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a b s t r a c t
The present paper describes the synthesis of cellulose acetate based hybrid materials in the form 
of eco-friendly beads and fibres and state its performance feasibility in the uptake of industrially 
important dye (Congo red) from aqueous media at bench scale. Cellulose acetate (CA) based hybrid 
materials have attracted attention due to diverse applications as absorbent, purification, chemical 
separations etc. These materials have an added advantage that they can easily be moulded into 
membranes, fibres and beads cellulose acetate is selected due to their low cost, easy availability, 
non-toxicity, and natural biodegradability. A facile, novel and greener approach was applied for 
the incorporation of Al3+, Ti4+, Zr4+, and Si4+ moieties to form chemically and thermally stable CA 
based hybrids. The newly developed materials were characterized by proton NMR, XRD, FT-IR, 
TGA / DTA, EDX-SEM, and BET analysis. The SEM and BET results showed that synthesized hybrids 
have high pore volume and diameter with increased surface area as compared to the raw cellulose 
acetate. In this work, the removal efficiency of adsorbents was investigated as a function of varying 
dye concentration, temperature and solution pH. The batch adsorption experiments showed higher 
adsorptive capacities of hybrids over a pH range of 1–7 in comparison to base material. The results 
are in accordance with the pzc values, suggesting wider application of synthesized hybrids under 
different environmental conditions. The adsorption mechanism follows Ho’s pseudo-second-order, 
and the equilibrium data fitted well with Langmuir model. Kinetic studies reveal physisorption 
phenomenon in synthesized hybrids following cooperative adsorption, as compared to normal 
adsorption in raw CA. The successful synthesis and application of CA based hybrids shows strong 
potential for the commercially viable, economical and alternate materials for efficient removal of 
different dyes from industrial effluents.
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1. Introduction

The removal of pollutants from wastewaters has been a 
subject of widespread industrial research. However, most 
of the processes applied today are unacceptable, owing to 
the disposal of sludge, their high price, low proficiency and 
limited applicability to few pollutants [1].

Adsorption is a well-known separation technique that 
recently emerged as one of efficient and economic meth-
ods for water decontamination applications [2]. Another 
advantage is that the adsorbents can be regenerated by suit-
able desorption processes due to the reversible nature of 
most adsorption processes. They can be applied multiple 
times by processes that are of low maintenance cost, high 
efficiency, and easy to operate [3].
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A number of adsorbents such as activated carbon, zeo-
lites, clays and agricultural residues have been used [4] in 
the past but have drawbacks of low adsorption capacity, 
limited regeneration capability. Now the major challenge 
in this field is to synthesize novel materials with all the 
desired and controlled properties of a good adsorbents such 
as renewable, low-cost, and degradability [5]. The inter-
est in the polymer science from the renewable resources 
increased significantly in recent years [6–10]. In these mate-
rials, the functional variation of organic materials is com-
bined with advantages of a thermally stable and robust 
inorganic substrate, resulting in strong binding affinities 
toward selected metal ions and organic pollutants [11,12]. 
Recently, functionalized polymeric hybrids are regarded 
as one of the most effective adsorbents [13]. These kinds of 
materials often present the best properties of each of its com-
ponents in a synergic way and have high performances of 
physical, chemical and mechanical properties [11].

Cellulose is the most abundant biopolymer that attracted 
a lot of attention due to its unique properties [14]. It is stated 
as “a fascinating and almost inexhaustible sustainable nat-
ural polymer” by Kargarzadeh et al. [15] The typical deriv-
atives are carboxymethylcellulose (CMC), cellulose acetate 
(CA), methyl cellulose (MC), hydroxyethyl cellulose (HEC), 
(hydroxypropyl)methylcellulose (HPMC), and so on. Among 
all the derivatives, cellulose acetate (CA) has been exten-
sively applied due to its solubility in organic and inorganic 
solvents [16].

Cellulose acetate (CA) is a very versatile biocompatible 
polymer and several strategies have been employed in an 
attempt to broaden its application including simple blend-
ing with other polymers, chemical modifications either by 
adding more functionalities or by grafting polymer chains 
on some other organic or inorganic precursors in the form 
of metal alkoxides [17]. Addition of metal oxides is report-
edly applied to enhance the adsorbent properties of the 
polymer material either by covalent bonding or by physical 
interactions [18,19].

