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Abstract 
Contamination and exposure to textile dye wastewater are environmental issues of grave concern, especially in developing 
countries. The use of advanced technologies to remediate wastewater is not economical for small- and medium-sized indus-
tries. An environmentally friendly and economical method was developed to adsorb dyes from wastewater using a composite 
material, prepared by the sol–gel method. The surface area was 18.16  m2/g and the pH at the point of zero charge  (pHPZC) 
was 4.2. The peak shifts in Fourier transform infrared spectra upon adsorption indicated the functional groups involved in 
adsorption while scanning electron microscopic images indicated that exfoliated and intercalated polymer layer silicate 
structures are present in the composite. The composite dose of 0.20 g adsorbed over 90% of fuchsine and methylene blue 
dyes after 240 min and 330 min, respectively. The experimental data of fuchsine adsorption agreed with the Langmuir–
Freundlich combined isotherm while methylene blue adsorption data obeyed the Freundlich isotherm alone. Fuchsine dye 
forms Hydrogen (H)-bonds and H–π interactions with the adsorbent surface, and H-bonds and π–π interactions between the 
dye molecules to form multilayers. The methylene blue forms H–π interactions with the adsorbent surface. The composite 
can remove negatively charged dyes since the adsorption surface is positively charged even at pH 7. The composite dose of 
0.20 g reduced the absorbance of dyes in wastewater within 6 h of agitation. This shows that the adsorbent has the potential 
to remove pigment dyes and direct dyes present in industrial wastewater.

Editorial responsibility: Parveen Fatemeh Rupani.

 * M. C. M. Iqbal 
 iqbal.mo@nifs.ac.lk

1 Plant and Environmental Sciences Laboratory, National 
Institute of Fundamental Studies, Kandy, Sri Lanka

2 Instrument Center, University of Sri Jayewardenepura, 
Nugegoda, Sri Lanka

3 Department of Chemistry, Faculty of Natural Sciences, Open 
University of Sri Lanka, Nugegoda, Sri Lanka

4 Department of Chemistry, Faculty of Science, University 
of Peradeniya, Kandy, Sri Lanka

http://orcid.org/0000-0001-7535-6552
http://orcid.org/0000-0003-2706-279X
http://orcid.org/0000-0002-4862-5099
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-021-03711-6&domain=pdf


 International Journal of Environmental Science and Technology

1 3

Graphic Abstract

Keywords Adsorption · Chitosan · Kaolin · Polymer layer silicate composites · Textile dyes

Introduction

The absence of good environmental practices has created 
many health hazards, particularly in developing countries. 
Among them, textile dye contamination of waterways, 
which feed into drinking and irrigation water, is a major 
environmental health hazard (Chequer et al. 2013). For 
small- and medium-scale enterprises (SME), investing 
in expensive decontamination methods is uneconomical. 
They invariably discharge effluents with organic dyes into 
waterways. This is a serious environmental hazard since 
organic dyes are toxic to aquatic life, and further, their 
biodegradability is low (Monvisade and Siriphannon 2009; 
Nesic et al. 2012). Even though advanced decontamination 
methods are available, most of them are expensive and 
technically demanding for implementation by small-scale 
entrepreneurs, who need to be incentivized to adopt these 
methods. Further, physicochemical methods commonly 
used for wastewater decontamination are expensive and 
invariably produce toxic sludge (Rosales et al. 2017). On 
the other hand, biological methods are a cost-effective 
alternative; but the adverse effects of wastewater, such as 
toxicity, acidity, and light penetrability in aqueous sys-
tems, limit their application. Consequently, development 
of cost-effective and efficient green adsorbent materials 
for the removal of textile dyes from wastewater is impera-
tive (Rosales et al. 2017). In this context, dye removal 
using solid adsorbents is a promising technique to remove 

organic dyes since it is simple, insensitive to toxic envi-
ronments, cost efficient, and easy to operate (Karaca et al. 
2008; Zhu et al. 2010).

Polymers can be broadly classified as biobased (e.g., chi-
tin, chitosan, keratin, starch, etc.), and synthetic polymers 
(e.g., polyethylene, polypropylene, polyethylene terephtha-
late, etc.) (Jiang and Zhang 2017; Asgher et al. 2020). Of 
these, biobased polymers are non-toxic, biodegradable, eco-
nomical, and environmentally friendly (Iqbal et al. 2018). 
Polymer layer silicate (PLS) composites are a new class of 
material (Alexandre and Dubois 2000) that has attracted 
attention in the fields of automotive, construction, aero-
space, food packaging, and textile industries due to their 
performance, mechanical properties, and cost-effectiveness 
(Paul and Robeson 2008; Pavlidou and Papaspyrides 2008; 
Mittal 2009). Although a few studies have reported their 
use in adsorption (Xie et al. 2011; Wan Ngah et al. 2011), 
PLS composites have not been investigated as adsorbents for 
wastewater treatment.

In this context, a low-cost PLS composite adsorbent 
was developed using chitosan and kaolin. Since chitosan 
is a waste product from aquaculture and kaolin is natu-
rally abundant, only acetic acid and NaOH are required for 
the synthesis of the composite; its production is relatively 
low-cost compared to expensive chemicals used for efflu-
ent treatment. Clay minerals in their natural and modified 
forms have been used for many years as effective adsorbents 
(Amer et al. 2010; Meroufel et al. 2013). However, the use 
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of clay minerals in water treatment is a challenge since the 
clay disintegrates and renders the water turbid. Kaolinite 
clay, an adsorbent in its raw form, increases the turbidity of 
the water, which requires fine filters for removal.

