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Cellulose (Cel) and sugarcane bagasse (SB) were oxidized with an H3PO4-NaNO2 mixture to obtain adsor-
bent materials with high contents of carboxylic groups. The oxidation reactions of Cel and SB were opti-
mized using design of experiments (DOE) and response surface methodology (RSM). The optimized
synthesis conditions yielded Cox and SBox with 4.8 mmol/g and 4.5 mmol/g of carboxylic acid groups,
respectively. Cox and SBox were characterized by FTIR, TGA, PZC and solid-state 13C NMR. The adsorption
of the model cationic dyes crystal violet (CV) and auramine-O (AO) on Cox and SBox in aqueous solution
was investigated as a function of the solution pH, the contact time and the initial dye concentration. The
adsorption of CV and AO on Cox was described by the Elovich equation and the pseudo-first-order kinetic
model respectively, while the adsorption of CV and AO on SBox was described by the pseudo-second-
order kinetic model. Adsorption isotherms were well fitted by the Langmuir and Konda models, with
maximum adsorption capacities (Qmax) of 1117.8 mg/g of CV and 1223.3 mg/g of AO on Cox and
1018.2 mg/g of CV and 682.8 mg/g of AO on SBox. Desorption efficiencies were in the range of 50–52%
and re-adsorption capacities varied from 65 to 81%, showing the possibility of reuse of both adsorbent
materials.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Highly colored effluents, especially from textile industries, have
been a matter of great environmental interest [1]. Dyes are chem-
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ical compounds that can bind to surfaces or tissues to add color.
Most dyes are complex organic molecules, which must be resistant
in various situations, such as the presence of detergents, sunlight
and heat. Every year, about 700,000 tons of dyes are produced
and about 100,000 tons are commercially available.

The applications of dyes are diverse and some industries such as
cosmetics, leather tanning, food, paper, plastics production, print-
ing rubber and textile demand a large amount of synthetic dyes
[2]. Realistic data on the amount of dyes dumped into the environ-
ment are not available at present time. However, it is estimated
that about 1–2% is lost in dye production and 1–10% during use.
Due to their large-scale production and extensive applications,
synthetic dyes can thus cause environmental pollution and present
serious health risks [3]. These compounds can cause unwanted
changes in the color of water bodies and affect the photosynthesis
of algae. In addition, some dyes and their byproducts are toxic to
aquatic life and mutagenic and/or carcinogenic to humans [4].

Several methods have been developed for the removal of dyes
from wastewaters. These methods can include processes such as
adsorption, advanced oxidation processes (POAs), anaerobic diges-
tion (AD), coagulation and flotation, gravity separation, enzymatic
decomposition, photocatalysis and ultrafiltration. However, among
these various available treatment techniques, adsorption is advan-
tageous because of its high efficiency, ease of operation, good ben-
efit/cost ratio, the availability of different adsorbent types and the
possibility of reusing the adsorbent and/or adsorbate [5,6].

An effective adsorbent must consist of an aqueous-insoluble
matrix that has good mechanical, chemical and thermal stability.
Furthermore, it needs to have active groups on its surface that
allow interactions with the pollutants that are to be removed [7].
Agricultural wastes such as sugarcane bagasse (SB) are very attrac-
tive renewable resources due to their low cost and easy availability
and they represent excellent supports for new bioadsorbents [8,9].
Brazil is the world’s leading producer of sugarcane. According to
the last official survey from the National Company of Supply
(CONAB), an agency of the Brazilian Ministry of Agriculture, the
production of sugarcane in the 2015/2016 season was estimated
to be about 658.7 million tons [10]. Since sugarcane bagasse is
an important by-product of brazilian agroindustry, there is great
interest in reusing it to produce new materials with valuable
applications.

Sugarcane bagasse is mainly composed of 40–50% cellulose, 25–
30% hemicelluloses and 20–25% lignin [11]. Cellulose, the most
abundant and renewable biopolymer in nature, consists of a linear
homopolymer of b(1? 4) linked b-D-anhydroglucopyranose units
(AGU). Its molecular structure presents many possibilities for
chemical modification reactions due to the reactivity of the hydro-
xyl groups present in AGU [12]. At the present moment, there are
several studies in the literature that have used sugarcane bagasse
and cellulose as adsorbents for various types of pollutants
[13,14]. In general, the solid supports are chemically modified to
increase their affinity for the adsorbates that are to be removed,
thereby increasing their adsorption capacity and selectivity [15–
19]. The main modifications of hydroxyl groups that have been
performed are esterification [20], etherification [21] and halogena-
tion [22]. An interesting way to chemically modify cellulose or lig-
nocellulose biomass is through the oxidation of hydroxyl groups.
Depending on the oxidizing agent used, different kinds of changes
in the structure and crystallinity of the lignocellulose biomass can
be obtained, resulting in different types of modifications in the
physical and chemical properties of the oxidized products [23].
For example, reaction of cellulose with sodium periodate selec-
tively oxidizes the hydroxyl groups at carbons 2 and 3 of AGU to
produce a CAC cleavage and a dialdehyde functionality [24]. When
the TEMPO-hypochlorite/bromide [25], H3PO4/HNO3-NaNO2 [26],
H3PO4-NaNO3/NaNO2 [27] or H3PO4-NaNO2 systems [28] are used
as oxidants, the oxidation of cellulose will occur preferentially at
carbon 6 of AGU, allowing the introduction of carboxylic acid
groups into the structure of the biopolymer. Such chemical modi-
fications can provide materials with new and interesting proper-
ties for various applications [29].

This study aimed to evaluate the modification of cellulose and
sugarcane bagasse by oxidation with an H3PO4-NaNO2 mixture.
Initially, the first part of our investigations focused on the oxida-
tion of cellulose. Although oxidation of cellulose has already been
studied before [25–28], this is the first study describing optimiza-
tion by design of experiments of the oxidation of cellulose using
H3PO4-NaNO2 system. The second part of this study describes for
the first time the oxidation of sugarcane bagasse using H3PO4-
NaNO2 system and its use for adsorptive removal of cationic dyes
from aqueous solution. The oxidation reactions were optimized
using a design of experiments (DOE) and a response surface
methodology (RSM). The variables chosen for optimization were
the amounts of H3PO4 and NaNO2 and the reaction time. The main
response evaluated was the number of carboxylic acid groups
introduced into cellulose and sugarcane bagasse. After optimizing
the oxidation process, the materials produced, named oxidized cel-
lulose (Cox) and oxidized sugarcane bagasse (SBox), were used for
the removal of the model cationic dyes crystal violet (CV) and
auramine-O (AO) from aqueous solution. The adsorption studies
were assessed as a function of the contact time (kinetics), the solu-
tion pH and the initial dye concentration.
2. Material and methods

2.1. Material

Grade 3MM Chr cellulose chromatography paper (Cat. No.
3030-861) was purchased from the Whatman Company, Maid-
stone, England. The cationic dyes auramine-O (C.I.: 41,000, C17H21-
N3�HCl, kmax = 432 nm and MW = 303.83 g/mol) and crystal violet
(C.I.: 42,555, C25H30N3Cl, kmax = 584 nm and MW = 407.98 g/mol)
(see Fig. 1) were purchased from Vetec (Brazil) and used without
further purification. Phosphoric acid (85%) was purchased from
Neon (Brazil). Sodium nitrite and sodium hydroxide were pur-
chased from Synth (Brazil).

2.2. Sugarcane bagasse and cellulose preparation

Sugarcane bagasse (SB) was collected from an industrial alcohol
producing plant at Ouro Preto, Minas Gerais, Brazil. SB was pre-
pared for the oxidation reactions according to the procedure
described by Ramos et al. [30]. Sheets of Whatman cellulose paper
(Cel) were cut into 50 mm2 pieces and milled in an analytical mill
(IKA, model A11 basic).

2.3. Statistical design of experiments

The oxidation reaction of Cel and SB was optimized using a 23

central composite design (CCD). The independent variables evalu-
ated were the volume of H3PO4 (mL), the weight of NaNO2 (mg)
and the reaction time (h). The dependent variable evaluated was
the amount of carboxylic acid groups (nCOOH) introduced into Cox
and SBox. The experiments were performed using two orthogonal
blocks that satisfied the rotatability condition. Therefore, the
effects of these blocks did not affect the estimated parameters in
the response surface model. The first block (experiments 1–11)
was a 23 experimental design with triplicates at the central point
(screening experiments) and the second block was made by the
addition of axial points in the levels of the experimental design
(experiments 12–17) [31]. The full design matrix of the experi-



Fig. 1. Chemical structures of crystal violet (CV) and auramine-O (AO).
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ments (1–17) for the 23 central composite design for Cel and SB
oxidation is shown in Table 1.

