown in
Table S6, the estimation of the ge values by the P-Factor model was
better than those predicted by the modified extended Langmuir
model, which agrees with the conclusions reported by Choy et al.
(2000).

3.3. Desorption and reuse of the spent SPA adsorbent

Desorption studies of SPA loaded with Co?*, Cu%*, and Ni2* were
carried out in batch mode at 25°C and 130rpm with 20.0 mL of
1.0 mol/L HNO3, 20.0 mg of spent adsorbent, and a contact time of
5 min. The desorption efficiency (DE) was 100% for the SPA adsor-
bents loaded with Co?*, Cu2*, and Ni2*.

The pH of the 1.0 mol/L HNO3 solution was zero. At this pH
value, there is a high concentration of hydronium ions (H30%),

which can be exchanged with metal ions through the protonation
of carboxylate groups in the phthalate moiety. Therefore, the sug-
gested mechanism for the desorption process of metal ions from
SPA loaded with Co2*, Cu2*, and Ni2* is that of ion-exchange, as
shown in Fig. 1c.

The re-adsorption studies were carried out using the SPA adsor-
bents that were treated with 1.0 mol/L HNO3 for 5min in the
desorption studies described above. The re-adsorption studies
were carried out using the best adsorption conditions that were
determined from earlier adsorption studies as a function of solu-
tion pH (pH 5.5 for Cu?* and 5.75 for Co?* and Ni%*) and contact
time (180min for Co?*, Cu?*, and Ni%*) with 100.0mL of 0.79
mmol/L metal-ion solution and 20.0 mg of the spent SPA adsor-
bent. Re-adsorption studies demonstrate that the efficiency of
re-adsorption (RE) was 100% for all of the metal ions studied. These
results indicate that the SPA adsorbent can be recovered and reused
without loss of the adsorption capacity, and that the metal ions can
also be recovered. The possibility of recovering both the SPA adsor-
bent and the metal ions would certainly improve the economic
feasibility of an adsorption process using the SPA adsorbent.

3.4. Comparisons with previously published data

For comparison purposes, Table 3 presents several adsorbent
materials that have previously been reported to remove Co%*, Cu?*,
and Ni2* from aqueous solutions in batch mode. Comparing the SPA
adsorbent with some previously reported adsorbents used for the
adsorption of CoZ*, Cu?*, and Ni?*, it is reasonable to suggest that
the SPA adsorbent is one of the most efficient adsorbents recently
synthesized for this purpose.

4. Conclusions

The chemical modification of sugarcane bagasse (SB) with
phthalic anhydride (PA) was studied as a function of PA amount and
reaction time. Taking into account the preparation costs of SB mod-
ified with PA (SPA), areaction time of 6 h and a PA-to-SB ratio of 6:1
were chosen. This condition yielded SPA with a percent weight gain
of 77.08% and an amount of carboxylic acid groups of 4.76 mmol/g.
The SPA adsorbent was effective in removing Co?*, Cu?*, and Nj2*
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from mono- and bicomponent aqueous solutions. Kinetic stud-
ies revealed that the equilibrium adsorption time required for the
removal of all metal ions was 180 min and a pseudo-second-order
model was the best model to describe the adsorption kinetics.
The monocomponent adsorption was well described by the Lang-
muir model and the maximum adsorption capacities were found
to be 0.561, 0.935, and 0.932 for Co2*, Cu?*, and Ni2*, respec-
tively. The change in free energy of adsorption (A.4sG°) values
were found to be between —20.16 and —22.33 kJ/mol, suggesting
that a mixed mechanism controlled the adsorption of all metal ions
by SPA. The adsorption capacity of SPA in the bicomponent sys-
tem was lower, owing to suppressing interactions between metal
ions. Desorption studies showed that SPA can be fully desorbed and
recovered for a new adsorption cycle without loss of the adsorption
capacity.
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