The reason for mixing compounds of different chemi-
cal nature is the synergy that can be obtained from species 
with dissimilar properties (e.g., polymer and metal oxide) 
in only one material. The synthesis of hybrid materials can 
be obtained through different ways, for example: melt inter-
calation, solution intercalation, and in-situ polymerization 
[20]. Recently, cellulose acetate based hybrid materials are 
prepared by the fabrication via water vapour induced phase 
inversion and simultaneous hydrolysis/condensation at 
ambient conditions [21]. In this work, a versatile synthetic 
route to functionalize oxygen bridged polymers will be used 
for the first time to prepare oxygen based hybrid materials 
with improved properties, which can be tailored as fibres/
beads with potential industrial application as adsorbents. 
This unprecedented functionalization may open up new 
goals to obtain, owing to multiple environmental applica-
tions of polymer hybrids

2. Materials and methods

All reagents were of analytical grade and employed in 
experiments without prior purification: cellulose acetate 
polymer (M.W. 30,000) (95%) was obtained from UniChem 

Origin. Anhydrous glacial acetic acid (>99%), aluminium 
isopropoxide (>99%), zirconium chloride (>99%), ammonia 
solution (30%) and acetone (>99.5%) were obtained from 
Merck. Acetone was sieved through molecular sieves (Type-4 
Å) to remove moisture and stored in dry condition prior to 
use. Triflouroacetic acid (99%) (tetraethoxy silane (>99%) 
and 3-aminopropyl trimethyl silicate (APTMS) (97%) were 
obtained from Scharlau. Titanium butoxide (>99%) was 
obtained from Dae-Jung, Korea.

2.1. Preparation of CA based hybrids

CA based hybrid materials were synthesized by adopt-
ing [22] the use of starting materials for mixing, that is, CA 
and aluminium (Fig. 1). Cellulose acetate (0.36 mmol, 0.1 g) 
was immersed in a solution containing a mixture (1:1 V/V) of 
acetone and glacial acetic acid till a homogeneous slurry was 
obtained. Appropriate amount (0.073 g; 0.36 mmol) of alu-
minium isopropoxide was dissolved in triflouroacetic acid in 
a separate container and mixed with solution A. The solu-
tion was stirred for 2 h. The mixture was slowly dropped in 
distilled water (pH 10.0) with constant stirring till fibres are 
formed. The material was filtered and washed with distilled 
water till the neutral pH is achieved. This procedure was 
applied for the first time for the synthesis of other CA based 
hybrid materials (CA-Si, CA-Ti and CA-Zr) by using equi-
molar ratios of TEOS/APTMS, titanium butixide (0.124 ml) 
and zirconium chloride (0.083 g) in place of aluminium 
isopropoxide.

2.2. Characterization

The following section details the techniques used for 
the hybrid characterisation. The salt addition technique 
[23,24] was performed to determine pzc value of the newly 
synthesized CA based hybrids. pzc provides important 
information about the adsorption mechanism. 0.2 g of the 
material was dispersed into 40.0 mL of 0.1 M NaNO3 solu-
tion, whose pH (pHi) was adjusted to 2, 4, 6, 8, 10, and 12 
(±0.1 pH units) with 0.1 M HNO3 and 0.1 M NaOH. The 
samples were shaken for 24 h using a rotary agitator (SK-
300 Lab Companion) at 200 rpm. After the end of agitation, 
the final pH was measured and plotted vs. the initial pH. 
The thermal stability of the hybrid materials (CA, CA-Al, 
CA-Si, CA-Ti and CA-Zr) was examined using a TGA 209 
F3 thermogravimetric analyser (NETZSCH, Germany). 
Typically, the instrument was operated using nitrogen 
as the purge gas and a nominal flow-rate of 15 mL/min. 
Samples (~10 mg) were added to aluminium crucibles with 
lids and loaded into the TGA, a temperature profile where 
the samples were ramped from ambient to a final tempera-
ture of 800°C at a rate of 10°C/min. Mass loss as a function 
of temperature was recorded and the derivative traces were 
collected. For hybrid materials, TGA is an excellent method 
for determining the metal oxide content and its comparison 
with the parent polymer.