In this study, a composite material was developed using 
kaolinite clay and chitosan, a biopolymer derived from chitin 
extracted from waste products such as crab shells, shrimp 
shells, and fish scales (Islam et al. 2011; Mota et al. 2012). 
It is a natural biopolymer suited for immobilization because 
of its hydrophilicity, biodegradability, nontoxicity, and avail-
ability (Cestari et al. 2008; Wan Ngah et al. 2011). Chitosan 
is able to capture anionic dyes due to electrostatic attrac-
tion between the protonated amine groups on the chitosan 
and the sulfonic groups of the anionic dyes which is benefi-
cial to increase adsorption with the immobilized adsorbent 
(Chang and Juang 2004; Zhou et al. 2011; Zhu et al. 2011). 
Composites of chitosan have excellent biosorbent proper-
ties, such as cationic and macromolecular structure with a 
high capacity for adsorption (Vakili et al. 2014; Qamar et al. 
2020). Physical and mechanical properties of chitosan can 
be further improved for dye adsorption using a crosslinker to 
form an intermolecular bridge between the macromolecules 
of chitosan (Qamar et al. 2020). Therefore, a combination 
of both materials is expected to produce a PLS composite 
with enhanced mechanical strength and adsorption capacity 
for anionic dyes.

This research paper describes the synthesis of a com-
posite adsorbent from chitosan and kaolin to remove fuch-
sine and methylene blue dyes from aqueous environments. 
Experiments were conducted under controlled laboratory 
conditions with varying pH of the medium, contact time, and 
initial dye concentration, to simulate actual environmental 
settings. The dyes selected represent typical cationic dyes 
used in the textile industry and are good candidates for the 
study of adsorption by composites. Different kinetics and 
isotherm models were used to investigate the mechanism 
of the adsorption process. The efficiency of the composite 
adsorbent to remove dye waste from industrial wastewater 
was also determined.

The work reported herein was carried out at the National 
Institute of Fundamental Studies (NIFS), Kandy, Sri Lanka 
during 2017–2019.

Materials and methods

Instrumentation

Analytical-grade chemicals were used from BDH Chemi-
cals, UK, Sisco Research Laboratories (Pvt.) Ltd. Mumbai, 
India, and Sigma-Aldrich Chemicals, St. Louis, MI, USA. 
Concentrations of fuchsine  (C20H19N3·HCl) and methylene 
blue  (C16H18ClN3S) were determined using a UV–visible 

spectrophotometer (Analytik Jena Specord 210 Plus, Jena, 
Germany) at their characteristic wavelengths of 543 nm and 
668 nm, respectively. Hatch Hd 30Q portable pH meter was 
used to measure the pH of the dye solutions. FTIR spectra 
of samples before and after dye adsorption were recorded in 
the wavenumber range, 4000–400  cm−1 using FTIR spectro-
photometer (Bruker, Ettlingen, Germany). Dye wastewater 
was characterized using a multiparameter analyzer to deter-
mine pH and conductivity (EUTECH Instruments, Pioneer, 
Singapore).

Preparation of the adsorbent

Kaolin was collected from a local mining site near Galaha, 
Sri Lanka. Thoroughly cleaned kaolin samples were air-
dried and thereafter oven-dried at 105 °C for 2 days. To 
prepare the composite, 2.0 g of dry chitosan powder (Sigma 
Aldrich Chemicals, St. Louis, MI, USA) was dissolved in 
150 mL of 1% acetic acid (Sigma Aldrich Chemicals, St. 
Louis, MI, USA) and the suspension stirred for 24 h. There-
after, 40.0 g of dry kaolin was added to the chitosan solution 
and the mixture stirred for 24 h. The kaolin–chitosan mix-
ture was then added to 0.5 mol/L NaOH solution dropwise 
to form beads. Resulting kaolin–chitosan beads were kept for 
48 h, and excess NaOH was removed. The adsorbent mate-
rial was washed with distilled water until the solution was 
neutral. Finally, the composite material was dried at 60 °C 
for 3 days, ground and sieved to obtain particles between 250 
and 350 µm size (Kalemtas 2019).

Characterization of the adsorbent

Surface characterization

The surface of the adsorbent was characterized using the 
methylene blue adsorption method to determine surface 
area of the adsorbent (Chathuranga et al. 2014). Subse-
quently, the surface charge density of the adsorbent was 
determined by potentiometric auto titration (Metrohm 848 
Titrino plus, Herisau, Switzerland) against a  NaNO3 solu-
tion (0.001–0.1 mol/L) (Fein et al. 2005; Dissanayake et al. 
2016). An FTIR spectral analysis was performed before and 
after the adsorption of dye to determine the surface func-
tional groups (Dissanayake et al. 2016). The surface mor-
phology of the adsorbent was determined using a scanning 
electron microscope (Zeiss Evo LS15, Jena, Germany).

