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Abstract
The individual and competitive biosorption capacities of Metanil Yellow (MY) and Reactive Black 5 (RB5) by glutaralde-
hyde cross-linked magnetic chitosan nanoparticles (GMCNs) were studied. Competitive biosorption of the MY and RB5 
dyes by the GMCNs has never been reported previously. Fourier transform infrared technique has been used to show 
the biosorbed MY and RB5 dyes onto GMCNs. During the studies, various essential factors influencing the biosorption, 
like adsorbate concentration, pH of the solution and contact time have been monitored. The equilibrium was achieved 
within 17 h for single dyes and 3 h for binary mixture at pH 3. The biosorption capacities were 620 mg/g for dye MY 
and 2549 mg/g for dye RB5 at pH 3, 30 °C. The second-order kinetic model has good compatibility with the dynamical 
biosorption behavior of a single dye and binary mixture. In order to study the competition biosorption of the RB5 and 
MY dyes in mixture solutions, the intraparticle diffusion model was used. Competition biosorption through analysis 
of the intraparticle diffusion model apparently favored the RB5 dye more than the MY dye on the GMCNs in mixture 
solutions. The biosorbent was regenerated efficiently through the alkaline solution and was then reused ten times for 
biosorption–desorption cycles.
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1 Introduction

There are many studies in the literature related to the 
removal of dyes and heavy metals from industrial effluents 
[14]. The abundance of these kinds of studies results from 
the significant effects of these two pollutants on environ-
ment. In many industrial fields, dyes are widely used in 
order to colorize products, and by this way, a large quan-
tity of colored wastewater is produced [3, 39], generating 
a substantial volume of colored industrial wastewaters. 
However, over 100,000 commercially obtainable dyes con-
sist and much more than 7 × 105 tons are manufactured 
per annum [22].

Unfortunately, industrial dyes, specifically azo dyes 
which include aromatic structures, are comprised of tena-
cious dye molecules. Therefore, these dye molecules are 

proof of aerobic digestion and are steady in oxidizing 
agents. Furthermore, many industrial dye pollutions are 
toxic and may be carcinogenic [8, 14]. Many works have 
been carried out on the different feasible techniques in 
order to remove dyes in industrial wastewater. The classi-
cal methods for the removal of dye, like biodegradation, 
oxidation, activated sludge, chemical coagulation, adsorp-
tion, photodegradation, electrocoagulation, molecularly 
imprinted polymers and membrane separation, have 
been comprehensively investigated [4, 14, 21, 23]. On the 
other hand, cost-efficient biosorbents with high biosorp-
tion capabilities have so far been developed to lower the 
amount of biosorbent dose and reduce the problem of 
removal. The considerable note has been guided toward 
a number of biosorbent materials, like biopolymers, 
bacterial biomass and fungal, which may be acquired in 
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substantial amounts and are non-hazardous to the envi-
ronment [14].

Chitosan, the derivative of chitin and natural aminop-
olysaccharide, is widely used as one of the best polysac-
charide adsorbents that remove proteins, dyes, metal 
ions and other industrial wastes from aqueous solutions. 
In addition, this polysaccharide derived from chitin has 
been utilized in industrial wastewater applications [5, 17, 
33, 34, 36]. On the other hand, most of the amino groups 
of chitosan are completely protonated at nearly pH 3.0, 
and the positively charged chitosan polysaccharide crum-
bles in the acidic medium. It causes its dissolution in this 
acidic pH value. Therefore, the cross-linking reaction 
methods of chitosan with several cross-linking agents 
have been investigated in order to enhance its chemical 
steadiness in any acidic medium during the extraction of 
dyes from environmental pollution. Chiou et al. investi-
gated the adsorption of various dyes onto the chemical 
cross-linked chitosan polysaccharide with the cross-linking 
agent epichlorohydrin [10–13]. Wang et al. [32] prepared 
the cryogels with acrylamide (AAm) and dimethyl diallyl 
ammonium chloride (DDAC) as the monomers and used 
N,N′-methylene-bis acrylamide (MBA) as the cross-linker 
for the efficient removal of Reactive Red 141 (RR 141) from 
an aqueous solution. Rosa et al. [24] used the quaternary 
chitosan salt cross-linked with the cross-linking agent 
glutaraldehyde for the adsorption of Reactive Orange 
16 dye (AO16). Hu et al. [19] and Du et al. [15] studied on 
the adsorption of Acid Green 27 (AG27) and Eosin Y dyes, 
individually, on the chitosan nanoparticles which are syn-
thesized by ionic gelation using sodium tripolyphosphate. 
On the other hand, Elwakeel [16] synthesized magnetic 
chitosan beads for the removal of Reactive Black 5 (RB5) 
dye. Chen et al. [6, 7] used the chitosan microparticles with 
the cross-linking agent glutaraldehyde for the adsorption 
of RB5 and Remazol Brilliant Orange (3R) dyes and also 
used chitosan microparticles with the cross-linking agent 
epichlorohydrin for the biosorption of dyes. Even though 
the cross-linking reaction technique improves the strength 
of chitosan polysaccharide against the acidic medium, the 
procedure decreases its adsorption capability for dyes. It 
can be considered that the cross-linking method reduces 
the total amount of hydroxyl and amino groups which 
are expected to play an important role in the adsorption 
procedure.