Infrared spectra were collected using a model 8400 
Shimadzu (Japan) spectrophotometer, using KBr pellet 
conventional method. A resolution of 2 cm–1 was used, 
with spectra being averaged from 15 scans and a spectral 
window ranging between 4,000 and 400 cm–1.
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SEM-EDS was used to aid in the study of incorpora-
tion of the metal oxides in the polymer based hybrids. 
Morphological characterization is performed by (MAIA3 
TESCAN) scanning electron microscope with an accelerat-
ing voltage of 20.0 kV. Prior to sample analysis, the hybrid 
materials were coated with a thin layer of gold alloy to 
minimize charging effects under electron beam irradiation. 
To measure the size of each particle, image J software was 
used and their size range and average size was measured. 
The measurement of XRD was carried out by XRD diffrac-
tometer (OPTICS-V5) Step size 0.02, Cu-K alpha radiations 
and angle of 0–180. Brunauer–Emmett–Teller (Micrometrix 
Tristar 3000) was used to measure the textural parameters 
like surface area and pore size distribution (pore volume 
and pore diameter) through multi-point adsorption-desorp-
tion method with Barrett–Joyner–Halenda (BJH) isotherm 
model. For this purposes, all the synthesized CA based 
hybrid materials were degassed at 423 K for 2 h on a vac-
uum line.

2.3. Adsorption batch experiments

The adsorption studies were carried out by using the 
orbital shaker are 100 rpm (model SK-300, Lab Companion, 
UK) and Congo red concentration was determined by using 
UV-Visible spectrophotometer (UV-1601) Shimadzu, Japan.

3. Results and discussion

3.1. 1H NMR spectroscopic analysis

The 1H NMR of CA based hybrids were recorded in 
DMSO is shown in Table 1. All chemical shifts (δ) were 
given in parts per million downfield from tetramethyl silane 
(TMS) as internal standard. The peaks at 1.872–2.503 ppm 
corresponds to the three methyl group protons of acetyl 

groups and peaks at 3.366–5.691 ppm represent the seven 
anhydrglucose protons [25–28] confirming the presence 
of cellulose acetate in the synthesized hybrids. Since, the 
technique was not able to confirm the presence of inor-
ganic moieties, other techniques were applied to further 
characterize the synthesized hybrids.

3.2. X-ray diffraction method

The X-ray diffractrograms of CA based hybrids are 
depicted in Fig. 2. The material presents a structure mostly 
amorphous, once no crystalline peak was observed [29]. 
CA and the synthesized hybrids do not show sharp peaks, 
mainly due to the reason that they possess low degree of 
crystallinity [29,30]. The less degree of crystallinity is due 
to the substitution of the hydroxyl groups by acetyl groups 
with greater volume, which broke the inter- and intra- 
molecular hydrogen bonds of cellulose [31,32]. Broad band 
around 15° and 30° can be attributed to inorganic fraction 
characterized by amorphous silica material confirming the 
presence of cellulose acetate in the hybrids [33,34].

3.3. Fourier-transform infrared spectroscopic analysis

FTIR spectra of the synthesized hybrids are presented in 
Fig. 3 and compared with the spectrum of pure amorphous 
cellulose acetate fibres. The major characteristic absorption 
bands for cellulose acetate are assigned as follows: 3,800–
3,300 cm−1 (–OH), the methylene asymmetric stretching at 
2,965–2,850 cm–1 (−CH2), carbonyl stretching at 1,740 cm−1 
(–C O O of –COOR), CH2 bending or OH in plane bend-
ing at 1,444 cm−1, alkoxyl stretch of the ester at 1,255 cm−1 
(C–O–C), methyl bending at 1,372.7 cm−1 (C–CH3), C–O–C 
antisymmetric bridge stretching at 1,167 cm−1, acetyl 
linkage at 1,039.8 cm−1, as reported in literature [34–36].