Effect of experimental parameters on adsorption

The effect of contact time on dye adsorption was investigated 
by shaking 0.2 g of dried composite material with 5.0 mg/L 
dye solution (100 mL) in an orbital shaker at 100 rpm. Sus-
pensions were removed at desired time intervals and filtered, 
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and the filtrate analyzed using UV–visible spectrophotom-
eter. To study the effect of pH on adsorption, 0.2 g of the 
adsorbent was shaken with the dye solution at different pH 
values within 1–10. Different initial dye concentrations 
(1.0 mg/L to 30.0 mg/L) were used to determine the effect of 
initial dye concentration on dye removal. After equilibrium, 
suspensions were removed from the shaker and filtered. The 
filtrate was analyzed using UV–visible spectrophotometry.

Since ambient temperature conditions provided reason-
ably high extent of adsorption on kaolin–chitosan composite, 
higher temperatures were not attempted.

Treatment of industrial dye waste

Industrial wastewater samples were provided by a textile 
manufacturing factory in Kelaniya, Sri Lanka. The pH and 
conductivity of the dye wastewater samples were measured 
before and after treatment using a Multiparameter instru-
ment. The wavelengths at maximum absorption were deter-
mined from the UV–visible spectra of wastewater samples 
containing direct dye and pigment dye for adsorption stud-
ies. Each dye sample was shaken with 0.2 g of kaolin–chi-
tosan adsorbent for 6.0 h (360 min), and the suspension was 
removed and filtered. The filtrate was analyzed for the resid-
ual dye by scanning the residual solution using UV–visible 
spectrophotometry in the wavelength range 190–1100 nm.

Results and discussion

Results

Surface characterization

Surface area and the surface charge density 
of the adsorbent

To determine the surface charge density of the adsorbent, 
we used the following equation described in reference (Dis-
sanayake et al. 2016).

where F and a denotes the Faraday constant, and the mass 
of the adsorbent in the suspension (1.00 g), respectively; 
Ca and Cb denotes the acid and base concentrations (mol 
 L−1), respectively;  [H+] and  [OH−] denotes the hydrogen 
and hydroxyl ion concentrations in the medium according 
to re-measured pH value at a particular point (Dissanayake 
et al. 2016).

The average number of methylene blue molecules 
adsorbed onto the composite surface was 1.16 ×  10−7 mol; 

(1)� =
{[

F∕(a × s)
]}{(

Ca − Cb

)

−
[

H+
]

+ [OH−]
}

from this the surface area was (s) determined to be 18.16 
 m2/g.

Figure 1 shows that the surface charge of the adsorbent 
changes with pH and the ionic strength of the solution. The 
surface was positively charged at lower pH values (pH < 7) 
and negatively charged at pH > 7 for ionic strengths between 
0.1 M and 0.001 M solutions. The isoelectric point was at 
pH 4. At acidic pH (pH < 7), most of the functional groups 
would be protonated. Kaolin contains silicate (Si–O–) and 
aluminate (Al–O–) (Saikia and Parthasarathy 2010), and chi-
tosan contains hydroxyl (–OH) and amine (–NH2) groups 
(Rekik et al. 2017), some of which can be protonated to 
Si–OH, Al–OH, and –NH3

+ when the  H+ concentration in 
the solution is increased. This can be the reason for the posi-
tively charged surface of the kaolin–chitosan composite in 
acidic medium. More importantly, the pH at the point of 
intersection of the three graphs, which is 4.2, can be taken 
as the pH at the point of zero charge.

Surface morphology of the adsorbent

FTIR spectra of kaolin–chitosan composite shows sev-
eral adsorption sites (functional groups) present on the 
surface (Fig. 2). Among them, hydroxyl groups of kaolin 
(Si–OH, 3698  cm−1, 3621  cm−1) [32,33], bonded hydroxyl 
groups (–OH, 3471  cm−1) [34], alkyl amine group (R–NH2, 
1637   cm−1, 1618   cm−1), Si–OH bond at 1116   cm−1, at 
1034  cm−1 the alcohol groups (C–OH), and in-plane Si–O 
at 1007  cm−1 (Tironi et al. 2012; Mgbemena et al. 2013) 
are notable.

Fig. 1  Surface charge density variation of the adsorbent with exter-
nal pH at three different ionic strengths: 0.001 mol/L  NaNO3 ( ), 
0.010 mol/L  NaNO3 ( ), 0.100 mol/L  NaNO3 ( )
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After fuchsine adsorption, the peak positions correspond-
ing to the inner surface hydroxyl groups of kaolin, bonded 
hydroxyl groups, and alkyl amide group have shifted to 
3696  cm−1, 3469  cm−1, 1591  cm−1, and 1369  cm−1, respec-
tively. This indicates the involvement of the above functional 
groups in fuchsine dye adsorption. Similarly, peak positions 
shifted corresponding to bonded hydroxyl groups, and alkyl 
amine shifted to 3469, 1696, and 1338  cm−1 after methylene 

blue adsorption, which indicate their involvement in meth-
ylene blue adsorption.

It is evident from scanning electron microscopic images 
that the surface of the adsorbent is rough (Fig. 3). It also 
shows that there are two main configurations of exfoliated 
(Fig. 3a) and intercalated (Fig. 3b) polymer layer silicate 
structures present in the composite.

