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The present paper focuses on improving chromium (III) uptake capacity of sugarcane bagasse through its chemical modification 
with citric acid and/or sodium hydroxide. The chemical modifications were confirmed by infrared spectroscopy, with an evident 
peak observed at 1730 cm-1, attributed to carbonyl groups. Equilibrium was reached after 24 h, and the kinetics followed the pseudo-
second-order model. The highest chromium (III) maximum adsorption capacity (MAC) value was found when using sugarcane 
bagasse modified with sodium hydroxide and citric acid (58.00 mg g-1) giving a MAC value about three times greater (20.34 mg g-1) 
than for raw sugarcane bagasse. 
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INTRODUCTION

As a result of growing industrial activity, many chemicals such 
as heavy metals, organic compounds and synthetic materials pose 
serious environmental contamination problems, resulting in ecosys-
tem deterioration.1,2 Chromium is considered a heavy metal and a 
cause of wastewater treatment problems. The CONAMA (National 
Council for the Environment, Brazil) Resolution 357 established 
0.05 mg L-1 as the allowable limit of chromium in water, whereas 
the EPA (US Environmental Protection Agency) set this limit at 
0.1 mg L-1.3-5 

Under some circumstances, chromium is an important element 
for the environment and even for human health. It occurs primarily in 
two forms: trivalent chromium (III) and hexavalent chromium (VI). 
The biochemical functions and effects of chromium are dependent 
on its oxidation state: chromium (VI) is carcinogenic, whereas chro-
mium (III) is considered essential for humans. The largest sources 
of chromium (VI) are anthropogenic, derived mainly from textile 
industries, oil refineries and galvanizing plants, where it is dispersed 
into the environment through air or water emissions.6,7

Chromium (VI) originates from the oxidation of chromium (III). 
The constant accumulation of trivalent species, associated with certain 
soil conditions, can be intensified in the presence of oxidized manga-
nese, low carbon levels and good aeration, thus promoting the oxi-
dation of chromium (III) to its hexavalent form, which is potentially 
hazardous to human health and environmental balance. Chromium 
(III) is found naturally in small quantities in the body, and performs 
important functions, particularly concerning glucose metabolism.8,9 
Nevertheless, prolonged exposure to trivalent species may also cause 
skin allergies and cancer in human beings.10,11

Several conventional methods of removing heavy metals from 
industrial effluents such as reduction, chemical precipitation, filtration 
and ion exchange, are possible approachs for chromium concentra-
tion level reduction.3,9 However, these conventional techniques are 
considered expensive, in addition to requiring a long detention time, 

which hinders their implementation, especially when the metals are 
dissolved in large volumes of water. The generation of stored and 
stocked solid waste, causing an additional serious problem, appears 
to be another drawback of using these techniques.12-14

Studies on the development of effluent treatments containing 
heavy metals have indicated that adsorption is a highly effective and 
inexpensive alternative process among the various treatments avai-
lable for removing heavy metal ions.9,13 The adsorption phenomena 
have been observed when the accumulation of a particular element 
or substance takes place at the interface between two phases, i.e., 
between a solid surface and an adjacent solution.13 However, the 
adsorption also generates a solid residue that could be incinerated 
and then embedded in concrete blocks.

In recent years, many studies have been carried out to evaluate 
the effectiveness of methods for removing large amounts of chro-
mium from industrial effluents using economically viable adsorbents 
based on agro-industrial residues, such as carrot residues, raw rice 
bran, vineyard pruning waste, bacteria from tannery effluent conta-
minated soil and castor seed hull.14-19 Adsorption of heavy metals by 
agro-industrial residues is commonly called biosorption; it describes 
a property of the non-living biomass to retain metal ions as a result 
of electrostatic interactions and complex formations between these 
ions and functional groups present in the biomass.20 The mechanisms 
responsible for the interaction of metal ions with the structure of 
these materials are determined by the identification of functional 
groups, such as carboxylate, phosphate and amino groups, which 
are typically important for the biosorption process.19,21-23 Biosorption 
capacity could be significantly increased by performing a chemical 
modification of the biomass surface. For instance, chemically modi-
fied sugarcane bagasse, an agro-industrial residue widely available 
in Brazil, has been recently employed for the adsorption of copper, 
cadmium, lead, nickel, zinc, magnesium and calcium from aqueous 
solutions. In these studies, ethylenediamine-tetraacetic dianhydride 
(EDTAD), sulfuric acid and succinic anhydride were utilized as 
modifying agents.24-26