In the recent studies, there has been increased interest 
greater than before for the use of magnetically supported 
separation procedure which is another technique for cen-
trifugation or filtration separation procedures depending 
upon the utilization of magnetic nanoparticles (MNPs) [25, 
27, 35, 38].

In the magnetically supported separation technique, 
functionalized MNPs are distributed into the solution 

including target molecules, and subsequently, the adsorp-
tion of the molecules on the surface of functionalized 
MNPs takes place, and then, the adsorbed compounds are 
accumulated quickly and suitably the use of the external 
magnetic field. The elimination of these MNPs from the 
aqueous solution with the use of the external magnetic 
field is more discriminating and effective rather than the 
other separation techniques (centrifugation or filtration) 
[29, 35, 38].

The aim of the present study is to examine the GMCNs 
as biosorbent of the binary dyes, evaluate the best oper-
ating conditions of the process, such as dosage, pH, and 
contact, time and also investigate the kinetic, equilibrium 
isotherm and desorption. The competitive biosorption 
behavior of the azo dyes in the admixture solutions was 
also measured in the cases of lower and higher beginning 
dye concentrations.

2  Materials and methods

2.1  Chemicals

The solution of glutaraldehyde (25  wt% in  H2O, 
 C5H8O2), mineral oil, Tween-80, sodium acetate trihy-
drate  (C2H3NaO2·3H2O), iron (III) chloride hexahydrate 
 (FeCl3·6H2O), chitosan low molecular weight (poly (d-glu-
cosamine) deacetylated chitin), iron (II) chloride tetrahy-
drate  (FeCl2·4H2O) and acetone  (C3H6O) was obtained from 
Sigma-Aldrich. Metanil Yellow  (C18H14N3NaO3S) and Reac-
tive Black 5 Dye content ≥ 50%  (C26H21H5Na4O19S6) were 
obtained from Fluka. The general features of the used dyes 
are given in Table 1. All chemicals used were of analyti-
cal grade and were used as received without any further 
purification.

2.2  Preparation and characterization of GMCNs

The biosorbent was prepared by following a similar 
method reported by our group previously [20, 26]. The 
biosorbent was characterized in our previous work using 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), vibrating sample magnetometer (VSM) 
and Fourier transform infrared spectroscopy (FTIR). Finally, 
the obtained GMCNs were re-suspended in degassed 
deionized water and the concentration of the generated 
GMCNs in suspension was about 10 mg/mL.