Statistical analyses were carried out with a significance level of
95%. Pure error was chosen to evaluate the experimental error. The
relevance of the linear terms and their interactions for the three
independent variables was evaluated as well as their lack of fit.

The regression model in terms of the uncoded variable levels
(�1, 0, +1 and ±1.682) is a polynomial equation of second degree
in terms of the dependent variable (DV), as shown in Eq. (1):

DV ¼ a0 þ a1t þ a2VH3PO4 þ a3wNaNO2 þ a4t2 þ a5V
2
H3PO4

þ a6w2
NaNO2

þ a7tVH3PO4 þ a8twNaNO2 þ a9VH3PO4wNaNO2 ð1Þ

whereDV is thedependent variable, a0, a1, a2, a3, a4, a5, a6, a7, a8 and a9
are the regression coefficients obtained by fitting the experimental
data to themodel, t is the reaction time (h), VH3PO4 (mL) is the volume
of phosphoric acid and wNaNO2 (mg) is the weight of sodium nitrite.
Table 1
The design matrix of experiments for the 23 central composite design for the oxidation of

Experimenta Time (h) Volume of H3PO4 (mL) Weig

1 �1 (3) �1 (6.0) �1 (3
2 1 (7) �1 (6.0) �1 (3
3 �1 (3) 1 (16.0) �1 (3
4 1 (7) 1 (6.0) �1 (3
5 �1 (3) �1 (6.0) 1 (80
6 1 (7) �1 (6.0) 1 (80
7 �1 (3) 1 (16.0) 1 (80
8 1 (7) 1 (16.0) 1 (80
9 0 (5) 0 (11.0) 0 (55
10 0 (5) 0 (11.0) 0 (55
11 0 (5) 0 (11.0) 0 (55
12 �1.682 (1.6) 0 (11.0) 0 (55
13 1.682 (8.4) 0 (11.0) 0 (55
14 0 (5) �1.682 (2.6) 0 (55
15 0 (5) 1.682 (19.4) 0 (55
16 0 (5) 0 (11.0) �1.68
17 0 (5) 0 (11.0) 1.682

a Weight of Cel and SB was fixed at 1.000 g for all oxidation experiments.
2.4. Oxidation of cellulose and sugarcane bagasse

The oxidation reactions of Cel and SB were performed in 250 mL
Erlenmeyer flasks at 25 �C. In a typical procedure, 1.000 g of Cel or
SB was placed into the flasks and H3PO4 was added under agitation.
Afterwards, NaNO2 was added to the flasks, with vigorous agitation
for approximately 10 min. After addition of NaNO2, the suspension
was left to stand for a set time. The oxidized material (Cox or SBox)
was separated from the oxidation mixture by vacuum filtration in a
sintered Büchner glass funnel (porosity 2) and washed with dis-
tilled water until the pH was �7. The oxidized material was dried
at 65 �C in an oven for 4 h. The volumes of H3PO4, weights of
NaNO2 and reaction times used in each oxidation experiment are
shown in Table 1.

The experimental conditions used to prepare the materials for
the adsorption experiments were 5.000 g of Cel or SB, 80.0 mL of
H3PO4, 4.000 g of NaNO2 and a reaction time of 5 h.
cellulose and sugarcane bagasse (uncoded variable values in parentheses).

ht of NaNO2 (mg) nCOOH Cel (mmol/g) nCOOH SBox (mmol/g)

00.0) 2.546 2.536
00.0) 3.425 2.680
00.0) 2.373 2.307
00.0) 4.224 2.605
0.0) 2.543 2.536
0.0) 3.521 2.780
0.0) 3.800 3.311
0.0) 4.998 3.630
0.0) 4.801 3.491
0.0) 4.516 3.302
0.0) 4.824 3.302
0.0) 5.793 5.791
0.0) 7.043 6.285
0.0) 5.193 5.177
0.0) 6.618 6.702
2 (129.6) 5.730 4.780
(970.5) 7.398 6.384
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2.5. Characterization of Cox and SBox

2.5.1. Amount of carboxylic acid groups (nCOOH)
The amount of carboxylic acid groups on Cox and SBox was

determined by acid-base back-titration. In a typical procedure,
0.0500 g of Cox or SBox was added to a 250 mL Erlenmeyer flask
together with 100.0 mL of an aqueous NaOH standard solution
(0.01 mol/L). The flasks were stirred at 100 rpm for 1 h. The sus-
pensions were separated by a single filtration and three aliquots
of 25.0 mL of each filtrate were titrated with an aqueous HCl stan-
dard solution (0.01 mol/L) [8,11]. The nCOOH was calculated using
Eq. (2):

nCOOH=ðmmol=gÞ ¼ CNaOHVNaOH � 4ðCHClVHClÞ½ �
w

� 100 ð2Þ

where CNaOH is the concentration of aqueous NaOH standard solu-
tion (mmol/L), CHCl is the concentration of aqueous HCl standard
solution (mmol/L), VNaOH is the volume of NaOH solution (L), VHCl

is the volume of HCl spent in the titration of excessive non-
reacted base (L) and w is the weight of oxidized material (Cox or
SBox) (g).

2.5.2. Fourier transform infrared spectroscopy (FTIR) analysis
Samples for analyses were prepared by mixing 1 mg of Cox or

SBox (dried powder) with 100 mg of spectroscopy grade KBr. The
mixtures were pressed in a hydraulic press (Pike CrushIR, model
181-1110, Pike Technologies, Canada) to obtain 13 mm diameter
KBr pellets. The FTIR spectra were recorded on an FTIR spectrome-
ter (ABB Bomen, model MB 3000) with the detector set at a resolu-
tion of 4 cm�1, scanning from 500 to 4000 cm�1, with 32 scans per
sample.

2.5.3. Solid state 13C NMR analysis
The solid-state 13C NMR spectrum of Cox was obtained on a

Bruker DRX-500 spectrometer at a frequency of 125.72 MHz with
an accumulation of 4096 scans.

2.5.4. Point of zero charge (PZC)
The point of zero charge (PZC) of Cox and SBox was determined

using the mass titration method as described by Noh and Schwarz
[32]. Three aqueous 0.01 mol/L NaNO3 solutions with pH values of
3, 6 and 11 were prepared adjusting the pH of the solutions with
aqueous 0.1 mol/L HNO3 and 0.1 mol/L NaOH. Five aliquots of
20.0 mL were taken from the solutions of different pH and trans-
ferred to 125 mL Erlenmeyer flasks. Different amounts of the oxi-
dized materials were then added to the flasks to give
suspensions of 5%, 10%, 15%, 20% and 25% (w/v). The equilibrium
pH values were measured after 24 h of agitation at 25 �C and
130 rpm using a pH meter (Hanna Instruments, model HI 223).
The PZC was calculated at the convergence point of the three
curves of equilibrium pH against the weight-to-volume percentage
of the oxidized material.

2.5.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out in a Shimadzu

DTG-60H simultaneous TG-DTA. Samples of 2.5 mg of Cox and
SBox (powder) were placed on aluminum pans. TGA experiments
were carried out under an N2 atmosphere at a flow rate of
100 mL/min. Samples were heated from 25 to 800 �C at a linear
heating rate of 20 �C/min.

2.6. Scanning electron microscopy (SEM)

The morphological features of Cel and Cox and SB and
SBox were examined with a Vega3 SB scanning electron micro-
scope (Tescan/Oxford Instruments), using a tungsten filament volt-
age of 20 keV. Dried powder samples were dispersed on a graphite
ribbon fixed on aluminum sample holders and sputter-coated with
gold in a modular high-vacuum coating system (Quorum Tech-
nologies, model Q150R ES).