The present work demonstrates, for the first time, the reliable 
use of sugarcane bagasse as an alternative material for chromium 
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(III) removal from aqueous solutions by using chemical treatments 
with citric acid and/or sodium hydroxide. Despite published studies 
investigating sugarcane bagasse chemical modification, the ad-
vantages of the proposed treatment with citric acid and/or sodium 
hydroxide include low-cost, quick and easy operation conditions 
and, most importantly, highly improved metal ion uptake capacity 
in comparison with raw sugarcane bagasse. The applicability of 
Langmuir and Freundlich isotherms and thermodynamic parameters 
for chromium (III) adsorption in chemically modified sugarcane 
bagasse was also evaluated. 

EXPERIMENTAL

Reagents

Analytical grade chemical reagents were used in this study. A 
1000 mg L-1 chromium stock solution was prepared from chromium 
nitrate (Cr(NO3)3 Vetec, 99%), and required dilutions were carried 
out with deionized water. Solutions of 0.1 mol L-1 NaOH (F. Maia, 
97%), 0.1 mol L-1 HCl (F. Maia, 37%) and 1.2 mol L-1 HNO3 were 
used for pH adjustment. 

Equipment

A Bomem FT-IR MB-102 infrared spectrometer was used to 
elucidate the functional groups present in the adsorbents. Sugarcane 
bagasse samples were proportionally macerated with KBr crystals 
(1 mg sample/100 mg KBr), placed into a pastillator and analyzed 
in the 4000-400 cm-1 spectral range. A GBC 932 Plus flame atomic 
absorption spectrometer (FAAS), equipped with a deuterium lamp 
for background correction and a hollow cathode lamp as a radiation 
source for chromium, was used to quantify the metal. 

Adsorbent preparation – sugarcane bagasse modifications 

Sugarcane bagasse was obtained at the Santa Terezinha Mills 
(Ivaté, Paraná State, Brazil). The material was ground and sieved 
through a 100-mesh sieve (Bertel, São Paulo, Brazil) prior to use in 
order to obtain a more homogenous particle size. Furthermore, three 
chemical modifications were performed. 

Modification using NaOH (B-S)
To carry out the sugarcane bagasse modification with NaOH 

(B-S), 20 mL of 0.1 mol L-1 NaOH solution was added per gram of 
material, the mixture agitated for 2 h, and the supernatant discharged. 
Subsequently, the material was repeatedly washed with deionized 
water and dried at 55 °C for 24 h. This procedure was performed 
to withdraw any impurities that could affect the effluent quality.23,25

Modification using citric acid (B-CA)
To carry out the second sugarcane bagasse treatment using cit-

ric acid (B-CA), a 1.2 mol L-1 citric acid solution was added to the 
bagasse at a ratio of 8.3 mL solution/1 g bagasse. Subsequently, the 
mixture was agitated for 30 min, and the supernatant discharged. 
The bagasse was dried at 55 °C for 24 h after which the temperature 
was increased to 120 °C, and the sample kept for 90 min. Next, the 
bagasse was repeatedly washed with deionized water and dried at 
55 °C for 24 h.23,25

Modification using NaOH and citric acid (B-CAS)
For the third treatment, the sugarcane bagasse was chemically 

modified with both NaOH and citric acid (B-CAS). To perform this 
procedure, 20 mL of 0.1 mol L-1 NaOH solution was added per gram 

of material, the mixture was agitated for 2 h, and the supernatant 
discharged. Next, the material was repeatedly washed with deion-
ized water and dried at 55 °C for 24 h. Subsequently, 8.3 mL of 1.2 
mol L-1 citric acid solution was added per gram of bagasse and the 
mixture agitated for 30 min. Then, the supernatant was discharged, 
and the bagasse was dried at 55 °C for 24 h. The temperature was 
then raised to 120 °C, and the sample kept for 90 min. Finally, the 
bagasse was repeatedly washed with deionized water (60-80 °C) and 
dried at 55 °C for 24 h.23,25

Metal adsorption experiment

Adsorption as a function of time
The adsorption of chromium ions on the modified bagasse (B-S, 