2.3  Biosorption of azo dyes

Biosorption studies were conducted by using 2.5 mL of 
the GMCNs (10 mg/mL) separated from water solution 
with a magnet. The batch experiments were carried out 
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in 75-mL glass vials with 2.5 mL of the GMCNs (10 mg/
mL) and 50 mL of adsorbate solution (MY and RB5). The 
batch experiments were conducted at room tempera-
ture for 24 h. The concentration of MY and RB5 solutions 
was in the range of 0.15–4.80 mM. In order to examine 
the effect of solution pH, the biosorption experiments 
were conducted at the concentrations of 0.15 mM for 
both pollutants. Twenty-five milligrams of biosorbent 
and 50 mL of 0.15 mM adsorbate solution were used for 
the pH-dependent study. 1 M HCl and 1 M NaOH were 
used to adjust the pH of the MY and RB5 solution. On the 
other hand, 25 mg of biosorbent and 50 mL of 1.33 and 
0.66 mM adsorbate (MY and RB5) solutions were used for 
the kinetic studies. At first, the solution mixtures were 
put into a stirring plate for 24 h. After the biosorption 
experiments, the samples were collected from GMCNs by 
Nd–Fe–B permanent magnet. Then, the collected sam-
ples were analyzed by a UV–visible spectrophotometer 
(UV–visible spectrometer Perkin-Elmer Lambda 25). The 
biosorption maxima were considered at 434 and 597 nm 
for MY and RB5, respectively. The pH was adjusted to 
6 using either hydrochloric acid or sodium hydroxide 
standardized solutions because the λmax of dye solu-
tion can be varied at different pHs [11, 28]. The biosorp-
tion capacity (Q) was calculated by using the following 
equations.

where V is the sample volume (mL); Ci is the initial concen-
tration of dye (mg/mL); Cf is the equilibrium concentration 
of the MY and RB5 solutions (mg L−1); Q is the biosorp-
tion capacity (mg/g) of GMCNs; and W is the weight of the 

(1)Q =

(

Ci − Cf
)

V

W

biosorbent (mg). The dyes adsorbed GMCNs were charac-
terized using Fourier transformed infrared (FTIR, Thermo 
Scientific Nicolet IS10 FTIR spectrometer).

The process of dye biosorption by GMCNs as a func-
tion of time was estimated by kinetic models of pseudo-
first order and pseudo-second order. These models are 
expressed by the following equations.

Pseudo-first-order Eq. (2) is as follows:

Pseudo-second-order Eq. (3) is as follows:

where k1 is the kinetic constant of pseudo-first-order 
biosorption  (min−1) and Qt and Qe represent the amounts 
of adsorbed MY and RB5 onto GMCNs at equilibrium and 
at time t, respectively. A plot of ln(Qe − Qt) versus t should 
provide a straight line, if the pseudo-first-order kinetic 
model applies for the studied sorption processes. k2 is the 
pseudo-second-order kinetic rate constant (g/(mg min)). 
According to Eq. (3), a plot of t/Qt versus t gives k2 and Qe 
values from the slope and intercept [8].

The biosorption equilibrium data were evaluated by 
the isotherms of Langmuir (Eq. (4)) and Freundlich (Eq. (5)) 
whose equations are given below:

where  qe (mg/g) is the adsorbed amount,  qm (mg/g) is the 
maximum dyes biosorption capability, KF is dye biosorp-
tion capability, Ce (mg/L) is the equilibrium concentration 

(2)ln(Qe − Qt) = ln(Qe) − k1t

(3)
t

Qt

=
1

(k2Q
2
e
)
+

t

Qe

(4)
1

qe
=

1

qmbCe
+

1

qm

(5)ln(Qe) = bF ln(Ce) + ln KF

Table 1  Structures of Reactive Black 5 (RB5) and Metanil Yellow (MY)

Characteristics                                            RB5                                                               MY
Structure

HO

H2N
N=N

SO3
-Na+

N=N

SO3
-Na+

+Na-O3SOH2CH2CO2S

SO2CH2CH2OSO3
-Na+

C.I.Number                  20505 13065
Formula                                                   C26H21N5Na4O19S6 C18H14N3NaO3S
Molecular weight (g/mol) 991.82 375.38
λmax (nm)                                                 596 434
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in solution and b and bF are the Langmuir and Freundlich 
constants related to biosorption capability and energy of 
biosorption, respectively.

2.4  Desorption

For the desorption study, the dyes were adsorbed on 
GMCNs material under the optimized biosorption condi-
tions (pH = 3; C0 = 0.67 mM; T = 30 °C; t = 17 h). The GMCNs 
material with biosorbed corresponding dye was used for 
the desorption study. Deionized water (pH between 2 
and 12 ranges) was used as eluent for regeneration of 
the GMCNs biosorbent. After the biosorption stage, by 
using an Nd–Fe–B permanent magnet, the biosorbent 
materials were separated from supernatant. The sepa-
rated biosorbent particles were taken in flasks after 
being washed with deionized water. To determine the 
reusability of the GMCNs material, ten successive adsorp-
tion–desorption cycles were performed. The concentra-
tions of the desorbed dyes in the supernatants were 
determined by measuring the absorbance of the solu-
tions at maximum wavelength with a UV–Vis spectro-
photometer at room temperature.