2.7. Adsorption experiments

Adsorption experiments were undertaken to determine the
effect of solution pH, contact time and initial dye concentration
on the adsorption of CV and AO on Cox and SBox. All adsorption
experiments were performed in duplicate using the following typ-
ical procedure. Samples of 20.0 mg of Cox or SBox were weighed
into 250 mL Erlenmeyer flasks and 100.0 mL of dye solution of
known concentration at a set pH was added. The flasks were placed
at 25 �C in a shaker incubator (Tecnal, model TE-424) and stirred at
150 rpm for a set time. Then, the suspensions were centrifuged
(Excelsa II mod. 206 BL) at 3600 rpm for 20 min and the super-
natant was taken to determine the concentration of CV or AO.
The concentration of the dye in the supernatant was determined
measuring the absorbance on a UV–Vis spectrophotometer (BIOS-
PECTRO, SP220) at wavelengths of maximum absorption of
584 nm for CV and 432 nm for AO. The dye concentration was cal-
culated from an analytical curve of absorbance against dye concen-
tration. The adsorption capacity, q, was calculated using Eq. (3):

q=ðmg=gÞ ¼ ðCi � CeÞV
w

ð3Þ

where q (mg/g) is the amount of dye adsorbed (mg) per weight of
Cox or SBox (g), V (L) is the volume of dye solution, Ci (mg/L) is
the initial dye concentration, Ce (mg/L) is the dye concentration at
equilibrium or at time t and w (g) is the weight of Cox or SBox.

2.7.1. Effect of the solution pH on dye uptake by Cox and SBox
The effect of the solution pH on the removal of CV and AO by

Cox or SBox was evaluated using an initial dye concentration of
200 mg/L and an equilibrium contact time of 12 h. The pH range
studied was from 3.0 to 8.0 for both dyes.

2.7.2. Effect of contact time (kinetics) on dye uptake by Cox and SBox
The effect of contact time on the removal of CV and AO by Cox

or SBox was evaluated using an initial dye concentration of
200 mg/L and a solution pH of 8. The time interval investigated
was from 15 to 1440 min for both dyes.

2.7.3. Effect of initial dye concentration on dye uptake by Cox and SBox
The effect of initial dye concentration on dye uptake by Cox and

SBox was examined by varying the initial dye concentration to
obtain adsorption isotherms. The experiments were performed at
pH 8.0 with an equilibrium time of 12 h for CV and 9 h for AO.
The initial dye concentration interval was from 50 to 600 mg/L
for both dyes.

2.8. Desorption and reuse of Cox and SBox

To evaluate the possibility of reuse of the adsorbent materials,
desorption experiments were performed. The loading of Cox and
SBox with CV and AO was performed at pH 8 with a contact time
of 12 h for both dyes. Samples of 0.050 g of Cox or SBox were
loaded with 100.0 mL of 500 mg/L CV or 400 mg/L AO. Further pro-
cedures were the same as described in Section 2.7. Each material
was recovered by a single filtration and washed with an excess
of distilled water to remove non-adsorbed dye. After drying in an
oven at 60 �C for 6 h, 0.040 g of Cox-CV, Cox-AO, SBox-CV or
SBox-AO were weighed into 250 mL Erlenmeyer flasks containing
100.0 mL of desorption solution. The desorption solution consisted
of aqueous HCl solutions at two different concentrations,
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0.05 mol/L for CV desorption and 0.01 mol/L for AO desorption.
Desorption experiments were carried out at 25 �C in a shaker incu-
bator (Tecnal, model TE-424) with an agitation speed of 150 rpm.
The desorption time for Cox-CV and SBox-CV was 4 h, and 2 h for
Cox-AO and SBox-AO. The concentration of dye in the desorption
solutions was measured as described in Section 2.7. The desorption
efficiency was calculated using Eq. (4) [33]:

Edes=% ¼ CeV
QT;maxw0

� �
� 100 ð4Þ

where Edes (%) is the desorption efficiency, Ce (mg/L) is the equilib-
rium dye concentration in aqueous HCl desorption solution, V (L) is
the volume of desorption solution, QT,max (mg/g) is the maximum
adsorption capacity determined by loading Cox and SBox with dyes
before the desorption study and w0 (g) is the weight of Cox or
SBox contained in each adsorbent loaded with CV or AO (wdye) used
in the desorption study.

The weight of Cox and SBox contained in wdye is calculated
using Eq. (5):

w0=g ¼ wdyew
QT;maxw
1000

� �
þw

ð5Þ

Rearranging and simplifying Eq. (5) yields Eq. (6) as follows:

w0=g ¼ wdye

QT;max
1000 þ 1

� � ð6Þ

where wdye (g) is the weight of Cox or SBox loaded with CV or AO.
For the reuse studies, the experimental adsorption procedures

were the same as previously described. The weight of adsorbent
used after the desorption process was 0.020 g. The re-adsorption
efficiency was calculated using Eq. (7):

RE=% ¼ QRE;max

QT;max

� �
� 100 ð7Þ

where RE (%) is the re-adsorption efficiency and QRE,max (mg/g) is
the maximum adsorption capacity recalculated in the re-
adsorption study. The value of QRE,max is calculated using Eq. (8):

QRE;max=ðmg=gÞ ¼ wD þwDR

w
ð8Þ

where wD (mg) is the weight of dye desorbed from the Cox or
SBox after the desorption study and wDR (mg) is the weight of dye
adsorbed on Cox or SBox in the re-adsorption study. The values of
wD and wDR are calculated using Eqs. (9) and (10):

wD=mg ¼ ðwdye �w0Þð1� Edes=100Þ
� �� 1000 ð9Þ

wDR=mg ¼ Ci � Ceð ÞV ð10Þ
3. Results and discussion

3.1. Optimization of cellulose and sugarcane bagasse oxidation

The optimization of the oxidation reaction of Cel and SB was
carried out by measuring the dependent variable nCOOH, which is
the most important parameter affecting the adsorption capacity
of carboxylated materials. The statistically significant effects of
the independent variables (volume of H3PO4, weight of NaNO2

and reaction time) in the oxidation reaction of Cel and SB can be
seen in the Pareto’s chart that is shown in Fig. 2a and b.

The Pareto’s chart for Cel oxidation (Fig. 2a) shows that the
independent variables reaction time (10.1), volume of H3PO4

(6.92) and weight of NaNO2 (4.72) as well as the interaction
between the volume of H3PO4 and the weight of NaNO2 (4.34)
had a significant positive effect on the dependent variable nCOOH.
It should be noted that the standardized value of the reaction time
was the most significant compared with the other significant vari-
ables. The Pareto’s chart for SB oxidation (Fig. 2b) shows that the
weight of NaNO2 (6.98) and the interaction between the volume
of H3PO4 and the weight of NaNO2 (6.25) had significant positive
effects on the dependent variable nCOOH. The volume of H3PO4

was not significant (4.28), but was within the limit of the signifi-
cant standardized effect (4.303). In contrast with Cel oxidation,
the reaction time was not significant in SB oxidation.

For Cel oxidation, the reaction time had the most significant
effect on nCOOH. Similar results were reported by Kumar and Yang
[26] for the oxidation of cellulose using H3PO4/HNO3-NaNO2.
According to Laisha and Sharkov [34], the dependence of the
degree of oxidation on the reaction time can be explained by the
accessibility of the oxidant agent to the active sites and the hetero-
geneity of the reaction system. For heterogeneous reactions, acces-
sibility is a crucial factor and the reactivity of the active sites on
cellulose are clearly controlled by the hydrogen bond breaking
step, which also affects the degree of crystallinity of the cellulose
[12,34].

Once HNO2 is formed from the reaction between NaNO2 and
H3PO4, it can be easily converted into N2O3 and then into NO2

and NO�. The latter is an odd-electron specie, which is responsible
for hydrogen abstraction of cellulose, and therefore, for the attack
to oxidized intermediates that produce Cel-COOH [26]. Another
important element for the introduction of carboxylic functions into
the Cel and SB structures is the high surface area within the foam
that is formed by the production of N2O3 in situ due to the reaction
between H3PO4 and NaNO2. This phenomenon is considered to be
decisive for the AGU oxidation. The excess pressure inside the bub-
bles also appears to be a decisive component for the oxidation pro-
cess [35]. Thus, the interaction between the variables volume of
H3PO4 and weight of NaNO2 has a fundamental role in the forma-
tion of carboxylic acids, as evidenced in the Pareto’s chart for Cel
and SB oxidation (Fig. 2a and b).