Fig. 1. Schematic presentation of the synthesis of hybrids and its application in Congo red removal.
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The FTIR spectrum of the CA based hybrids CA-Al, 
CA-Si, CA-Ti and CA-Zr show similar characteristic bands 
as mentioned above, indicating that cellulose acetate 
matrix is not affected in the hybrids. The signal at around 

1,091 cm–1 representing Al–O bond confirms the presence 
of Al3+ in the CA-Al hybrids [37]. In the FTIR spectrum of 
the CA-Si, the weak peak at 1,067 cm–1 is assigned to the 
asymmetric Si–O stretching mode [22]. The formation 
of Si–O–Si groups might be ascribed to self-hydrolysis/
condensation of APTMS and TEOS during the phase inver-
sion process. [38]. It suggested the formation of the chem-
ical bonds between SiO2 by condensation reaction between 
TEOS and APTMS. Whereas, in FTIR spectrum of CA-Ti, 
the weak peak at 785 cm−1 corresponded to Ti–O–Ti stretch-
ing modes, as reported in earlier findings [39,40]. At the 
lower region of spectrum, the band at 500 cm–1 is due to 
Ti–O bond bending vibrations [41]. In the FTIR spectrum of 
CA-Zr, an additional peak at 528 cm−1 is due to the super-
position of metal–oxygen stretching vibrations confirming 
binding between Zr–O–Zr [42,43].

3.4. Thermogravimetric analysis

The incorporation of various types of metals into the 
cellulose acetate matrix is one of the new breakthroughs 
in improving their adsorption efficiency in different envi-
ronmental conditions. TGA was used to study the ther-
mal analysis of CA based hybrid materials as shown in 
Fig. 4. As observed from the thermograms, from room 
temperature till 100°C, the TGA curves display a slight 
mass loss attributed to the moisture due to water desorp-
tion, indicating hydrophobic nature of the products. The 
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Fig. 2. XRD spectrum of cellulose acetate based hybrids 
(CA, CA-Al, CA-Si, CA-Ti and CA-Zr).
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Fig. 3. FTIR spectrum of cellulose acetate based hybrids (CA, CA-Al, CA-Si, CA-Ti and CA-Zr).
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broad exothermic peak around 330°C can be attributed 
to the partial pyrolysis due to fragmentation of carbonyl 
and carboxylic bonds from anhydrous glucoses units 
giving carbon or monoxide carbon [35]. The main poly-
mer structure breaks from 350°C–370°C, which is further 
decomposed in 400°C–600°C region indicating further 
degradation and evolution of gaseous by products. The 
residual weights correspond to the weight at 800°C in the 
TGA curves. The onset temperature of 327°C in parent 
cellulose acetate material is typical of acetylated prod-
ucts. This type of increase became rapid between 200°C 
and 400°C due to high rate of decomposition of organic 
material [40]. It is noted that at higher temperatures, 
the hybrid materials decompose and the decomposition 
pattern depends upon the nature of inorganic support. 
The same observation is depicted from the respective 
residual masses of each hybrid material (Table 2)

The proposed thermal degradation patterns are pre-
sented below for the synthesized hybrids, showing the 
different by product is produced during their thermal 
degradation.

 
Fig. 4. TGA curve of cellulose acetate based hybrids (CA, CA-Al, 
CA-Si, CA-Ti).

Table 1
1H NMR chemical shifts for CA based hybrids and the corresponding assignments [25]

Materials Chemical shift/ppm Assignments*

CA • 1.872, 1.903, 1.942, 1.981, 2.075, 2.503
• 3.367, 3.682, 3. 833
• 4.533, 4.607, 5.055
• 5.691

• CH3

• H2, H3″, H2″, H3, H4, H6b, H5

• H2′, H1″
• H3′

CA-Al • 1.878, 1.946, 1.979, 2.076, 2.506
• 3.36
• 4.333, 4.534, 4.664, 4.934, 5.055
• 5.607
• 7.187

• CH3

• H2, H3″, H2″, H3, H4, H6b, H5

• H2′, H1″
• H3′

CA-Si • 1.873, 1.901, 1.941, 1.979,
• 2.075, 2.499, 2.504
• 3.366, 3.687, 3.806, 3.954
• 4.95, 4.536, 5.063
• 5.649

• CH3

• H2, H3″, H2″, H3, H4, H6b, H5

• H2′, H1″
• H3′

CA-Ti • 1.874, 1.903, 1.943, 1.98,
• 2.075, 2.503
• 3.361, 3.679
• 4.536, 4.6775.056, 5.658,