2.5  Competitive study

It is assumed that the total absorbance of an admixture 
dye solution is equal to the sum of the absorbance of 
each dye represented by Eq. (6). There is no interaction 
between the MY and RB5 dyes. In a binary system with 
components MY and RB5, dye concentrations were cal-
culated by using Eqs. (7) and (8). After using Eqs. (7) and 
(8), the capacity of biosorption of MY and RB5 in the mix-
ture solution can be obtained [8].

where Aλ, Aλ1 and Aλ2 are the absorbance of UV–visible 
spectrometer at wavelength λ, λ1 and λ2, respectively; ARB5 
and AMY are the absorbance of RB5 and MY at wavelength 
λ, respectively; ε1RB5 and ε2RB5 are the molar absorptivities 
of pure RB5 at wavelength λ1 and λ2, respectively; ε1MY 
and ε2MY are the absorbance coefficients of pure MY at 
wavelength λ1 and λ2, respectively; CRB5 and CMY are the 
concentrations of MY and RB5 in the mixture solution, 
respectively; L is the cell with (1 cm); and λ1 (596 nm) and 
λ2 (434 nm) are the wavelengths of maximum absorbance 
for MY and RB5, respectively, in Fig. 1.

(6)A
�
= ARB5 + AMY

(7)A
�
= �1RB5LCRB5 + �1MYLCMY

(8)A
�
= �2RB5LCRB5 + �2MYLCMY

3  Results and discussion

3.1  Characterization of biosorbent

To ascertain the biosorption of MY dye and RB5 dye on 
GMCNs, the FTIR spectra of bare GMCNs and dyes (MY 
and RB5) loaded GMCNs were compared. The spectra for 
the GMCNs, MY loaded and RB5 loaded GMCNs are illus-
trated in Fig. 2. The spectrum for GMCNs included O–H 
stretching vibration peak at 3320 cm−1 and C–H stretch-
ing vibration of the polymer backbone at 2917 cm−1 and 
2858 cm−1. The characteristic sorption peak of primary 
amine (–NH2) appears at 1536 cm−1. The sorption band 
around 1046 cm−1 displays the stretching vibration of 
C–O bond. The biosorption of MY dye and RB5 dye onto 
GMCNs was confirmed by the presence of characteristic 
peaks of S=O and N=N groups (see Fig. 2) [1, 2, 37]. We 

Fig. 1  UV–visible spectra of the RB5, MY and admixture dyes

Fig. 2  FTIR spectra of the GMCNs and the GMCNs after the RB5 and 
MY biosorption
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can conclude that MY and RB5 molecules were adsorbed 
onto the GMCNs by observing these peaks in the FTIR 
spectrum of GMCNs.

3.2  Biosorption kinetics

The biosorption of MY and RB5 onto GMCNs as a func-
tion of time is given in Fig. 3. The biosorption process was 
fast during the first 8 h for both MY and RB5, and then, 
the rate was slower during the 8–17 h range, and a pla-
teau was reached after 17 h. This is due to the existence 
of high available active sites on the biosorbent surface. 
It can be seen from this figure that the maximum uptake 
of MY and RB5 by GMCNs was reached in approximately 
17 h indicating the high affinity of MY and RB5 onto the 
biosorbent [8, 11, 14, 16, 18, 30, 31]. As can be seen from 
Fig. 3, reaching the equilibrium state is not significantly 
related to the initial MY and RB5 concentration. Accord-
ing to Fig. 3, as the initial concentrations of the RB5 and 
MY dyes increased from 0.67 to 1.3 mM, the biosorption 

capacities of the RB5 and MY dyes on the GMCNs increased 
from 1.2 to 2.51 mmol/g and from 0.58 to 1.25 mmol/g, 
respectively. Under the same biosorption conditions, the 
maximum biosorption capacity for MY and RB5 was identi-
fied to be 1875 and 2389 mg/g, respectively.