In SB oxidation, the oxidation extent, as measured by nCOOH, was
favored by greater quantities of the oxidizing agent NaNO2. More
NaNO2 is probably required to oxidize sugarcane bagasse cellulose
because the hemicellulose and lignin content of SB can also react
with NaNO2 [12].

Some studies [28,34,36,37] have suggested that H3PO4 also acts
in the acid hydrolysis of hemicelluloses and to a smaller degree in
the acid hydrolysis of lignin and cellulose. Increases in the H3PO4-
to-solid ratio may result in an increase in the oxidation of sec-
ondary hydroxyl groups in the cellulose structure, allowing the for-
mation of ketones and the hydrolysis of cellulose chains. Due to the
reactivity of H3PO4 with hemicelluloses and lignin, the contribu-
tion of H3PO4 in the oxidation reaction of SB was less significant.

Table 2 shows the p-values and regression coefficients in terms
of uncoded variables for the oxidation of Cel and SB. The quadratic
polynomial equations found from modeling the experimental data
showed correlation coefficients (R2) of 0.9883 for Cel and 0.9881
for SB. Thus, in the range of independent variables studied, such
equations are able to accurately predict 98.83% and 98.81% of the
variation in the responses for the oxidation reactions of Cel and
SB, respectively. The response surface models were evaluated using
ANOVA. As can be seen in Table 3, lack of fit was not significant.

Fig. 3a–d shows the response surfaces and contour lines gener-
ated from equations obtained by modeling the experimental data
for Cel and SB oxidation. It can be seen that with the reaction time
fixed at 5 h (central run), the surface regions which exhibited the
best results in terms of nCOOH were 500 mg 6wNaNO2 6 970 mg
and 11 mL 6 VH3PO4 6 19 mL for both materials (Cel and SB). This
observation agrees with the experimental data, where the largest



Fig. 2. Pareto’s charts for the optimization of the oxidation reaction of (a) Cel and (b) SB.

Table 2
Regression coefficients in terms of uncoded variable levels for the oxidation of cellulose and sugarcane bagasse.

Regression coefficients Cellulose Sugarcane bagasse

Coefficients in terms of uncoded variables p-value Coefficients in terms of uncoded variables p-value

a0 �1.900 0.000 1.630 0.000
a1 1.080 0.119 0.328 0.001
a2 0.427 0.009 0.0759 0.001
a3 0.00531 0.003 0.00415 0.003
a4 �0.0925 0.188 �0.0309 0.004
a5 �0.0220 0.106 �0.00634 0.000
a6 �0.000005 0.014 �0.000005 0.008
a7 0.0103 0.777 0.00286 0.314
a8 �0.000048 0.881 0.000030 0.809
a9 0.000174 0.047 0.000193 0.060
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Table 3
Analysis of variance (ANOVA) for the oxidation of cellulose and sugarcane bagasse.

Oxidized cellulose (Cox)

Factor DF SS MS F-value p-value

t 1 3.2325 3.2325 45.55 0.001
V 1 2.7430 2.7430 38.65 0.001
w 1 1.6418 1.6418 23.13 0.003
t2 1 3.2806 1.4781 20.83 0.004
V2 1 1.4781 3.2806 15.42 0.000
w2 1 1.0944 1.0944 46.22 0.008
t � V 1 0.3802 0.0045 1.21 0.314
t � w 1 0.0045 0.3802 0.06 0.809
V � w 1 0.0857 0.0857 5.36 0.060
Lack of fit 4 0.3670 0.0917 3.12 0.257
Pure error 2 0.0589 0.0294
Total SS 16 36.2903

Oxidized sugarcane bagasse (SBox)
t 1 0.2468 0.2468 3.30 0.119
V 1 1.1056 1.0194 14.79 0.009
w 1 1.7058 1.1056 22.81 0.003
t2 1 0.1650 0.1650 2.21 0.188
V2 1 0.2711 0.2711 3.63 0.014
w2 1 0.8762 0.8762 11.72 0.106
t � V 1 0.0066 0.0066 0.09 0.777
t � w 1 0.0018 0.0018 0.02 0.881
V � w 1 0.4651 0.4651 6.22 0.047
Lack of fit 4 0.4248 0.1062 8.92 0.103
Pure error 2 0.0238 0.0119
Total SS 16 37.5722

Fig. 3. Response surfaces (left) and contour lines (right) for the dependent variable nCOOH for the oxidation of (a) and (b) cellulose and (c) and (d) sugarcane bagasse.
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nCOOH values were found using a reaction time of 5 h with values of
wNaNO2 and VH3PO4 within the range previously described.
3.2. Characterization of oxidized cellulose and sugarcane bagasse

The oxidation of the hydroxyl groups of Cel and SB to carboxylic
acid groups using a mixture of NaNO2 and H3PO4 to produce oxi-
dized cellulose (Cox) and sugarcane bagasse (SBox) was carried
out using the synthetic route presented in Fig. 4.

The oxidation reaction allowed the conversion of the hydroxyl
groups of Cel and SB into carboxylic acid groups. The carboxylic
group is a weak acid that can dissociate in aqueous solution to pro-
duce a carboxylate group, which contains a negative charge that is
stabilized by resonance. The negative charges of carboxylate
groups are able to interact with cationic dyes, promoting an elec-
trostatic interaction and removing the dye molecules from aque-
ous solutions by adsorption [9,38].

After Cel oxidation, a weight gain of 7.7% was noticed due to the
conversion of the primary hydroxyl groups to carboxylic acid
groups, increasing the molar mass of AGU [28]. In the case of SB
oxidation, a weight loss of 18.4% was observed. This weight loss
can be explained by the acidic conditions and the presence of oxi-
dant species, which are able to degrade biopolymers such as hemi-
celluloses and lignin, increasing their solubility in aqueous solution
[37]. The nCOOH for Cox and SBox was determined by acid-base
back-titration and found to be 4.8 mmol/g and 4.5 mmol/g, respec-
tively. For Cox, this result corresponds to a modification of 85% of
the primary hydroxyl groups of the starting cellulose. Such a value
represents a high degree of conversion. The values of nCOOH
reported in the literature for oxidized cellulose are in the range
from 0.2 to 4.0 mmol/g [27,39,40]. Compared to the literature data,
Cox and SBox showed a higher degree of oxidation and conse-
quently a higher value of nCOOH, thereby demonstrating the impor-
tance of design of experiments in the optimization of the proposed
reactions. For SBox, although a weight loss was noticed, a high
value of nCOOH was obtained, demonstrating that the method opti-
mized in this study can be successfully applied to an agricultural
waste, producing a more valuable material.

The characterization of Cox and SBox was accomplished by FTIR
spectroscopy. FTIR spectra of cellulose (Cel) and oxidized cellulose
(Cox) as well as raw sugarcane bagasse (SB) and oxidized sugar-
cane bagasse (SBox) are shown in Fig. 5a and b, respectively. The
major changes that can be seen in the FTIR spectrum of Cox in com-
parison to Cel and SBox in comparison to SB are the presence of a
strong band at 1728 cm�1, which is attributed to C@O stretching in
carboxylic acid groups and the intensification of the band at
1736 cm�1 in SBox. These bands confirm the conversion of hydro-
Fig. 4. Synthetic route used to prepare oxidized c
xyl groups of Cel and SB to carboxylic acid groups, producing Cox
and SBox [41].

In addition, the SB FTIR spectrum in Fig. 5b shows bands at
1519 cm�1 and 1600 cm�1, which can be attributed to the aromatic
rings of syringyl and guaiacyl units, respectively. The great
decrease in the intensity of these bands in the spectrum of
SBox probably indicates that most of the lignin was removed from
SB by oxidation [42].

Cox was also characterized by solid-state 13C NMR spec-
troscopy. The SS 13C NMR spectrum of Cox shown in Fig. 6 suggests
that non-oxidized cellulose is still present in the oxidized product
due to the signals at 62 ppm and 93 ppm, which correspond to C-6
and C-4 of the starting cellulose, respectively, although in minor
amounts. This result confirms that 85% of the primary hydroxyl
groups of the starting cellulose were modified. The main product
is Cox with signals at 104 ppm and 83 ppm corresponding to the
anomeric carbon atoms at C-1 and C-4, respectively [42]. The signal
at 73 ppm can be attributed to the superposition of signals from C-
2, C-3 and C-5. The main evidence of Cox formation is the presence
of a strong signal at 172 ppm, which can be attributed to the car-
bonyl carbon of the carboxylic acid group. A weak signal at
228 ppm is also present, suggesting that ketone formation at C-3
or C-2 may also have occurred. Ketone formation should not affect
negatively the behavior of the material in dye adsorption, as
ketone is a polar group with unshared electron pairs. Due to the
presence of a mixture of oxidized polymers, SBox was not analyzed
by SS 13C NMR spectroscopy.