Fig. 2  FT–IR spectrum of 
kaolin–chitosan composite 
adsorbent; before adsorption 
( ), after fuchsine adsorption 
( ), and after methylene blue 
adsorption ( )

Fig. 3  Scanning electron microscopic images of (a) exfoliated and (b) intercalated composite structures
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Effect of experimental parameters

Selection of Kaolin–Chitosan ratio for adsorption

The effect of contact time on percentage adsorption of dye 
on the composite was studied for kaolin–chitosan ratios of 
5:1, 10:1, and 20:1 to select the most suitable ratio for dye 
adsorption. The percentage adsorption of fuchsine dye on 
the composite increased with increasing kaolin–chitosan 
ratio, with no appreciable change from the kaolin–chitosan 
ratio from 5:1 to 10:1 (Fig. 4). The maximum adsorption was 
shown for 20:1 ratio.

The ratio of the amount of kaolin to that of chitosan deter-
mines the number of functional groups in the composite 
adsorbent. Generally, when the amount of chitosan in the 
composite is increased, the surface activity of functional 
groups in the adsorbent also increases, thus enhancing the 
adsorption capacity. However, the maximum adsorption per-
centage of 93% was at a kaolin:chitosan (K:C) ratio of 20:1 
and there was no appreciable change in percentage adsorp-
tion from K:C of 5:1 (83%) to 10:1 (81%) (Fig. 4). This indi-
cates that the increase in K:C ratio from 5:1 to 10:1 has not 
appreciably altered the activity of surface functional groups 
leaving the adsorption capacity relatively unaffected. At a 
K:C ratio of 5:1, the adsorption percentage increased due 
to the availability of more functional groups. The number 
of functional groups is less in the composite whose K:C 
ratio is 10:1, and hence the adsorption capacity was low. In 
a 20:1 composite there are voids and deformations on the 
adsorbent surface, which may increase the surface area of 
the adsorbent, thereby increasing the adsorption capacity. 

The further increase in kaolin-to-chitosan ratio results in an 
unstable adsorbent; therefore, 20:1 ratio was selected as the 
optimum kaolin:chitosan ratio for the composite.

Effect of contact time on the adsorption process

Contact time is a key parameter in determining the efficiency 
of a particular adsorbent. In this study, the extent of dye 
adsorption increased with increasing contact time, reaching 
a constant value for all the composite doses. The extent of 
adsorption increased with increasing dose of the composite, 
with the maximum adsorption of 93% (2.13 mg/g), which 

Fig. 4  Effect of the ratio of kaolin:chitosan ratio on fuchsine dye 
adsorption by the composite (Ci = 5.0 mg/L, adsorbent dose = 0.2 g, 
pH = 5.0, T = 27  °C, shaking speed 100  rpm, n = 3, 5:1 = , 
10:1 = , 20:1 = )

Fig. 5  a: Effect of contact time on the adsorption of fuchsine onto 
the kaolin–chitosan composite. b: Effect of contact time on the 
adsorption of methylene blue on to the kaolin–chitosan composite 

(Ci = 5.0 mg/L, adsorbent dose = 0.2 g, pH = 5.0, T = 27  °C, shaking 
speed 100 rpm, n = 3, 0.05 g = , 0.10 g = , 0.20 g = )
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was achieved after 240 min for the adsorption of fuchsine at 
the composite dose of 0.20 g (Fig. 5a).

However, for methylene blue, adsorption reached equi-
librium after 330 min, and the amount of dye adsorbed 
was 95% for the composite dose of 0.20 g (Fig. 5b). The 
highest extent of adsorption at the lower adsorbent dose of 
0.05 g was 54% and 64% for fuchsine and methylene blue, 
respectively. Since the optimum time for equilibrium did 
not depend on the adsorbent amount, 240 min and 330 min 
were selected as the optimum shaking times for fuchsine 
and methylene blue, respectively.

The number of adsorption sites on the adsorbent sur-
face determines the adsorption percentage; an adsor-
bent surface with a higher number of adsorption sites is 
expected to show a higher adsorption percentage. The 
extent of adsorption is determined by the availability of 
the adsorption sites on the adsorbent surface, while the 
rate of adsorption depends on diffusion characteristics and 
the strength of attraction. Even though the same adsor-
bent was employed in this study, methylene blue was not 
adsorbed as rapidly as fuchsine. Within the first 15 min 
of the adsorption process, 73% of fuchsine was absorbed 
in contrast to the corresponding value of 33% for meth-
ylene blue. The different rates of initial adsorption of the 
two dyes by the same adsorbent may be due to the dif-
ferent chemical nature of the two adsorbates. The fuch-
sine molecule has three functional amine groups; these 
amine groups easily form interactions with the functional 
groups of the adsorbent. In contrast, methylene blue has 
two accessible –N(CH3)2 functional groups and a 1,4-thia-
zine unit. Thus, the interactions are not strong enough to 
attach the methylene blue dye molecule onto the adsorbent 
surface, which can be released back into the bulk solution 
upon reaching equilibrium. The concentration gradient 
between the fuchsine dye on the adsorbent surface and 
the bulk solution is high, and hence, a rapid adsorption of 
dye molecules was observed (Guo et al. 2003; Dissanayake 
et al. 2016). On the other hand, methylene blue maintained 
a slow and steady adsorption rate. The interactions dur-
ing the dye adsorption are mainly (1) exchange of elec-
trons between the dye and the adsorption sites, which is 
a slow process; (2) hydrogen bond formation between the 
adsorbent surface and the dye; and (3) charge interactions 
between the adsorbent surface and the π electron cloud 
of the benzene rings of the dye, which are physisorption 
(Volesky 2003).