Kinetic studies are very important as they provide val-
uable information about the reaction pathways and also 
explain the solute uptake rate which in turn controls the 
residence time of adsorbate at the solid–liquid interface [8, 
11, 14, 16, 30, 31]. In order to examine the sorption kinetics 
of RB5 and MY, correlations between time and biosorbed 
amounts were looked for, through the analysis of different 
kinetic models such as pseudo-first order and pseudo-sec-
ond order. The obtained kinetic parameters and correla-
tion coefficients from pseudo-first-order and pseudo-sec-
ond-order kinetic models for RB5 and MY biosorption are 
represented in Table 2. Taking into account, both the equi-
librium biosorption qe and the determination coefficient R2 
in Table 2, the second-order kinetic model fits better than 
the first-order kinetic model for the RB5 and MY dyes [11].

Fig. 3  Effect of time on the biosorption of a RB5 and b MY on the GMCNs at pH 3

Table 2  Pseudo-first-order 
and pseudo-second-order 
biosorption rate constants, 
calculated q(e,cal) and 
experimental q(e,exp) values 
for different beginning dye 
concentrations, at pH 3 and at 
30 °C temperature for the RB5 
and MY dyes on the GMCNs

Pseudo-first-order Pseudo-second-order

q(e, exp) k1 q(e, cal) R2 k2 q(e, cal) R2

(mg g−1) (min−1) (mg g−1) (g mg−1  min−1) (mg g−1)

RB5 (mM)
 0.665 1190 0.234 1914 0.877 7.83E−05 1666 0.979
 1.33 2490 0.363 6385 0.926 5.29E−05 3333 0.983

MY (mM)
 0.665 220 0.20 313 0.918 3.28E−04 322 0.982
 1.33 475 0.214 531 0.935 3.75E−04 588 0.991
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3.3  Biosorption equilibrium

Adsorption isotherms explain how the adsorbate mol-
ecules interact with the biosorbent particles and are 
therefore significant in optimizing the use of chemi-
cally treated solid materials. It is possible to illustrate 
the equilibrium biosorption isotherms by plotting 
the concentration of the adsorbate in the solid phase 
against that is in the liquid phase. Figure 4 points out 
the biosorption isotherms of each dye at pH 3, 30 °C and 
17 h using the GMCNs. In the beginning, the equilibrium 
biosorption capacity, qe, increased as concentration of 
MY and RB5 dyes increased. On the other hand, there 
was no increase in biosorption capacity of dyes beyond 
1 mM concentration (see Fig. 4). In Fig. 4, it is seen that 
the qe of MY is much smaller than the  qe of RB5. In the 
current study, experimental data were fitted by apply-
ing two well-known and widely used isotherm mod-
els, namely Langmuir, Freundlich, to obtain the deter-
mination coefficients (R2) and the model parameters 
which are shown in Table 3. Compared with the linear 
correlation coefficients, R2, the Langmuir biosorption 
model gave a good fit of the experimental data of the 

MY dye and the RB5 dye on the GMCNs. Table 3 shows 
that the computed maximum capacity  Qm has a large 
value of 2.57 mmol g−1 (2549 mg g−1) for the RB5 dye 
and 1.65 mmol g−1 (620 mg g−1) for the MY dye on the 
GMCNs.

In this research, the elimination efficiencies of RB5 
and MY were examined for the pH values in the chang-
ing range from 3.0 to 10.0 and the results are indicated in 
Fig. 5. When the pH of the solution dropped from 10.0 to 
3.0, the biosorption capabilities of the RB5 and MY dyes 
on the GMCNs increased from 0.05 to 1.2 mmol/g and 
from 0.03 to 0.58 mmol/g, respectively. There are prob-
ably more protons in the solution with a lower pH level 
which forms –NH3

+ groups by protonating the amino 
groups of chitosan. This causes a rise in dye biosorption 
because of an increase in the electrostatic interaction 
between the protonated amino group (–NH3

+) of chi-
tosan and the anionic groups (–SO3

− and –OSO3
−) of the 

dye [8]. All the above biosorption interactions are also 
summarized in Fig. 6.