B-CA and B-CAS) and raw sugarcane bagasse (B-N) was carried 
out by agitating 50 mL of 1000 mg L-1 Cr (III) solutions at pH 5.0 
with 0.5 g of bagasse on an orbital shaker. Ten aliquots of 500 µL 
were collected from the supernatant at time intervals ranging from 
15 to 1440 min, and deionized water was added until the volume 
reached 50 mL. Some studies have reported that the maximum 
adsorption capacity of some metals in biomass could be achieved 
at a pH of around 5.0. Therefore, this pH value was chosen to 
perform the experiments.25,29,30 The chromium concentration was 
determined by FAAS, all the measurements were made in triplicate. 
Necessary correction for the amount of chromium ions in the initial 
solution was carried out for each aliquot. The amount of metal ad-
sorbed per gram of bagasse (qt) as a function of time was calculated  
as follows: 

   (1)

where, C0 and Ceq are the metal initial and equilibrium concentrations, 
respectively, in the solution (mg L-1), V is the solution volume (mL), 
and M is the bagasse mass (g).

Adsorption isotherms 
Chromium (III) solutions were prepared at different concentra-

tions ranging from 100 to 1000 mg L-1. Subsequently, 50 mL of these 

solutions was individually used at pH 5.0 and agitated with 0.5 g 
of bagasse on an orbital shaker for 24 h. The study was conducted 
at room temperature (25 °C). The mixtures were then filtered, and 
the solutions analyzed by FAAS. All measurements were made in 
triplicate. The amount of metal adsorbed per gram of bagasse was 
calculated according to Equation 1, and the plot of qeq as a function 
of Ceq was built. 

Adsorption as a function of temperature
For the analysis of adsorption as a function of temperature, 0.5 g 

of the sugarcane bagasse residue samples, natural and modified, were 
put in contact with 50 mL of 100 mg L-1 chromium solution at pH 
5.0 and agitated for 24 h at various temperatures: 10, 20, 30, 40 and 
60 °C. The qeq value was next calculated, and these data were used 
to estimate the following thermodynamic parameters: enthalpy (DH), 
Gibbs free energy (DG) and entropy (DS).

Desorption experiment
The assay to evaluate the chromium desorption from materials 

was carried out by loading the bagasse with a known chromium 
amount (890 mg L-1), followed by washing with 150 mL of Milli-Q 
water and drying in an oven at 50 °C for 24 h. After this period, 
the bagasse was soaked in 50 mL of 0.1 mol L-1 HCl solution for 
chromium recovery. 
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RESULTS AND DISCUSSION

Adsorbent characterization

Figure 1 shows the infrared spectra of the modified and raw 
sugarcane bagasse. The broad peak between 3412 and 3420 cm−1 is 
indicative of the existence of bonded hydroxyl groups in macromo-
lecular associations (cellulose). The peak observed at 2916 cm−1 can 
be assigned to the C–H group. The bands at around 1650 and 1750 
cm−1 represent free and esterified carboxyl groups. Moreover, the peak 
that appears at around 1639 cm−1 is due to its strengthening and the 
CO stretching vibration of carboxylic acid.

After the bagasse modification with citric acid (Figure 1, C and 
D), the peak at 1730 cm-1, evidencing the presence of carboxyl groups, 
was observed. Such results corroborate the study done by Rodrigues et 
al.,23-25 in which the occurrence of carboxyl groups in Paraju sawdust 
after treating with NaOH and citric acid was verified. Considering 
that carboxyl groups present in raw adsorbents are usually weak 
acids and generate negative sites in a moderately acid medium, the 
interaction between cations in a solution becomes easier. According 
to the authors,13,25,31,32 the adequate pH for these sites to become more 
reactive is usually around pH 5.0. In addition, due to the fact that chro-
mium (III) ions precipitate in the solution as chromium hydroxides 
at pH > 6.0 (as shown by the speciation diagram in Figure 2), pH 5.0 
was chosen for the present study experiments, and was adjusted with 
0.1 mol L-1 hydrochloric acid or sodium hydroxide. 

Effect of time on adsorption

Figure 3 depicts chromium (III) adsorption on the B-S, B-C, 
B-CAS and B-N materials as a function of agitation time. The hi-
ghest adsorption value was obtained for B-CAS. Therefore, it was 
initially observed that the chemical modifications improved the 
adsorbing properties of the sugarcane bagasse samples. Regarding 
agitation time, it was noted that, for all the experiments, most of the 
chromium was adsorbed within the first 500 min; however, a slight 
increase in adsorption was verified after 500 min. The system tended 
to reach equilibrium after approximately 1440 min (24 h). In another 
study,33 succinylated mercerizced cellulose was utilized to investigate 
chromium (VI) adsorption, and the equilibrium for chromium (VI) 
adsorption was reached in approximately 300 min. The bagasse 
chemical treatment (acid/base) led to strong fiber delignification, 
increasing the space within the fibers for metal adsorption.