• CH3

• H2, H3″, H2″, H3, H4, H6b, H5

• H2′, H1″
• H3′

CA-Zr • 1.877, 1.946, 1.933
• 2.078, 2.507
• 3.352, 3.678
• 5.067, 5.454, 5.658

• CH3

• H2, H3″, H2″, H3, H4, H6b, H5

• H2′, H1″
• H3′

*based on the representative structure of cellulose acetate
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C H O Ti CO CO CH COOH + H O
TiO residue C H

7 12 9 3 2

2 2

→ ↑ + ↑ + +

( ) + ↑
2 2

6  (1)

C H O Si CO CH COOH H O
SiO residue C H
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2 2

→ ↑ + + +

( ) + ↑
2

2

2
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C H O Zr CO CO CH COOH H O
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7 12 9 3 2

2

→ ↑ + ↑ + + +

( ) + ↑
2 2

2 6  (3)

2C H O Al CO CO CH COOH H O
Al O residue C H
7 12 9 2 3 2

2 3 2 6

→ ↑ + ↑ + + +

( ) + ↑
3 3 2 2

2  (4)

3.5. SEM and textural analysis

The morphological features of the C polymer and pre-
pared hybrids (CA-Al, CA-Si, CA-Ti, CA-Zr) were examined 
by SEM images, as presented in Fig. 5. As observed from 
SEM images, clearly there exist morphological differences 
between hybrids synthesized with different inorganic moi-
eties. The greater surface area of polymer hybrids was some-
what expected once the inorganic precursor is employed to 
improve the textural and morphological properties, while 
the organic functional polymer plays a very important 
role on creation of active groups cavity [44]. It is observed 
that with addition of each moiety, different morphologies 
were obtained.

CA-Zr exhibited hollow geometry with structural poros-
ity. It is observed that the pores were hexagonal in shape and 
each one was surrounded by six hexagonal pores which is 
similar to a honeycomb, giving a homogeneously porous 
final network. In addition, the pores presented greater diam-
eters, appear to be less cohesive and with lower aggrega-
tion degree, thus providing higher average pore diameter 
for these materials in accordance to textural data [45].

The morphological images of the CA based hybrids 
(CA-Al and CA-Ti) showed a rough surface and a large 
number of irregularly distributed agglomerates. The aggre-
gates resemble a bunch of grapes. It can be ascribed to 
higher solubility of alumiuim isopropoxide in triflouroace-
tic acid, resulting in better blending of the polymer matrix 
with alumiuim fraction. There are no externally visible pores 
present in CA-Al hybrids, in contrast to CA-Ti morphol-
ogy. The very well-defined spherical particles with fairly 
uniform size distribution observed for the CA-Ti, can be 
attributed the reason that no solvent is used, and the liquid 

titanium chloride is added directly added to the cellulose 
acetate.

The SEM images of CA-Si showed spongy structure, 
which upon magnification showed tiny alveoli like structures 
taken all together to form a very large surface area to do the 
work of good adsorbents. Further, the pores on the surface of 
sponge are clearly visible. These pores are likely to offer good 
adsorptive properties.

The SEM images were recorded with Hitachi SU-70 
Analytical UHR FEG-SEM, and the elemental identification 
was performed on the surface of hybrid material by energy 
dispersive X-ray spectroscopy (EDX).

According to these images, change in the inorganic moi-
ety caused the formation of largely interconnected fiber 
networks which may have good effect on the enhance-
ment of the strength and pore structures.

3.6. Energy-dispersive X-ray spectroscopic analysis

Complementary information about the chemical compo-
sition of the cellulose acetate-based materials was achieved 
through energy-dispersive X-ray spectroscopy (EDX) on 
randomly selected areas of the cross sections of the hybrids 
and is presented as EDX spectra. It is understood that 
each synthesized material has a major component of C and 
O content; hence the major contribution to atom weight per-
centage is due to organic components of cellulose acetate 
as shown in Table 3.