3.4  Reusability

Desorption is the reverse process of biosorption. It is 
quite significant because of its effect on the reusability 

Fig. 4  Effect of preliminary dye concentration on biosorption of the 
RB5 and MY onto the GMCNs (pH 3; 25 mg/50 mL biosorbent; 30 °C; 
200 rpm; 17 h) and insert of the images before and after biosorp-
tion for the RB5 and MY dyes on the GMCNs at 0.67 mM

Table 3  Langmuir and 
Freundlich isotherm constants 
for anionic dyes (pH 3, 30 ◦C)

Langmuir Constant Freundlich Constant

Qm KL b R2 KF bF R2

(mmolg−1) (dm3g−1) (dm3mmol−1) (dm3 
 g−1)

RB5 2.57 15.70 6.13 0.997 2.24 0.12 0.383
MY 1.65 3.37 2.04 0.980 1.14 0.30 0.551

Fig. 5  Effect of pH on biosorption of the RB5 and MY onto the 
GMCNs
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of biosorbent. To find out the optimum pH desorption 
value, pH-effect experiments were conducted (data not 
indicated) and it was ascertained that the optimum pH 
value was 10. The basis of biosorption interactions was 
electrostatic, so during desorption process, electrostatic 
interaction should be eliminated. The dye on the surface 
of GMCNs is desorbed by breaking their electrostatic 
interaction bonds at pH 10. With the intention of find-
ing out the reusability of the GMCNs, biosorption–des-
orption process was repetitive ten times—17 h for each 
process—during 25 days. The results are given in Fig. 7. 
The loss in the removal ability for the RB5 dye during 
the biosorption and desorption processes was very lit-
tle. In the first stage, the removal ability was 94%, and 
in the 5th stage, the removal percent was 90%, so the 
loss was 4%. Until the last stage (10th), the total loss 
in the removal ability for the RB5 dye was 10%. On the 
other hand, the reusability of GMCNs in the MY dye was 
lower than the RB5 dye. The decrease in the reusability 
of GMCNs in the MY dye was ~ 5% for each cycle. The 
removal of percents in cycles was as follows: for the 1st 
cycle: 53%; 5th: 48%; 10th: 47%. This difference between 
the dye and the RB5 can arise from the gradual damage 
occurred on the surface of GMCNs.

3.5  Competition biosorption

The kinetics of the competition biosorption of the admix-
ture solution A (preliminary concentration of the RB5 
0.67 mM and the MY 0.67 mM) consists of the RB5, and 
MY dyes on the GMCNs were performed at a temperature 
of 30 °C and at the level of 3.0 pH. The beginning biosorp-
tion rate of the MY dye onto the GMCNs in the admixture 
solution A was slower than that of the RB5 dye. This may be 
ascribed to the fact that the MY dye has less suitable sites 
for the biosorption on the GMCN nanoparticles than RB5 
dye molecules. Figure 8 shows that the capacity of biosorp-
tion of the RB5 dye was found 0.46 mmol/g, whereas that 
of the MY dye appeared to be only 0.24 mmol/g. In order 
to study the competition biosorption in the admixture 
with a higher concentration of the MY dye, the admixture 
solutions B, the admixture with the initial concentration 
of the RB5 0.67 mM dye and the initial concentration of 
the MY dye 1.33 mM, was used at a temperature of 30 ◦C 
and at pH of 3.0. The biosorption rates of the RB5 dye onto 
the GMCNs were significantly faster rather than that of the 
MY dye. In spite of a higher molar concentration in the MY 
dye, there was a weaker driving force in the biosorption 
process [8, 11].

Fig. 6  Proposed biosorption mechanism of the RB5 and MY biosorption onto the GMCNs
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Although the MY concentration in the admixture solu-
tion B is twice as high as the RB5, the biosorption rate of 
the RB5 is still considerably higher than that of the MY. 
When the biosorption equilibrium time of single dye is 
compared to the biosorption equilibrium time of color-
ing agents in the admixture, it is seen that the coloring 
agents in the admixture were equilibrated much more 
quickly. Table 4 shows the biosorption ratio of the MY 
and RB5 dyes on the GMCNs by using the second-order 

and first-order kinetic models for the admixture solu-
tions A with B, respectively. In Table 4, there is a com-
parison of the linear correlation coefficients (R2) and it 
shows that the second-order kinetic model is better than 
the first-order model and fits well for mixture solutions 
A and B [8].