Analysis of the plots of equilibrium pH as a function of weight-
to-volume percent for Cox and SBox (figures not shown) indicate
the net surface charge of the adsorbent materials Cox and SBox.
The pH of zero charge (pHPZC) for Cox and SBox was 2.70 and
2.72, respectively. This means that at pH values greater that 2.7
both adsorbent materials are negatively charged, thereby favoring
the adsorption of the cationic dyes CV and AO [15].

Thermogravimetric (TGA) and derivative thermogravimetric
curves (DTG) for Cel, Cox, SB and SBox are shown in Supplementary
Fig. 1. As can be seen in Supplementary Fig. 1a–d and Table 4, the
initial small weight loss, which occurred at temperatures between
44 and 55 �C, representing approximately 6–11% of the total
weight loss, was attributed to the vaporization of bound water in
the samples. The TGA curves for Cel (Supplementary Fig. 1a) and
Cox (Supplementary Fig. 1b) exhibited one main decomposition
event. The major difference in the TGA curves for Cox and Cel is
a drastic decrease of the maximum decomposition temperature,
Tm (DTG peak) in Cox. Tm,2 for Cel was 369 �C and Tm,2 for Cox
was 243 �C, showing a lower thermal stability for Cox. This result
also confirms that the chemical conversion of Cel to Cox was suc-
cessful. The TGA curve of SB (Supplementary Fig. 1c) exhibited two
ellulose (Cox) and sugarcane bagasse (SBox).



Fig. 5. FTIR spectra of (a) cellulose (Cel) and oxidized cellulose (Cox) and (b) raw sugarcane bagasse (SB) and oxidized sugarcane bagasse (SBox).
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main decomposition events. The DTG peaks at Tm,2 = 317 �C and
Tm,3 = 379 �C for SB are attributed to the decomposition of hemicel-
lulose and cellulose, which break down faster than lignin, yielding
volatile compounds [43]. The TGA curve for SBox (Supplementary
Fig. 1d) also exhibited two main decomposition events. As was
observed for Cox in comparison to Cel, SBox compared to SB
showed a drastic decrease in the maximum decomposition tem-
perature, Tm,2 (from 317 �C to 252 �C) and Tm,3 (from 379 �C to
309 �C), demonstrating the lower thermal stability of SBox. The
fact that SBox presents more decomposition events than Cox
shows that oxidized lignin or hemicelluloses are still present in
the final product and oxidation did not totally eliminate the lignin
and hemicellulose content of the SB.

Fig. 7a–d shows SEM images of Cel and Cox at 60 and 500�,
respectively. In Fig. 7a and b, it is noted that raw cellulose used
in the oxidation reaction presents preserved fibers even after
milling process. However, some fibers exhibited partial degrada-
tion of primary cell wall (Fig. 7b). Fig. 7c shows that Cox does
not present a fiber shape as a result of the degradation of fibers
during oxidation process. Cox particles present a great hetero-
geneity of shapes and sizes. Fig. 7d also shows that oxidation
process of Cel led to the formation of particles with a heteroge-
neous surface, including the presence of roles of different sizes
[44].

Fig. 7e–h shows SEM images of SB and SBox at 60 and 500�,
respectively. Fig. 7e shows that raw SB presents particles of
different sizes and shapes as a results of the heterogeneity of cell
elements from fiber and pith fractions. In Fig. 7f, it is noted that
both fiber and pith fractions were partially degraded during the
milling process. In Fig. 7g and h, it is noted that the fibers were
exposed due to the oxidation of lignin and hemicellulose fractions,
and the solubilization of these macromolecules led to the appear-
ance of roles and cracks in the surface of the fiber and pith fractions
[17].



Fig. 6. Solid-state 13C NMR spectra of oxidized cellulose (Cox).

Table 4
Thermogravimetric data for the thermal decomposition of cellulose (Cel), oxidized
cellulose (Cox), sugarcane bagasse (SB) and oxidized sugarcane bagasse (SBox).

Parametersa Cel Cox SB SBox

Tonset (�C) 347 198 271 208
TD,1 (�C) 20 20 14 15
Tm,1 (�C) 44 50 49 54
DW1 (%) 6.3 10.9 10.1 10.5
TD,2 (�C) 259 152 175 122
Tm,2 (�C) 369 243 317 252
DW2 (%) 94.9 67.9 31.0 34.4
TD,3 (�C) – – 333 293
Tm,3 (�C) – 379 309
DW3 (%) – – 45.7 31.0

a Tonset: onset temperature, TD : initial decomposition temperature, Tm : maxi-
mum decomposition temperature (DTG peak), DWi : weight loss in the decompo-
sition event.
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3.3. Adsorption studies

3.3.1. Effect of the solution pH on dye uptake by Cox and SBox
The effect of the solution pH on the adsorption is a very impor-

tant parameter affecting the removal of charged adsorbates such as
CV and AO. Since Cox and SBox are adsorbent materials that con-
tain carboxylic acid groups, which are ionizable, the adsorption
of CV and AO is pH-dependent. The adsorption capacity (qe) for
CV and AO as a function of the solution pH for Cox and SBox is
shown in Fig. 8a and b.

As can be seen in Fig. 8a, the adsorption capacity of CV on Cox
increased as the solution pH was increased and a plateau was
reached at pH 6 for CV whilst the adsorption capacity of AO contin-
ued to increase as the solution pH was increased. Fig. 8b shows
that the adsorption of both dyes by SBox increased as the solution
pH was increased and plateaus were reached at pH 6 for both dyes.
The pHPZC of Cox and SBox are 2.70 and 2.72, respectively, indicat-
ing that at pH values higher than �2.7 both adsorbent materials
have negative surface charges and are able to adsorb both dyes
from aqueous solution. As can be seen in Fig. 8a and b, the adsorp-
tion capacity of Cox and SBox for CV and AO is high even at low pH,
thereby confirming that both adsorbent materials can efficiently
adsorb CV and AO even at low pH values, which is in good agree-
ment with the values of pHPZC. A similar tendency was noticed
by Gusmao et al. [9] for the adsorption of the cationic dyes methy-
lene blue (MB) and crystal violet (CV) by succinylated sugarcane
bagasse (SCB 2), another adsorbent material containing carboxylic
acid groups on its surface.

As a plateau was not reached for the adsorption of AO by Cox
and there is a possibility of the structural modification of AO [45]
at pH values higher than 8.0, a pH value of 8.0 was considered as
the optimum pH value for adsorption of AO, in order to prevent
any degradation of the dye. For comparison purposes, the subse-
quent studies of adsorption of CV by Cox and SBox as a function
of contact time and initial dye concentration were performed at
a pH value of 8.0.

3.3.2. Adsorption kinetics
Predicting the rate at which the adsorption of a pollutant takes

place in a particular system is probably the most important factor
in the design of an adsorption system [46]. Experiments examining
the adsorption of CV and AO by Cox and SBox were performed to
determine the adsorption rate constants and equilibrium times.
In order to investigate the mechanism of dye adsorption on Cox
and SBox, three kinetic models were evaluated: pseudo-first-
order (PFO), pseudo-second-order (PSO) and Elovich.

The PFO kinetic model of Lagergren [47] assumes that the
adsorption rate is a function of the adsorption capacity as shown
in Eq. (11):

qt ¼ qe½1� expð�k1tÞ� ð11Þ
where qe (mg/g) is the adsorption capacity at equilibrium, qt (mg/g)
is the adsorption capacity at a time t (min) and k1 (min�1) is the PFO
rate constant [48–50].