In the EDX images, the characteristic elements assigned 
as carbon, hydrogen and oxygen can be observed. The 
presence of carbon and oxygen results from the chem-
ical composition of the polymer. The new signals of sili-
con, titanium, aluminium and zirconium were detected 
in their respective hybrids. Since EDX-SEM is more sen-
sitive for heavier atoms analysis, therefore the light atoms 
such as hydrogen are not detected, or they give false 
signals. To a close approximation, the elements C and O 
stands no significant variation with change in inorganic  
moiety.

It is noted that CA-Si hybrid materials show compara-
ble silica and nitrogen content, indicating successful impreg-
nation of inorganic moiety with carbon framework. These 
results further strengthen the preference of combination of 
APTMS and TEOS as inorganic moeity.

Presence of impurities in CA-Al and CA-Zr hybrids 
is thought to be due to the use of triflouroacetic acid. The 
strong acid was used to dissolve the inorganic precursors, 
and resulted in the detection of some other metals.

Table 2
Thermogravimetric data of CA based hybrids (CA, CA-Al, CA-Si, CA-Ti and CA-Zr)

Sample code First step mass  
loss (%) 

Second step  
mass loss (%)

Third step mass  
loss (%)

Actual residual  
mass (%)

CA 0.17 76 14 8.56
CA-Al 18.64 57.32 9.22 14.82
CA-Si 4.72 66.56 9 19.72
CA-Ti 4.84 58.22 14.64 20.52
CA-Zr 1.28 78.25 11.41 9.06
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Fig. 5. SEM of cellulose acetate based hybrids (a and b) CA, (c and d) CA-Al, (e and f) CA-Si, (g and h) CA-Ti, ( i and j) CA-Zr.
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3.7. Brunauer-Emmet-Teller (BET)

The textural parameters including specific surface area, 
BJH adsorption average pore volume, and BJH adsorption 
average pore diameter are obtained from nitrogen adsorp-
tion desorption presented in Table 4. It can be observed 
that synthesized CA based hybrids showed an increase in 
surface area as compared to raw cellulose acetate mate-
rial in a manner CA-Si > CA-Al > CA-Ti > CA-Zr > CA. 
The increase in surface area is due to the incorporation of 
metal oxides in polymer matrix, with highest achieved in 
CA-Si. The comparatively higher surface area in CA-Si is 
due to the use of 3-aminopropyltrimethoxysilane as linker 
resulting in successful integration of metal on the surface. 
The results are in agreement with the SEM analysis, show-
ing a spongy like structure in CA-Si, grapes like bunches 
on the surface of CA-Al and CA-Ti. The micropore size 
is doubled in CA based hybrids from 33.451 to 64–71 Å 
making the adsorption feasible for the Congo red mol-
ecules, which possess 18.3–22.1 Å [46].

3.8. Adsorption batch experiments

The newly synthesized CA based hybrids were used 
as potential adsorbents for the removal of Congo red dye. 
Congo red dye (CR) is a red crystalline powder with a 
molecular weight of 696.665 g/mol and λmax = 498 (nm) by 
using UV Visible spectrophotometer. Adsorption batches 
were carried out on the synthesized hybrids to elucidate 
the impact of the influential parameters, that is, pH (1, 5, 7, 
and 11), dye concentration (0.1, 0.5, 1, 3 and 5 mg/L), contact 
time (0, 5, 10, 15, 30, 45, 90, 120 and 180 min), temperature 
(20°C, 30°C, 40°C, 50°C, 60°C) at agitation rate of 120 rpm, 
and 10 mg adsorbent mass. The adsorption study was per-
formed at the selected times by withdrawing the samples 
followed by centrifugation and the residual dye concentra-
tion on the supernatant was determined analyzed by using 
a UV-Vis spectrophotometer at 498 nm and finding the 
values of concentration from the calibration curve method.

The efficiency capacity, Qt (mg/g), was calculated 
according to a mass balance on the dye concentration using 
the equation:

Q
v C C

mt
t=

−( )0  (5)

where C0 is the initial dye concentration (mg/L), Ct is 
the dye concentration in solution (mg/L) at time t, V is 
the volume of the solution (L), and m is the mass of the 

adsorbent (g) [47]. The dye removal efficiency (%) of dye 
was also calculated using the equation:

Removal %( ) =
−( )
×

C C
C

e0

0 100
 (6)

where Ce is the concentration of dye solution (mg/L) at 
equilibrium [45]. Microsoft Excel program was employed 
for data processing.