The data presented in Figure 3 provide a description of the kinetics 
for each adsorbent by using pseudo-first-order and pseudo-second-
-order models. The pseudo-first order kinetics follows the Lagergren 
model expressed by Equation 2.14,31,33-35

   (2)

where qt is the amount of adsorbed metallic ions (mg g-1) at time t 
(min), and K1 is the pseudo-first-order constant (min-1); qeq and K1 can 
be calculated using the linear and angular coefficients, respectively, 
of the log (qeq – qt) plot as a function of time. Comparing the qeq 
experimental values with those obtained from Equation 2, reveals 
differences between them (Table 1). In addition, the r2 values are far 
from unity, suggesting that the adsorption does not fit the first-order 
reaction. 

Therefore, the pseudo-second-order model (Equation 3) was 
applied to the metal adsorption kinetics.14,31,33-35

   (3)

where k2 is the pseudo-second-order constant (g mg-1min-1) obtained 
from the angular coefficient of the linear plot (t/qt vs t), and qeq can be 
calculated using the linear coefficient. The qeq, k2 and R2 experimental 
and calculated values are shown in Table 1. 

Figure 1. FTIR spectra of B-N (A); B-S (B); B-CA (C); B-CAS (D)

Figure 2. Chromium (III) speciation diagram 

Figure 3. Chromium (III) adsorption on B-CAS (A-), B-S (B-), B-CA (C-) 
and B-N (D-) as a function of time. Temperature: 25˚C, pH: 5.0
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Considering regression coefficient values for the pseudo-first-
-order and pseudo-second-order kinetic models, it is evident that the 
latter has a good fits to the experimental data. Moreover, the qeq values 
of this model are superior to those obtained from the pseudo-first-
-order model and closer to those experimentally obtained, confirming 
that adsorption is controlled by a strong interaction which follows 
the pseudo-second-order kinetics. 

Adsorption isotherms

The adsorption isotherms (Figure 4) were constructed by setting 
the equilibrium time between the adsorbate and adsorbent at 1440 
min. A three-fold improvement in the adsorption for B-CAS was 
confirmed versus the raw bagasse. Similar results were observed in 
the study of chromium adsorption on Hevea Brasilinesis charcoal 
sawdust33 and similarly by other works.10,11,14,15,17,32 High adsorption 
efficiency provided by chemical modifications can also be assessed 
for other natural materials. The results obtained by Garcia-Reye and 
Rangel-Mendez17 with agave bagasse used for chromium adsorption 
showed lower qeq values than those observed for B-CAS. The iso-
therm constructed for B-S had a different format compared with the 
other materials. According to Giles and coworkers,36 this isotherm 
type represents a rare case where, at high adsorbate concentrations, 
adsorbate-adsorbate interactions are favorable and increase rapidly 
in comparison with adsorbate-adsorbent interactions. 

In order to verify the adsorption behavior of chromium ions 
onto the materials, non-linearized isotherms were applied using the 
MATLAB 7.0.1 – cftool software, as well as Langmuir (Equation 
4), Freundlich (Equation 5), Two-site Langmuir (Equation 6) and 
Radke-Prausnitz (Equations 7) models.

   (4)

where b is the adsorption intensity constant, qm is the capacity indi-
cating maximum adsorption intensity.37,38

  (5)

where Kf is the adsorbate-adsorbent affinity parameter; 1/n is the 
adsorbent surface heterogeneity factor.37-39

   (6) 

The two-site Langmuir model represents four sorption parameters 
(bA, KA, bB and KB).40

    (7)

where aR, bR and αR are the constants.41

The Langmuir model assumes that adsorption forces are similar 
to chemical reactions, and there is no interaction between adsorbed 
species but only between these species and the adsorbent. Futhermore, 
adsorption on the adsorbent surface occurs up to the formation of 
a single, uniform layer (monolayer). The Freundlich model on the 
other hand, constituting one of the first proposed equations relating 
the amount of adsorbed ions to the concentration of a material in a 
solution, corresponds to the exponential distribution of adsorption 
values.33,42,43

The modified (two-site) Langmuir equation may overcome some 
of the constraints of the simple equation, such as the heterogeneity of 
solid phase sites involved in the adsorption.41 The Radke-Prausnitz 
isotherm has three adjustable parameters: aR, bR and αR. At high con-
centrations, this model is transformed into the Freundlich isotherm, 
but at αR = 0, yields the Langmuir isotherm.44