If the adsorption mechanism occurs by chemisorption, it can be
represented by the PSO kinetic model [49,50]. The mathematical
expression of this model is shown in Eq. (12):

qt ¼
k2q2

et
1þ k2qet

ð12Þ

where k2 (g/mg min) is the PSO rate constant.
A general interpretation of the Elovich equation (EE)[51]

involves the variation of the chemisorption energy with the cover-
age of the adsorbent surface. The equation of this model can be
described by Eq. (13):

qt ¼
1
b
lnðabÞ þ 1

b
ln t ð13Þ



Fig. 7. SEM images of raw cellulose (Cel) (a and b), oxidized cellulose (Cox) (c and d), raw sugarcane bagasse (SB) (e and f) and oxidized sugarcane bagasse (SBox) (g and h) at
60 and 500� magnification, respectively.
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where a (mg/g min) is the initial adsorption rate and b (g/mg) is the
desorption constant [52,53].

The experimental kinetic data were modeled by nonlinear
regression (NLR) analysis using the PFO, PSO and EE models using
Microcal OriginPro� software (2015). The software was set to use
the Levenberg–Marquardt algorithm and the weight method
named ‘‘statistical”. To define which model best describes the
adsorption process, the determination coefficient (R2) and the
reduced chi-square (v2

red) were evaluated [54].
Fig. 9a andb shows the curves of theNRLanalysis as a result of the

modeling the experimental data using the PFO, PSO and EE models.
Table 5 shows the parameters estimated by the kinetic models. As
can be seen in Fig. 9a, the adsorption equilibrium time (te) for the
adsorption of CV and AO on Cox was attained after 12 h (720 min)
for CV and 9 h (540 min) for AO. The te for adsorption of CV and AO
on SBox was attained after 9 h (540 min) for CV and 5 h (300 min)
for AO. Comparing the values of the determination coefficients, R2,
and the reduced chi-square,v2

red shown in Table 5, it can be observed
that the adsorption of CV by Cox was better fitted by the Elovich
model, and therefore, chemisorption may be the step controlling the
rate of adsorption for this system. As suggested by the EEmodel, there
may be a variation in the adsorption energy with increasing surface
coverage of the adsorbent for this system. Another plausible explana-
tion suggested by the EE model is the heterogeneity of the nature of
the active surface sites, displaying different activation energies for
chemisorption [53]. Concerning the adsorption of AO by Cox, the best
fit was found using the PFO model. The adsorption of CV and AO by
SBox was better described by the PSOmodel. Therefore, it is assumed
that for these systems the rate limiting step of adsorptionmay be gov-
ernedby chemisorption involving the sharingor exchangeof electrons
between the adsorbent and adsorbate [50].
3.3.3. Adsorption isotherms
An adsorption isotherm can describe how an adsorbate inter-

acts with an adsorbent and is important in optimizing the use of
an adsorbent in real adsorption processes. Furthermore, it is crucial
to have a good estimate of the adsorption capacity of the adsorbent
for application purposes [2]. Various isothermmodels are available
in the literature, and four of them were chosen to evaluate the
equilibrium results i.e. the Langmuir, Freundlich, Redlich-
Peterson (R-P) and Konda models.

The Langmuir [55] isotherm theory assumes a monolayer cover-
age of adsorbate on a homogeneous surface of the adsorbent.
Graphically, the Langmuir isotherm is characterized by a plateau.
Therefore, at equilibrium, the saturation point is reached when
adsorption cannot occur. In addition, adsorption occurs at specific
adsorption sites on the homogeneous surface of the adsorbent.
Once a dye molecule occupies a site, there can be no adsorption
there [56]. The Langmuir isotherm is presented by Eq. (14):

qe ¼
QmaxbCe

1þ bCe
ð14Þ

where qe (mg/g) is the equilibrium adsorption capacity, Qmax (mg/g)
is the maximum amount of the dye per unit weight of Cox or SBox,
Ce (mg/L) is the concentration of adsorbate in the liquid phase at
equilibrium and b (L/mg) is the Langmuir constant related to the
affinity of the adsorbate at the binding sites.

The changes in free energy (DadsG�) of adsorption can be calcu-
lated using Eq. (15) (Liu [57]):

DadsG
� ¼ �RT lnKa ð15Þ

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

The thermodynamic equilibrium constant can be calculated
from the Langmuir constant, b, using the approach suggested by
Liu [57] and presented by Eq. (16):

Ka ¼ b
ce

ð1 mol=LÞ
� 	

ð16Þ



Fig. 8. Effect of initial pH on the adsorption of CV and AO on (a) Cox and (b) SBox (200 mg/L CV or AO, 25 �C, 150 rpm, 0.2 g/L Cox or SBox).

234 L.R. Martins et al. / Journal of Colloid and Interface Science 494 (2017) 223–241
where ce is the activity coefficient at equilibrium (dimensionless).
In the case of neutral or weakly charged adsorbates, such as organic
dyes, the Langmuir constant, b (L/mol), can be reasonably used to
calculate DadsG� because ce � 1 [57].

The Freundlich [58] isotherm model is an empirical equation,
which is applicable to adsorption on heterogeneous surfaces and
is not restricted to the formation of a monolayer. It is assumed that
an increase in adsorbate concentration also increases the amount
adsorbed on the surface of the adsorbent. From this perspective,
the adsorbed amount is the sum of the adsorbate adsorption at
all binding sites (each with its binding energy), where the sites
with higher binding energy are occupied first. There is an exponen-
tial decrease in the adsorption power until the process is complete
[56]. The model is presented by Eq. (17):

qe ¼ KFC
1=n
e ð17Þ
where KF [(mg/g)(L/mg)1/n] and n are the Freundlich constants. The
parameter n is usually greater than unity and it is related to the
adsorption intensity.

The Redlich and Peterson [59](R-P) isotherm model can be
applied to homogeneous and heterogeneous systems. This model
is a combination of the characteristics of the Langmuir and Fre-
undlich models and provides a more realistic representation of
the adsorption system at higher concentrations [60]. The R-P
model is presented by Eq. (18):

qe ¼
KRCe

1þ aRC
b
e

ð18Þ
where KR (L/g) e aR (L/mg) are the R-P constants and b is the R-P
parameter, which must be between 0 and 1. When b approaches
zero, the equation is reduced to the Henry’s equation and when b



Fig. 9. Effect of contact time on adsorption of (a) CV and AO on Cox and (b) CV and AO on SBox. (200 mg/L CV or AO, pH = 8, 25 �C, 150 rpm and 0.2 g/L Cox or SBox).
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tends to 1 the system is reduced to the Langmuir model and the
adsorption behavior approaches a homogeneous system [60,61].

Assuming possible interactions between the adsorbed mole-
cules and the presence of active sites with steric hindrance
and energy heterogeneity, Konda et al. [62] have proposed a
nonlinear mathematical model to describe multilayer adsorption
from the sum of Langmuir type isotherms. This model assumes
the existence of different and specific mechanisms at each stage
of adsorption demonstrated by the profile of the curve. It intro-
duces a parameter related to a critical concentration above
which a new adsorption mechanism becomes effective. The
equation proposed by Konda et al. [62] is shown in Eq. (19):
qe ¼
a1K1C
1þ K1C

þ a2K2½ðC � b2Þ þ jC � b2j�
2þ K2½ðC � b2Þ þ jC � b2j� ð19Þ

where qe (mg/g) is the adsorption capacity at equilibrium, ai (mg/g)
and Ki (L/mg) are the adsorption capacity and adsorption constant
related to different layers, respectively, and bi (mg/L) is the critical
limit concentration of the adsorption mechanism on a given layer.
The maximum adsorption capacity, Qmax (mg/g), can be obtained
by the sum of the adsorption capacities in different layers.

The isotherms for the adsorption of CV and AO on Cox and
SBox are presented in Fig. 10a and b. It is well established that
the profile of the isotherms is largely determined by the adsorption



Table 5
Modeled kinetic parameters for the adsorption of CV and AO by SBox and Cox (200 mg/L CV or AO, pH = 8, 25 �C, 150 rpm and 0.2 g/L Cox or SBox).