3.9. Adsorption equilibrium experiments

Equilibrium adsorption studies were conducted at 
25°C and natural pH (5.5), 50 mL of the dye solutions 
of different initial concentrations, from 0.1, 0.5, 1, 3 and 
5 mg L−1, with 10 mg of the CA based hybrids for 4 h. 
This time was considered enough to reach equilibrium, 
as maximum equilibrium was achieved at around 120 min.

3.10. Effect of contact time

The time dependent behavior of CR adsorption was 
examined by varying the contact time between adsorbate 
and adsorbent in the range of 0 min–4 h. The adsorption of 
CR dye is rapid at the initial stage, and reaches the steady 
state position, that is, at equilibrium point it slows down 
and almost becomes constant. The obtained results can be 
ascribed to the fact is that initially there are large numbers 
of vacant surface sites available for the adsorption, and 
after a lapse of time, the remaining vacant surface sites are 
difficult to be occupied due to repulsive forces between 
CR adsorbed on the surface of CA based hybrids efficient 
phase [48]. It is interesting to note that above mentioned 
behavior is applicable to all the metal based hybrids. It 
may be explained by the fact that each hybrid possess the 
same basic framework of polymer. The difference in the 
efficiency of the hybrids suggests that the impact of inor-
ganic moieties on the morphology of the final hybrids as 
shown by SEM [49]. Overall performance of CA based 
hybrids on the basis of contact time follow the sequence 
CA-Al > CA-Si > CA-Ti > CA-Zr.

3.11. Effect of induced concentration

The effect of different initial concentrations (0.1, 0.5, 
1.0, 3.0 and 5.0 ppm) of Congo red was studied on the 
adsorption by synthesized materials, and presented in 
Fig. 6. Overall, the materials showed better adsorption 
capacity than the raw cellulose acetate and the % removal 

Table 3
Elemental composition of CA based hybrids (CA-Al, CA-Si, CA-Ti, CA-Zr)

Atomic weight (%)

C O N Al Ti Si Zr Impurities

CA-Al 60.75 27.17 - 1.0 – – – 11.08
CA-Si 62.75 25.72 0.15 – – 11.38 – –
CA-Ti 63.01 28.20 7.10 – 1.69 – – –
CA-Zr 70.85 24.47 – 0.95 – – 0.08 3.67
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Table 4
BET analysis of CA based hybrids (CA, CA-Al, CA-Si, CA-Ti, CA-Zr)

Sample  
code

BET surface  
area (m2/g)

BJH adsorption cumulative  
volume of pores (cm3/g)

BJH adsorption pore  
diameter 4 V/A (Å)

CA 10.0713 0.006014 33.451
CA-Al 30.8504 0.046191 71.992
CA-Si 152.0968 0.17346 64.420
CA-Ti 20.9169 0.027292 68.097
CA-Zr 14.5294 0.019519 69.308

 

 
 
 

 

Fig. 6. Effect of concentration on % removal of Congo red by CA based hybrids (a) 0.1 ppm, (b) 0.5 ppm, (c) 1.0 ppm, (d) 3.0 ppm, and 
(e) 5.0 ppm



311I. Asif, U. Rafique / Desalination and Water Treatment 244 (2021) 302–324

was decreased with increasing concentration. Equilibrium 
was achieved at 120 min for all the materials. Raw material 
had best performance at 0.1 mg/L showing 40% removal, 
and finally decreasing to 30% at 5.0 mg/L. Best results are 
achieved at 0.1 mg/L Congo red concentration (CA; 40, 
CA-Zr; 62, CA-Ti; 66, CA-Si; 85 and CA-Al; 94%) [50].