Effect of pH on the adsorption process

The initial pH of the dye solution affects the adsorption 
capacity and the stability of the adsorbent. It was found that 
the adsorbent is not stable when the solution pH is below 3. 
The surface charge variation with the solution pH shows that 

the adsorbent is positive when the surrounding pH is below 
7 (Fig. 1). This is due to the protonation of the surface amine 
groups to form –CH2–NH3

+.
In solutions of low pH, amine groups of the fuchsine 

molecule can be protonated to form positively charged 
–CH2–NH3

+ and C=NH2
+. Methylene blue molecule con-

tains –N=, –S–, –N–(CH3)2 groups, which can also be proto-
nated at low pH. These positively charged functional groups 
and positively charged adsorbent surfaces repel each other. 
However, the protons present in the –CH2–NH3

+ groups 
can easily form interactions with the π electron cloud of 
the benzene group in the dye molecules. This results in a 
moderate adsorption (66%) of fuchsine at pH 4.0, and 89% 
of methylene blue adsorption. In the pH range between 5.0 
and 9.0, maximum adsorption percentages of 93% and 95% 
were observed for fuchsine and methylene blue, respec-
tively (Fig. 6). Therefore, the optimum pH for adsorption 
is between pH 5.0 and 9.0. The ambient pH of both dye 
solutions is pH 5.0, and therefore, pH 5.0 was selected as 
the optimum pH for further experiments.

These observations confirm the results of previous studies 
on the adsorption of cationic dyes on different adsorbents, 
such as fuchsine adsorption on bottom ash and deoiled soya 
(Gupta et al. 2008), and methylene blue on wheat shells 
(Bulut and Aydın 2006).

Effect of shaking speed on the adsorption process

The required macroscopic exchange of adsorbate and 
adsorbent is provided by shaking the adsorption system. 
The mixing of the adsorbent and the adsorbate should 
be optimum since slow mixing rates will result in a low 

Fig. 6  Effect of initial pH on the adsorption of fuchsine ( ) and 
methylene blue ( ) onto 0.20  g of kaolin–chitosan composite 
material (Ci = 5.0  mg/L, adsorbent dose = 0.2  g, T = 27  °C, shaking 
speed 100 rpm, n = 3,)
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adsorption percentage. At high mixing rates, low adsorp-
tion percentage will be observed due to the lower resi-
dent time of adsorbent and adsorbate. The percentage 
adsorption of methylene blue increased from 88 to 98% 
with increasing shaking speed from 50 to 150 rpm and 
remained the same thereafter. However, for fuchsine, per-
centage adsorption initially increased slightly from 91 to 
93% (Fig. 7) when the shaking speed increased from 50 to 
100 rpm, and then decreased to 75% with further increase 
in shaking speed to 200 rpm. Therefore, the shaking speed 
of 100 rpm was selected for all the other experiments with 
both dyes.

Adsorption of dyes from industrial wastewater

The industrial dye wastewater contained a direct dye and a 
pigment dye, which are anionic dyes used for fabric dyeing. 
The sample containing the direct dye had an initial basic 
pH with high conductivity (Table S1). After treatment with 
the composite, the pH was closer to neutral with a reduction 
of conductivity. As direct dyes are usually anionic, it can 
be assumed that the polymer composite would also remove 
other anionic dyes. Similar observations were also obtained 
with the pigment dye wastewater samples.

In the UV–visible spectrum, the maximum absorption 
was observed at 620 nm wavelength for the direct dye, 
and 520 nm for the pigment dye. When the dye samples 
were shaken with the kaolin–chitosan adsorbent for 6.0 h, 
the absorbance at 520 nm and 620 nm were significantly 
reduced (Fig. 8). These findings suggest that the synthesized 

Fig. 7  Effect of shaking speed on fuchsine ( ) and methylene 
blue ( ) adsorption onto kaolin–chitosan composite adsorbent 
(Ci = 5.0 mg/L, adsorbent dose = 0.2 g, pH = 5.0, T = 27 °C, n = 3,)

Fig. 8  Spectral scans of (a) pigment dye, ( ) and (b) direct dye ( ) and after treatment ( )
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composite could be used to treat direct dyes, pigment dyes, 
and basic dyes.

Adsorption mechanism study

Kinetics of the Adsorption Process

Kinetics of the adsorption process was determined using 
pseudo-first-order and pseudo-second-order kinetics. The 
data estimated from the kinetics models can be used to iden-
tify the adsorption mechanism, which may be a mass transfer 
or a chemical reaction (Wu et al. 2001). Nonlinear forms 
of the pseudo-first-order and pseudo-second-order kinetics 
models are shown in Eqs. (2) and (3), respectively.

where qe and qt is the adsorbed amount of dye (mg/g dry 
adsorbent) at equilibrium and at time t, respectively. The 
pseudo-first-order rate constant is k1  (min−1) and the pseudo-
second-order rate constant is k2 (g/mg min).

The amount of pollutant adsorbed onto the adsorbent was 
calculated using q =

(

Ci − Cf

)

V∕M where Ci is the initial 
dye concentration, Cf is the residual dye concentration in 

(2)qt = qe
(

1 − exp−k1t
)

(3)qt =
k2q

2
e
t

1 + k2qet

mg/L, M is the amount of adsorbent used in g and V is the 
volume of adsorbate used in L (Kumar 2006).