Parameters Cox-CV Cox-AO SBox-CV SBox-AO

qe,exp (mg/g) 775.0 437.4 868.8 504.6
qe,exp (mmol/g) 1.900 1.439 2.129 1.237

Pseudo-first-order kinetic model
k1 (min�1) 7.14 � 10�3 1.23 � 10�2 0.044 0.085
qe,est (mg/g) 715.2 425.7 804.5 496.5
qe,est (mmol/g) 1.753 1.401 2.017 1.217
R2 0.916 0.995 0.836 0.850
v2
red 9.228 0.434 5.704 0.698

Pseudo-second-order kinetic model
k2 (g/mg min) 9.89 � 10�6 2.89 � 10�5 8.22 � 10�5 3.68 � 10�4

qe,est (mg/g) 832.6 482.5 845.9 509.6
qe,est (mmol/g) 2.041 1.588 2.073 1.677
R2 0.966 0.988 0.955 0.995
v2
red 3.681 1.183 1.555 0.020

Elovich model
a (mg/g min) 16.73 14.93 1267 1.08 � 107

b (g/mg) 6.10 � 10�3 1.06 � 10�2 1.08 � 10�2 3.83 � 10�2

R2 0.976 0.954 0.953 0.799
v2
red 2.576 4.731 1.620 0.938
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mechanism [63]. Giles et al. [64] proposed a classification of iso-
therm profiles using the characteristics that may be attributed to
adsorption processes. According to their classification, the profiles
of the curves corresponding to the adsorption of CV and AO on
SBox and CV on Cox are in the L group and subgroup 2, and the
curve corresponding to the adsorption of AO on Cox is in the L
group and subgroup 4. Thus, the initial curvature (type L) in these
adsorption systems indicates that there is increased difficulty in
finding available active sites on the surfaces of the adsorbent mate-
rials with increasing coverage. It also implies that the dye mole-
cules may not be oriented vertically or there may not be a strong
competition between the adsorbent and solvent for the dye.
Adsorption systems classified in subgroup 2 are characterized by
monolayer adsorption with a plateau indicating the saturation of
the adsorption surface sites, and adsorption systems classified in
subgroup 4 are characterized by adsorption with the formation
of a second layer. According to Liu [65], adsorption processes that
deviate from Langmuir isotherm behavior can be described by
models that describe multilayer adsorption. Also, according to Liu
[61], due to heterogeneity in the energy of the active sites or inter-
actions of adsorbate molecules to be adsorbed with adsorbate
molecules already fixed in an active site, the adsorption process
can result in an apparently sequential adsorption or multilayer
adsorption (cooperative adsorption). Thus, even if the physical ori-
entation of the adsorbate on the adsorbent surface is a monolayer
it is possible that the adsorption system can be described by a
model that allows multilayer adsorption.

The selection of the best isotherm model describing the adsorp-
tion systems was based on the evaluation of R2 values together
with v2

red values. Table 6 shows the estimated isotherm parameters
obtained by modeling the experimental isotherm data with the
Langmuir, Freundlich, Redlich-Peterson and Konda models. Compar-
ing the values of R2 and v2

red, it can be seen that more than one model
shows a satisfactory fit to the experimental data. A joint analysis of
these models can provide relevant information about the systems
studied.

The adsorption of CV on SBox was best fitted by the Langmuir
and Redlich-Peterson models, with the same R2 value. The most
suitable model was determined by the evaluation of v2

red, which
takes into account the degrees of freedom of the models evaluated.
This analysis showed that the Langmuir model best describes this
adsorption system. The Qmax for CV adsorption on SBox according
to the Langmuir model was found to be 1018.2 mg/g. The Qmax value
of the Langmuir model is closer to the experimental adsorption
capacity, Qmax,exp, thereby confirming the good fit of the model to
the experimental data. In addition, Qmax for CV adsorption on SB
was found to be 72.6 mg/g, thereby showing that oxidation reaction
greatly improved the adsorption capacity of SBox in comparison to
SB. The value of change in free energy of adsorption (DadsG

o) and b
shows an energetically favorable adsorption process with the high-
est affinity of the adsorbate for adsorbent surface sites among all
the studied systems. The b parameter of the R-P model is close to
1, thereby showing that this adsorption system approaches the Lang-
muir model, indicating a more homogeneous adsorption system
[61]. According to Mall et al. [66], when the R-P equation reduces
to the Langmuir equation, the values of aR and KR/aR are equivalent
to the values of b and Qmax of the Langmuir model, respectively. The
good correlation between the parameters of these different models is
evidenced by the proximity of their values in this study, highlighting
again the good agreement between the experimental data and the
data estimated by the model. Therefore, the analysis of the isotherm
models indicates that the adsorption of CV on SBox may occur pre-
dominantly in a monolayer with a more homogeneous distribution
of dye molecules along the surface sites of the adsorbent.

The adsorption of AO on Cox and SBox was better fitted by the
Konda multilayer isotherm model. The Freundlich model showed a
good fit for both materials whilst the Redlich-Peterson model
showed a good fit only for SBox. The Qmax values for AO adsorption
on Cox and SBox estimated by the Konda model were found to be
1223.3 and 682.8 mg/g, respectively. Moreover, Qmax for AO
adsorption on Cel and SB were found to be 13.0 and 27.8 mg/g,
which shows that oxidized materials (Cox and SBox) exhibited a
much higher adsorption capacity compared to non-oxidized mate-
rials. Although the profile of the curve for the adsorption of AO on
SBox was classified as L2 [64], the model that best fitted the exper-
imental data was that describing the formation of multilayers. The
evaluation of the profile of the experimental curve (L4) and the
good agreement of the Konda and Freundlich models with the
experimental data imply that the adsorption of AO on Cox may
be influenced by interactions between adsorbate molecules (coop-
erative adsorption) and may not be restricted to the formation of a
monolayer. For both adsorption systems, the parameters a1 and a2
obtained by the Konda model indicate the first and second adsorp-
tion capacity of the double layer adsorption. Comparing these
parameters, it can be seen that a higher adsorption capacity was
achieved through the mechanism involved in the formation of



Fig. 10. Isotherms for adsorption of (a) CV and AO on Cox and (b) CV and AO on SBox (pH = 8, 25 �C, 150 rpm and 0.2 g/L Cox or SBox).
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the first layer of adsorbate on the adsorbent for SBox and a higher
adsorption capacity in the formation of the second layer for Cox.
The value of b2 gives the concentration limit where a change in
the adsorption mechanism occurs. The concentration must be
greater than 60.92 and 119.42 mg /L for AO adsorption on
SBox and Cox, respectively. When this concentration is exceeded,
there is a possibility of the formation of a new layer of dye mole-
cules or active sites with different energy content. The b parameter
of the R-P model for AO adsorption on SBox is further from unity
and consequently shows more a heterogeneous character for this
adsorption system in comparison with CV adsorption on SBox.
The value of 1/n of the Freundlich model for both adsorption sys-
tems is between 0 and 1, indicating that the adsorption process
is energetically favorable [56,67,68]. Thus, analysis of these results
leads to the conclusion that the adsorption of AO by Cox and
SBox may not be restricted to the formation of a monolayer, and
interactions between the dye molecules may be influencing the
adsorption behavior, with a non-uniform distribution of adsorption
heats and affinities of AO dye for the adsorption sites.

As seen in Table 6, considering the values of R2 and v2
red, the

adsorption of CV on Cox was best described by the Langmuir and
R-P models, with the best fit for the Langmuir model. The Qmax for
CV adsorption on Cox estimated by the Langmuir model was found
to be 1117.8 mg/g. The proximity of the value of Qmax estimated
by the Langmuir model in comparison to the experimental adsorp-
tion capacity, Qmax,exp, indicates the good correlation between the
experimental data and those estimated by the model. In contrast,
Qmax for CV adsorption on Cel was found to be 8.6 mg/g. The value
of change in free energy of adsorption (DadsG

o) and b shows an ener-
getically favorable adsorption. The b parameter of the R-P model is



Table 6
Isotherm model parameters for the adsorption of CV and AO on Cox and SBox (pH = 8, 25 �C, 150 rpm and 0.2 g/L Cox or SBox).