To choose the mathematical model that can be best adjusted to fit 
the experimental data and appropriately describe the adsorption sys-
tem, the following conditions should be met: the highest (near-unity) 
r2 and lowest RMSE (root-mean-square error) values. According to 
Table 2, adsorption for BN can be described well by the Langmuir 
and Freundlich models, for - BS - by the two-site Langmuir model, 
for B-CA - by the Langmuir and Radke-Prausnitz models, and for 
B-CAS - by the Langmuir, Freundlich and Radke-Prausnitz models. 
Thus, the Langmuir model can characterize the chromium adsorption 
for all the samples, except BS.

Considering the results obtained from the non-linear Langmuir 
model, it is notable that the chemically modified materials adsorbed 
higher amounts of chromium ions, especially the sugarcane bagasse 
modified with NaOH and citric acid, B-CAS. The B-S and B-CA 
modifications were not viable given respective qm values were close 
to that for unmodified bagasse (BN). Comparing the qm value for 

Table 1. Chromium (III) adsorption pseudo-first-order and pseudo-second-order kinetic model parameters

Material
qeq 

(exp.) (mg g-1)

Pseudo-first-order kinetics Pseudo-second-order kinetics

K1

qeq 
(cal.)(mg g-1)

R2 K2 
qeq 

(cal.)(mg g-1)
R2

B-N 16.21 2.58x10-3 6.33 0.889 2.13 x10-3 16.10 0.999

B-S 26.41 2.09x10-3 11.49 0.803 1.12 x10-3 25.71 0.999

B-CA 17.20 2.67 x10-3 7.10 0.954 1.87 x10-3 17.15 0.999

B-CAS 31.28 1.84 x10-3 12.20 0.908 1.10 x10-3 30.40 0.999

Figure 4. Chromium (III) adsorption isotherms for B-CAS (A-), B-S (B-), 
B-CA (C-) and B-N (D-). Temperature: 25˚C, pH: 5.0, agitation time: 24 h
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B-CAS with other biosorbents (Table 3), a clear advantage in terms of 
maximum adsorption capacity is achieved with use of the chemically 
modified material.

Thermodynamic parameters 

The adsorption thermodynamic parameters were calculated 
according to Equation 6 (DG, Gibbs energy) and Equation 7 (DH, 
enthalpy and DS, entropy):22,43

	 DG = –RTlnKd  (6)

 ln Kd = (DS / R) – (DH / R) 1/T ,  (7)

where, Kd corresponds to the ratio of qeq to Ceq, R = 8.314 JK-1 mol-1 

is the gas constant, and T is the experimental temperature expressed 
in kelvin (K). The enthalpy and entropy parameters and linear co-
efficients (Table 4) were obtained by plotting lnKd against 1/T (by 
calculating the slope of this line graph) and using Equation 7 (the van’t 
Hoff Equation). The van’t Hoff plot is not shown in this paper. The 
experiments were performed at the following temperatures: 10, 20, 
30, 40, 50 and 60 oC. The negative DG (Gibbs energy) values, given in 
Table 4, indicate that chromium (III) adsorption on the biosorbents is 
energetically favorable, i.e., the adsorption process is spontaneous.43,45

After the bagasse modification, it was possible to verify a negative 
increase in the DG values, demonstrating that the adsorption process 
in those modified adsorbents had led to a decrease in Gibbs free 
energy. The DH adsorption values for the modified and unmodified 
bagasse were lower than 40 kJmol-1, thus showing that the chromium 
(III) retention onto the adsorbent surface is defined by a physical 
adsorption process.46

The negative enthalpy values show the exothermic nature of the 
chromium adsorption, but also notable was the entropy values of 
less than zero (Table 4), demonstrating the occurrence of a certain 
order for the metal ions onto the adsorbent surface. This allowed the 
observation that the adsorption was governed by enthalpic factors 
as opposed to entropic factors. The only positive entropy value was 
obtained for B-CA, indicating greater disorder of the metal ions in 
the system, possibly due to the fact that the only reaction with citric 
acid produced more irregular surfaces.