It was found that the pseudo-first- and pseudo-second-
order kinetics agreed well with kinetics data for fuchsine 
adsorption on kaolin–chitosan composite with R2 > 0.95. 
Therefore, maximum adsorption at the equilibrium time 
(qe) obtained experimentally was compared with the value 
estimated using each model. The qe value calculated for 
the pseudo-second-order kinetics model was closer to the 
experimental qe value than that for the first-order kinetics 
model (Table 1). From this finding, it is reasonable to say 
the adsorption of both dyes follows the pseudo-second-order 
kinetics.

Similar behavior was observed for methylene blue 
adsorption to kaolin–chitosan composite. However, higher 
R2 values were reported for the pseudo-second-order kinet-
ics model (Table 1). From this, it is suggested that fuchsine 
and methylene blue adsorptions on kaolin–chitosan com-
posite follow pseudo-second-order kinetics.

Diffusion models

Adsorption of dyes follows three main steps before it is 
immobilized on the adsorbent surface: (1) diffusion of the 
adsorbate from the bulk phase (solution) to the external 
surface of the adsorbent (film diffusion), (2) diffusion of 
adsorbate into the adsorption sites (intra-particle diffusion), 
and (3) attachment of the adsorbate onto adsorption sites 

Table 1  Kinetics 
parameters for adsorption 
of fuchsine and methylene 
blue on kaolin–chitosan 
composite (Ci = 5.0 mg/L, 
adsorbent = 0.2 g, pH = 5.0, 
T = 27 °C, shaking speed 
100 rpm, n = 3,)

See text for abbreviations

Adsorbate Biomass qe(exp) Pseudo-first-order Pseudo-second-order

k1 qe R2 k2 qe R2

Fuchsine 0.05 4.80 0.15 4.61 0.993 0.11 4.71 0.998
0.10 3.09 0.18 3.01 0.996 0.27 3.05 0.997
0.20 2.13 0.09 2.03 0.959 0.08 2.14 0.986

Methylene blue 0.05 6.32 0.041 5.49 0.841 0.008 6.09 0.921
0.10 4.39 0.040 3.59 0.850 0.011 4.02 0.921
0.20 2.09 0.023 1.96 0.976 0.013 2.23 0.997
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(interaction). Liquid film diffusion and intra-particle diffu-
sion are given by Eqs. (4) and (5), respectively (Plazinski 
2010; Dissanayake et al. 2016).

where kint and R1 are the intra-particle diffusion constant, 
liquid film diffusion constant  (min−1), respectively and R1 
is given by

where De
1, r0, Δr0, and k1 denotes the diffusion coefficient 

of effective liquid film  (cm2/min), adsorbent particle radius 
(cm), liquid film thickness (cm), and R1 is the equilibrium 
constant of adsorption, respectively.

A linear relationship with an intercept of zero for the plot 
of qt versus t0.5 shows intra-particle diffusion determined the 
adsorption rate. If the straight line does not pass through the 
origin, it is assumed that there are rate limiting steps other 

(4)qt = kintt
0.5

(5)ln

(

1 −
qt

qe

)

= −R1t

R1 =
3D1

e

r0Δr0k
1

than intra-particle diffusion. Parameters of the intra-particle 
diffusion model is listed in Table 2.

The fuchsine adsorption followed the intra-particle diffu-
sion model with nonzero intercept, indicates that there are 
other rate limiting steps involved in the process (supplemen-
tary material Fig. S1). However, methylene blue adsorption 
follows the intra-particle model with two steps—a rapid ini-
tial step with an intercept close to zero, and a slow later stage 
with nonzero intercept. This, suggests that the methylene 
blue adsorption is initially controlled by intra-particle dif-
fusion, and later other rate limiting factors are also involved 
in determining the adsorption rate.

The adsorption system follows the liquid film diffusion 
model when the ln (1 − qt/qe) vs. t plot is linear and the gra-
dient (− R1) is negative (Supplementary Material Fig. S2 
Table S2). For both adsorbates, the liquid film diffusion 
model is also involved in rate limiting. However, methylene 
blue adsorption showed three separate steps for the plot: 
(1) rapid initial step, (2) slow middle step, and (3) rapid 
final step. This is mainly due to the concentration gradient 
between the bulk solution and the adsorbent surface.

Table 2  Parameters of intra-
particle diffusion model for 
fuchsine and methylene blue 
adsorption onto kaolin–chitosan 
composite (Ci = 5.0 mg/L, 
adsorbent = 0.2 g, pH = 5.0, 
T = 27 °C, shaking speed 
100 rpm, n = 3,)

See text for abbreviations

Biomass Stage Fuchsine Methylene blue

Intercept kint R2 Intercept kint R2

0.05 Overall 4.09 0.04 0.919 1.75 0.26 0.920
Initial − 0.59 0.94 0.887
Final 1.92 0.24 0.989

0.10 Overall 2.82 0.01 0.80 1.14 0.16 0.902
Initial − 0.42 0.59 0.974
Final 1.68 0.11 0.988

0.20 Overall 1.51 0.04 0.916 0.37 0.10 0.922
Initial − 0.11 0.21 0.990
Final 0.84 0.07 0.965

Table 3  Parameters of the 
isotherm models for fuchsine 
and methylene blue adsorption 
onto kaolin–chitosan composite 
(adsorbent = 0.2 g, pH = 5.0, 
T = 27 °C, shaking speed 
100 rpm, n = 3,)