Isotherm models Parameters Cox-CV Cox-AO SBox-CV SBox-AO

Experimental data Qmax,exp (mg/g) 1004.4 843.1 1011.0 604.1
Qmax,exp (mmol/g) 2.696 3.141 2.712 2.250

Langmuir Qmax,exp (mg/g) 1117.8 1036.6 1018.2 571.8
Qmax,exp (mmol/g) 3.000 3.863 2.732 2.131
b (L/mg) 0.036 9.57 � 10�3 0.358 0.126
b (L/mol) 13,224 2569 133,372 33,809
R2 0.978 0.876 0.956 0.912
v2
red 1.576 15.450 2.385 3.903

DG� (kJ/mol) �23.51 �19.45 �29.24 �25.84

Freundlich KF [(mg/g)/(L/mg)1/n] 253.8 69.59 543.3 197.6
n 4.02 2.37 8.60 5.26
1/n 0.248 0.422 0.116 0.190
R2 0.859 0.966 0.827 0.979
v2
red 11.427 4.129 9.393 0.888

Redlich-Peterson KR (L/g) 39.4 – 372.6 205.1
aR (L/mg) 0.034 – 0.372 0.771
KR/aR (mg/g) 1145.0 – 1001.5 266.1
KR/aR (mmol/g) 3.075 – 2.689 0.991
b 1.000 – 0.996 0.861
R2 0.976 – 0.956 0.995
v2
red 2.181 – 2.719 0.240

Konda a1 (mg/g) – 565.5 – 422.2
a2 (mg/g) – 657.8 – 206.6
Qmax,exp (mg/g) – 1223.3 – 682.8
Qmax,exp (mmol/g) – 4.558 – 2.544
K1 (L/mg) – 8.56 � 10�3 – 0.193
K2 (L/mg) – 4.54 � 10�3 – 5.6 � 10�3

b2 (mg/L) – 119.42 – 60.92
R2 – 0.992 – 0.998
v2
red – 1.422 – 0.102
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equal to 1, indicating that the R-P isotherm model approaches the
Langmuir model. Thus, as can be seen in Table 6, the value of aR
and KR/aR can be related to the values of b and Qmax estimated by
the Langmuir model, respectively [66]. Therefore, the behavior of
this adsorption system can be better described by the Langmuir
model, indicating a monolayer formation with a homogeneous dis-
tribution of adsorption energy on the surface of the adsorbent
[61,69].
3.4. Desorption and reuse of the adsorbents Cox and SBox

Desorption studies using Cox and SBox loaded with the CV and
AO dyes were performed at pH 1.3 and 2 (HCl 0.05 mol/L and
0.01 mol/L), respectively. The high concentration of hydronium
ions (H3O+) at these pH values enables the removal of the model
dyes from the surface of the adsorbents by an ion exchange mech-
anism, where H3O+ ions protonate the carboxylate groups present
on the surface of Cox and SBox, releasing the dye molecules to
aqueous solution. Eqs. (20) and (21) present the adsorption and
desorption mechanisms by which dye molecules of CV or AO are
adsorbed by the solid support (SS) (Cox or SBox) and desorbed
from the SS to acidic solution, respectively. The desorption efficien-
cies (Edes) for SBox-CV, Cox-CV, SBox-AO and Cox-AO were 50.47%,
51.82%, 50.03% and 50.19%, respectively.

SS-COOHþ dyeþ �
H2O

SS-COOdyeþH3O
þ ð20Þ
SS- COOdyeþH3O
þ � SS- COOHþ dyeþ þH2O ð21Þ

Studies reported in the literature have demonstrated diverse
desorption efficiencies of CV and AO from different solid supports
(adsorbents). Ferreira et al. [17] achieved a removal of 57.9% of CV
with an aqueous HCl solution (0.01 mol/L) from carboxylated sug-
arcane bagasse. Ahmad [70] achieved desorption efficiencies of
67.5% and 88% for CV adsorbed from powder of pine bark using
aqueous NaCl (1 mol/L) and CH3COOH (1 mol/L) solutions, respec-
tively. Kumar and Ahmad [71], using aqueous CH3COOH (0.01 mol/
L) and CH3COOH (1 mol/L) solutions, obtained about 35% and 50%
efficiency for CV desorption from ginger rhizome treated with
H2SO4/ZnCl2. Mall et al., [66] obtained only 2% desorption effi-
ciency using an aqueous 0.1 mol/L HCl solution and 4% using
0.1 mol/L HNO3 solution for AO desorption from fertilizer plant
waste carbon. Inbaraj et al. [72] achieved 98% AO desorption from
the biopolymer poly(c-glutamic acid) at pH 1.

The incomplete removal of CV and AO from Cox and
SBox means that there is a strong interaction between these dyes
and the active surface sites on the adsorbents. It also indicates that
the nature of the dye adsorption on the solid supports is not purely
an electrostatic interaction involving an ion exchange mechanism
[17,66,71–74].

Re-adsorption studies were performed to evaluate the possibil-
ity of reuse of the adsorbents. Although the desorption of the dyes
was not complete, Cox and SBox still exhibited good re-adsorption
efficiencies compared to their initial adsorption capacities. The re-
adsorption efficiencies (RE) for CV on SBox and Cox were 65.64%
and 69.66%, while the RE for AO on SBox and Cox were 80.91%
and 77.01%, respectively. It is clear that the materials presented
in this study, even when partially loaded, show superior results
to various adsorbents described in the literature [66,71,72]. These
results suggest that even with partial loss of their adsorption
capacities, SBox and Cox are interesting materials from the point
of view of their reuse.
3.5. Comparison with literature data for CV and AO adsorption on
different adsorbent materials

The data presented in Table 7 show the maximum adsorption
capacities for the more efficient adsorbents found in the literature



Table 7
Comparison of different adsorbent materials reported in the literature for removal of CV and AO from aqueous solutions.

Adsorbent Dye T (�C) te (min) Qmax (mg/g) Reference

Cox AO 25 540 1223.2 This study
SBox AO 25 300 682.8 This study
Nanohydrogel AO 25 1440 337.8 [75]
Fertilizer plant waste carbon AO 25 300 246.2 [66]
Chromium doped zinc oxide nanoparticles AO 25 4 (sonication) 211.6 [76]
ZnS-Cu nanoparticles loaded on activated carbon AO 25 2.2 (sonication) 94.2 [77]
Bagasse fly ash AO 30 120 31.7 [78]
Activated carbon AO 30 120 12.5 [78]
Cox CV 25 720 1117.7 This study
SBox CV 25 540 1018.2 This study
Acid-treated montmorillonite CV 30 180 400.0 [79]
Raw Montmorillonite CV 30 180 370.4 [79]
Spent tea leaves CV 50 60 285.7 [80]
Treated ginger waste CV 50 150 277.7 [71]
Fertilizer plant waste carbon CV 25 300 240.26 [66]
Nanoparticles based on modified rice husk CV 30 720 97.7 [81]
Succinylated sugarcane bagasse CV 25 1200 1273.2 [9]
Sugarcane bagasse modified with EDTA dianhydride CV 25 900 327.8 [82]
Carboxylate-functionalized cellulose nanocrystals CV 30 240 243.9 [19]
Sugarcane bagasse modified with Meldrum’s acid CV 25 720 692.1 [17]
Modified cellulose with glycidyl methacrylate CV 50 150 218.8 [83]
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used for the removal of crystal violet (CV) and auramine-O (AO).
The value of AO adsorption capacity found in this study for Cox
and SBox is considerably higher than those found in previous stud-
ies reported in the literature. In addition, for CV adsorption, the
values of Qmax obtained in the present study are higher than those
reported in most previous studies. Only one adsorbent with a
slightly better adsorption capacity in comparison with those
reported in the present study has been reported, produced by the
succinylation of sugarcane bagasse [9].

4. Conclusions

Oxidized cellulose (Cox) and sugarcane bagasse (SBox) were
synthesized using optimized experimental conditions obtained
through a design of experiments (DOE) and a response surface
methodology (RSM). Cox and SBox were characterized by FTIR,
TGA, PZC and solid-state 13C NMR. Cox and SBox presented
4.8 mmol/g and 4.5 mmol/g of carboxylic acid groups, respectively.
The Cox and SBox adsorbents were very effective in the removal of
the model cationic dyes crystal violet (CV) and auramine-O (AO)
from aqueous solutions. The adsorption of CV and AO on Cox was
described by pseudo-first-order kinetic and Elovich models,
respectively, while the adsorption of CV and AO on SBox was
described by a pseudo-second-order kinetic model. The adsorption
isotherms were evaluated by four adsorption models and the
experimental data fitted well to the Langmuir (CV) and Konda
(AO) models. Maximum adsorption capacities (Qmax) for CV and
AO on Cox were found to be 1117.8 and 1223.3 mg/g, respectively,
while the Qmax for CV and AO on SBox were found to be 1018.2 and
682.8 mg/g.
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