Chromium desorption 

As observed from Table 5, the highest desorption rate was 
obtained with B-CAS, in comparison with the other materials. The 
desorption rate can be considered satisfactory for possible reutilization 
of these materials as new adsorption phases. The high desorption 
value corroborates the low enthalpy value observed for B-CAS. The 
precision assessed in terms of repeatability based on the relative 
standard deviation (RSD) was evaluated for the bagasse modified 
with citric acid, whereas the RSD was found to be 2% for two cycles 
involving adsorption and desorption.

CONCLUSION

The chemical modifications were confirmed with infrared data, 
and the band near 1730 cm-1 indicated the presence of the carboxylic 
group. A significant increase in chromium adsorption capacity was 

Table 2. Isotherm parameters obtained using the non-linear method for chro-
mium (III) adsorption on B-CA, B-CAS, B-S and B-N

Isotherm Adsorbent B-N B-S B-CA B-CAS

Langmuir

qm (mg g-1) 20.34 21.40 26.20 58.00

b (L mg-1) 0.004 0.070 0.004 0.021

r2 0.736 0.531 0.912 0.945

SSE 36.10 118.30 17.20 32.90

RMSE 2.70 4.90 1.90 2.60

Freundlich

Kf ((mg g-1)
(L mg-1)1/n )

0.61 5.57 0.804 0.63

n 2.00 4.50 2.06 1.61

r2 0.755 0.689 0.880 0.949

SSE 33.53 78.29 23.67 30.63

RMSE 2.60 3.90 2.20 2.50

Two-site 
Langmuir

KA (L mg-1) -1.10x10-3 -1.20x10-3 0.004 593.10

bA (mg g-1) -1.40 -3.40 26.22 7.73

KB (L mg-1) 9.10x10-3 0.22 271.9 7.70x10-3

bB (mg g-1) 12.70 15.70 -0.29 78.20

r2 0.788 0.830 0.913 0.910

SSE 29.10 42.97 17.22 54.37

RMSE 3.10 3.80 2.40 4.30

Radke- 
Prausnitz

αR 0.49 0.37 0.63 0.63

aR (mg g-1) -111.60 1.60 x104 6.60x10-3 1.20x104

bR (L g-1) 0.62 2.30 1883 0.59

r2 0.755 0.569 0.922 0.949

SSE 33.54 103.70 15.30 30.71

RMSE 2.90 5.21 1.96 2.70 

SSE is the sum-of-squared deviations of the points from the regression 
curve; RMSE is the residual root-mean-square error; r2 is the determination 
coefficient.

Table 3. Comparison of various biosorbents available for chromium (III) 
adsorption. Temperature: 25 oC 

Adsorbents pH
Adsorbent 
mass (g)

qm 

(mg.g-1)
Ref.

Sorghum straw 4 0.05 9.35 17

Oats straw 4 0.05 12.10 17

Agave bagasse 4 0.05 28.72 17

Raw rice bran 5 0.02 0.13 18

Vineyard pruning waste 4.2 0.25 12.45 19

Bacteria from tannery effluent 
contaminated soil

4.5 0.5 28.80 20

Polymerized banana 6.0 0.5 30.00 35

Sugarcane bagasse (B-CAS) 5.0 0.5 58.0 Present 
study

Table 4. Thermodynamic parameters obtained from chromium (III) adsorption 
on sugarcane bagasse 

Material Kd DG(kj mol-1) DH(kJ mol-1) DS(JK-1mol-1)

B-N 17.20 -7.00 -42.15 -117.95

B-S 36.20 -8.83 -38.00 -97.93

B-CA 23.85 -7.80 -5.84 6.60

B-CAS 18.05 -7.12 -15.69 -28.73

Table 5. Cr (III) adsorption-desorption values. Initial concentration: 890 mg L-1 

Material
Adsorbed mass 

(mg)
Desorbed mass 

(mg)
Desorption rate 

(%)

B-N 6.3 4.1 65.1

B-S 11.4 10.2 89.5

B-CA 8.6 6.2 72.1

B-CAS 13.8 13.0 94.2
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verified for all the modified materials, but was predominant for su-
garcane bagasse modified with sodium hydroxide and citric acid. The 
adsorption process provided a good fit to Langmuir, Freundlich and 
Radke-Prausnitz non-linear models for B-CAS, and the chromium 
adsorption in the aqueous solutions followed pseudo-second-order 
kinetics. Additionally, the sugarcane bagasse chemical modifications 
rendered the system more energetically favorable, as demonstrated 
by the Gibbs free energy values. The process was considered exo-
thermic, with a decrease in disorder. Finally, an improvement in 
chromium desorption after modifications was confirmed, indicating 
material reusability. 
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