See text for abbreviations

Adsorbate Model k q0 n/g/Bs E Cs R2

Fuchsine Langmuir 1.19 7.11 0.991
Freundlich 3.33 2.21 0.965
Dubinin–Radushkevich 6.58 ×  10−03 6.93 8.72 15.16 0.993
Langmuir–Freundlich 0.87 8.00 0.86 0.991

Methylene blue Langmuir 1.46 4.70 0.807
Freundlich 2.69 3.37 0.981
Dubinin–Radushkevich 0.02 150.49 4.99 1.18E+12 0.927
Langmuir–Freundlich 5.14 ×  10−07 210.93 0.3 0.972
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Adsorption isotherms of the process

The adsorbate–adsorbent interaction of fuchsine and meth-
ylene blue, with the kaolin–chitosan composite adsorbent, 
was investigated using two parameter isotherms (Langmuir, 
Freundlich and Dubinin–Radushkevich), and three param-
eter isotherms (Langmuir–Freundlich combined isotherm). 
Plot of qe vs Ce was used to determine the value of each 
parameter (Dada et al. 2012; Dissanayake et al. 2016).

The Langmuir isotherm model (valid for monolayer 
adsorption) was determined from Eq. 6. The adsorption 
intensity was calculated using Eq. 7.

where the absorbed amount of dye at equilibrium and maxi-
mum adsorption capacity are denoted by qe and q0 (mg/g), 
respectively, The Langmuir isotherm constant is denoted by 
b, and residual adsorbate concentration by Ce (mg/L) at equi-
librium. (Krishna Prasad and Srivastava 2009).

Four probabilities are possible for the RL values: (1) 
0 < RL < 1, favorable adsorption; (2) RL > 1, unfavorable 
adsorption; (3) RL = 1, linear adsorption; and (4) RL = 0, 
irreversible adsorption (Dissanayake et al. 2016).

The fuchsine adsorption onto the composite adsorbent 
showed a better agreement with the Langmuir model with 
a high R2 of 0.991 (Table 3). However, methylene blue 
adsorption does not follow the Langmuir model (Table 3, 
Supplementary Material Fig. S3). Therefore, it is postulated 
that fuchsine interacts with the adsorbent chemically and the 
methylene blue molecule interaction may not be chemical 
(Padmesh et al. 2006). The RL obtained for fuchsine adsorp-
tion onto the composite was between 0.05 and 0.43, which 
falls into the favorable adsorption process. Even though 
methylene blue adsorption did not follow the Langmuir iso-
therm, RL value was between 0.33 and 0.89, which indicated 
that the adsorption is favorable.

Multilayer adsorption of adsorbate on the heterogeneous 
adsorbent surface is described by the Freundlich isotherm, 
is given by Eq. 8,

(6)qe =
q0bCe

1 + bCe

(7)RL = 1∕(1 + bCi)

where adsorption capacity and the adsorption intensity 
denoted by kf and n, respectively (Liu et al. 2010; Dissan-
ayake et al. 2016).

The lowest R2 of 0.965 (Table 3, Supplementary mate-
rial Fig. S3) was reported for the Freundlich isotherm for 
fuchsine adsorption on the composite surface. However, the 
highest R2 of 0.981 (Table 3) for methylene blue adsorption 
was reported for the Freundlich isotherm. The 1/n values 
obtained for the fuchsine and methylene adsorption were 
0.45 and 0.29, respectively; hence, the surface is energeti-
cally heterogeneous (Aravindhan et al. 2007).

The mean free energy distribution is used to express 
the Dubinin–Radushkevich (D–R) isotherm model and the 
model assumes chemisorption onto a heterogeneous surface. 
The D–R model is described by Eq. 9:

where R, and T are the universal gas constant and absolute 
temperature (K), respectively. The saturation concentration 
is denoted by Cs. The mean free energy (E) equation 
�

E = [
1

√

2�
]
�

 was used to determine the Dubinin–Radushk-
evich constant β  (mol2/J2) (Nguyen and Do 2001).

Adsorption of both fuchsine and methylene blue on the 
composite surface showed a better agreement with experi-
mental data, according to R2 values. The mean free energy 
for fuchsine and methylene blue adsorption were 8.72 kJ/
mol and 4.99 kJ/mol, respectively (Table 3, Supplemen-
tary Material Fig. S3). These observations confirm that the 
adsorption of fuchsine is chemisorption onto a heterogene-
ous surface, while that of methylene blue is physisorption 
(Oyelude et al. 2015).

Equation  10 describes the Langmuir and Freundlich 
(L–F) combined isotherm model:

(8)qe = kf C
1∕n
e

(9)qe = q0 exp

{

−

[

RT ln(Cs∕Ce)

E

]2
}

(10)qe =
q0(kaCe)

n

(kaCe)
n + 1
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where the affinity constant and heterogeneity index is 
denoted by ka (L/mg) and n, respectively (Jeppu and Clem-
ent 2012).

From the results shown in Table 3, the L–F combined 
model is appropriate to describe the nature of the adsorption 
where it showed relatively high R2 value. From the isotherm 
study, it is possible to conclude that fuchsine adsorption on 
the heterogeneous polymer composite surface is a chemical 
process, while it is a physisorption process for methylene 
blue (Turiel et al. 2003).