In order to study the competition biosorption of the RB5 
and MY dyes in mixture solutions A and B, the intraparticle 

Fig. 7  Cycles of biosorption–
desorption for the reuse of 
GMCNs for the RB5 and MY 
biosorption

Fig. 8  Kinetics of the biosorption capacity of a the admixture solution A (preliminary concentration of the RB5 0.67 mM and MY 0.67 mM) 
and b the admixture solution B (preliminary concentration of the RB5 0.67 mM and MY 1.33 mM) onto the GMCNs at pH 3, 30 °C
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diffusion model was used. The equation for intraparticle 
diffusion is described as Eq. (9):

where Qt, ki and C are biosorption capacities of dye at a 
given time t, intraparticle diffusion rate constant and 
a constant, respectively. ki (i = 1–3) is the slope of the 
straight-line portions of the plot of  Qt versus the square 
root of time (t0.5). As seen in Fig. 9, multilinearities were 
observed through  t0.5 versus the plot of  Qt, for the compe-
tition biosorption of the MY and RB5 dyes on the GMCNs 
in the admixture solutions A and B. Because the first stage 
(outer surface biosorption) is ended fast, it is less clear. In 
Fig. 9, the second portion which is the gradual biosorption 
stage and the third portion which is the final equilibrium 
stage are only shown. In the second portion, intraparticle 
diffusion is rate limiting, and in the third portion, because 
of the extremely low solute concentration in the solution, 
intraparticle diffusion starts to slow down [9, 11]. Accord-
ing to Fig. 9, the slope of the line in each stage was indi-
cated as the rate parameter kp,i (i = 1–3). Table 4 shows that 
the sequence of biosorption rate is kp,2 > kp,3 for each dye 

(9)Qt = kit
0.5 + C

in mixtures [11]. In A and B mixture solutions, the kp,2 of 
RB5 is much greater than the kp,2 of MY. It is because the 
molecule of RB5 diffuses faster. Furthermore, in mixture 
solution A and B, the values of kp,3 for the RB5 and the MY 
dye on the GMCN nanoparticles were close to each other. 
It indicates that the existence of two dyes in the mixture 
does not affect the diffusion rate of each other.

4  Conclusion

The aim of this study was to find out the equilibrium 
and the dynamics of the biosorption of two anionic dyes 
(MY and RB5) on the chemically cross-linked chitosan. 
The cross-linked chitosan had high biosorption capaci-
ties to remove the anionic dyes. The maximum mon-
olayer biosorption capacities for MY dye and RB5 dye are 
620 mg g−1 and 2549 mg g−1, respectively, at pH 3 and 
at the temperature of 30 °C. The initial concentration of 
dye and pH value affects the biosorption capacities sig-
nificantly. The increase in the initial concentration of dye 
and decrease in pH increase the amount of adsorbed dye. 
The strong electrostatic interaction between the –NH3+ of 
chitosan and dye anions can be used to explain the high 
biosorption capacity of anionic dyes onto chemically 
cross-linked chitosan. The equilibrium isotherm has good 
compatibility with the Langmuir equation. The second-
order kinetic model fits well with the dynamical biosorp-
tion behavior of a single dye for RB5 and MY dye. At the 
same time, the second-order kinetic model fits well for 
mixture solutions. By using alkaline solution, the adsorbed 
dyes on the GMCNs can be desorbed efficiently, and for 
dyes removal, the GMCNs can be recycled. We conclude 
that this technique not only provides a higher biosorption 
capacity but is also a convenient and economical method 
for efficient biosorption of dyes in aqueous solutions.
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Table 4  First-order and 
second-order rate constants 
and intraparticle diffusion 
parameters for different 
mixture solutions of the RB5 
and MY dyes on the GMCNs at 
beginning pH 3.0 and at 30 °C

Initial con-
centration 
(mM)

Second-order kinetic model First-order kinetic model Intraparticle Dif-
fusion Model

k2 qe R2 k1 qe R2 kp,2 kp,3

(g/mmol min) (mmol/g) (min−1) (mmol/g)

MY 0.665 0.269 0.275 0.998 0.024 0.164 0.964 0.0296 0.0089
RB5 0.665 0.200 0.490 0.998 0.025 0.116 0.829 0.1193 0.0094
MY 1.33 0.556 0.333 0.997 0.046 0.184 0.777 0.046 0.0019
RB5 0.665 0.452 0.429 0.995 0.029 0.099 0.479 0.1182 0.0028

Fig. 9  Intraparticle diffusion model to describe the competitive 
biosorption for the admixture solutions A and B
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