Mechanism of dye adsorption

The isotherm study shows that dye molecules interact with 
the adsorbent surface through physical and chemical interac-
tions. Initially, amine groups of fuchsine dye form interac-
tions with the functional groups on the adsorbent surface. 
These functional groups are Si–OH, R–OH, and R–NH2. 
The interactions could be hydrogen bonds, charged interac-
tions, and acid base interactions shown in Scheme 1a (Brown 
et al. 1980; Spencer et al. 1985). The high concentration of 

Scheme 1  Schematic diagram 
for the proposed (a) interac-
tions between chitosan and 
the fuchsine dye (b) formation 
of multilayers (c) interactions 
between chitosan and methylene 
blue ( π electron interac-
tions,  hydrogen bonds)
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the dye could cover the adsorbant surface thus preventing 
new dye molecules to interact with the adsorbent (Zhang 
et al. 2005). However, the dye molecules that have already 
formed interactions can form π–π electron interactions with 
new dye molecules due to the presence of phenyl groups in 
the dye (Jain et al. 2009; Dissanayake et al. 2016). There-
fore, multilayers of fuchsine would form due to the hydrogen 
bond formation and π–π electron interactions between dyes 
(Scheme 1b). The methylene blue molecules are arranged 
on the adsorbent surface by forming H–π, hydrogen bonds 
and charge interactions (Scheme 1c). This may be the reason 
for the higher equilibrium time needed for adsorption of 
methylene blue than for fuchsine.

Significance of the study

Adsorption of fuchsine and methylene blue by kaolin–chi-
tosan composite was compared with that by other adsorbents 
reported in the recent literature (Table 4). Some adsorbents 
reported lower adsorption of 57–68% for fuchsine (Coto-
ruelo et al. 2011; Nistor et al. 2020) and 42–49% for methyl-
ene blue (Khoo et al. 2012; Xia et al. 2018); in this study, the 
kaolin–chitosan composite dose of 0.20 g adsorbed > 90%. 

A similar dose of kaolin–chitosan composite considerably 
removed direct and pigment dyes, from an industrial sample, 
showing potential for its use in remediating dye-containing 
wastewater. Further, preparation of the kaolin–chitosan com-
posite adsorbent does not require expert knowledge and is 
a simple process.

Conclusion

This kaolin–chitosan composite prepared by the solgel 
method, having demonstrated an attractive surface area, 
leads to excellent adsorption capacity toward fuchsine and 
methylene blue dyes. The strength of interaction of these 
two dyes with the composite upon adsorption is confirmed 
through peak shifts in Fourier transform infrared spec-
tra and surface changes in scanning electron microscopic 
images. Adsorption of both dyes follows the pseudo-sec-
ond-order kinetics, and further, the adsorption process is 
governed by intra-particle diffusion and liquid film diffu-
sion. The adsorption of fuchsine adequately follows the 
Langmuir–Freundlich isotherm model and that of meth-
ylene blue follows the Freundlich isotherm model. There-
fore, it is evident that fuchsine adsorption is a combination 

Table 4  Comparison of fuchsine and methylene blue adsorption by adsorbent

Adsorbate Adsorbent Removal % References

Fuchsine Cellulose modified with maleic anhydride 88.10 (Zhou et al. 2012)
Magnetic NaY zeolite 98.1 (Shirani et al. 2014)
Phosphonate metal–organic frameworks 65 (Nistor et al. 2020)
Cobalt-doped alumina hybrids 68 (Parveen and Rafique 2018)
Asplenium nidus biosorbent 88 (Dissanayake et al. 2016)
Chicken bones activated carbon 93.63 (Cortes et al. 2019)
Cellulose-based multicarboxyl adsorbent 85 (Zhou et al. 2013)
Activated carbons from lignin 57 (Cotoruelo et al. 2011)
Kaolin–chitosan composite 93 Present study

Methylene blue Activated lignin–chitosan extruded blends 87.69 (Albadarin et al. 2017)
Bituminous coal 96.5 (Huang et al. 2019)
Sodium vinyl sulfonate-co-2-acrylamido-2-methylpropane 

sulfonic acid sodium salt-magnetite cryogel
99.8 (Al-Hussain et al. 2018)

Ca2+-based metal–organic framework 80–88 (Liu et al. 2020)
Bone char 42–45 (Khoo et al. 2012)
Biogenic selenium nanoparticles 49 (Xia et al. 2018)
chitosan/polyacrylamide/graphene oxide 90.18 (Wang et al. 2020)
Thiourea-modified Poly(acrylonitrile-co-acrylic acid) 90–95 (Adeyi et al. 2019)
Kaolin–chitosan composite 95 Present study
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of chemisorption and physisorption, while methylene blue 
adsorption is solely physisorption. The composite is also 
capable of removing negatively charged dyes, such as 
pigment dyes and direct dyes, since the adsorption sur-
face is positively charged even at pH 7. Therefore, it is 
concluded that the kaolin–chitosan composite adsorbent 
be used for efficient treatment of anionic textile dye-con-
taminated wastewater. More importantly, the composite 
dose of 0.20 g is able to adsorb pigment dyes and direct 
dyes present in a sample of industrial wastewater within 
6.0 h of agitation. Having demonstrated this application, 
the next logical step of this research would be to extend 
the findings of adsorption equilibrium and kinetics toward 
dynamic studies and prototype system measurements in 
real-time situations.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13762- 021- 03711-6.
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