3.12. Effect of pH

Solution pH is an important parameter that affects the 
adsorption of dye molecules, because of its influence on the 
ionization process of dye molecules and the active binding 
sites of the adsorbent. The effect of the initial pH of the 
solution on the Congo red was assessed at different values, 
ranging from 1 to 11, with a contact time of 180 min, as 
shown in Fig. 7. The initial concentration of Congo red and 
amount of adsorbent was set at 1 ppm and 0.05 g, respec-
tively, for batch test in this experiment. The results show 
that in general the adsorption of the dye was somewhat 
more efficient in the lower and neutral pH regions than in 
the higher pH region. The initial pH of prepared Congo red 
solutions was 5.5, and the raw material showed best perfor-
mance at neutral pH (90%) at 15 min, however, the material 
failed to retain the dye with time indicating the physisorp-
tion nature and weak interaction with the dye molecules. 
Equilibrium is achieved in pH 1 and pH 5 at 30 min and 
120 min respectively, with removal of CR as 60% and 32% 
respectively, where as, poor performance (2%) was shown 
in alkaline pH. Since the polymer provides negatively 
charged surface, the higher adsorption capacity observed 
in the lower and neutral pH region would be expected as 
the acidic medium would lead to an increase in hydro-
gen ion concentration which would then neutralize the 
negatively charged surface, thereby enhancing the adsorp-
tion of the negatively charged organic species because of 
a reduction in the forces of repulsion between adsorbent 
and adsorbate [51,52].

The retention power of CA-Al hybrid is better than the 
raw material and it showed enhanced efficiency at a wider 
range of pH (1–7), suggesting that the hybrid material can 
be applied in wide spectrum. The performance of CA-Al is 
expressed as pH 5 (94%) > pH 1 (90%) > pH 7 (86%) > pH 
11 (25%). Similar behaviour is exhibited by CA-Si hybrids 
as expressed in the graph with the trend pH 1 = pH 7 
(90%) > pH 5 (8%). CA-Ti hybrids show better performance 
at pH 1 (92%) and pH 7 (90%) as compared to initial pH 
(57%). Similar trend is observed by CA-Zr hybrids as pH 7 
(92%) > pH 1 (90%) > pH 5 (52%). All the hybrids show poor 
retention ability in alkaline pH. The better performance 
of CA based hybrids in the acidic and neutral pH is justi-
fied by the effect of zero charge point. CR is a pH sensi-
tive acidic dye with negative charges on its surface due to 
dissociation of polar sulfonic groups (–SO3

–) [53]. To exam-
ine the surface charges of the CA based hybrids (as shown 
in Fig. 8), the point of zero charge (pHpzc) was calculated. 
The surface charge of adsorbent is described by the ion that 
lies on the surface of the particle (adsorbent). It was found 
that the surface of synthesized hybrids was positively 
charged below pH 8 as compared to raw CA (pHpzc = 6). 
From the view of the adsorbent, if the pH is below the pzc 
value, the surface charge of adsorbent would be positive 
so that the anions can be adsorbed. Conversely, if the pH is 
above the pzc value, the surface charge would be negative 
so that the cations can be adsorbed. This explains the better 
performance of CA based hybrids in acidic and neutral pH 
the surface of CA based hybrids seems to positive below 
pH 8, which induced electrostatic interactions between 
its surface and R-SO3

–; However at high pH, the presence 
of excess OH– ions competes with the dye anions for the 
adsorption sites. Similar results have been reported for the 
adsorption of CR on activated carbon [54,55]. The effect of 
pH variation on adsorption from model solutions became 
more significant as the acidity of the organic compound in 
aqueous solution increased: adsorption was at its strongest 

Table 5
Non-linear isotherm parameters of Langmuir, Freundlich, Temkin and DR for the removal of Congo red by CA based hybrids

Adsorbents Slope (qmax) Intercept (KL) Slope (1/n) n Intercept (log kf) kf (mg/g)

Langmuir Freundlich

CA 0.272 0.01 0.906 1.104 0.388 2.441
CA-Al 0.198 0.001 0.743 1.347 1.389 24.489
CA-Si 0.2 0 1.109 0.902 –1.394 0.04
CA-Ti 0.2 –0.0008 1.155 0.866 –0.903 0.04
CA-Zr 0.2 0 1.154 0.866 –0.824 0.125

Adsorbents B Bt At (L/mg) LnQs Qs (mg/g) Kad (mol2/kJ2)

Temkin DR Model

CA 1.75 1,415.931 9.061 1.322 3.752 6.2 × 10–8

CA-Al 3.973 698.686 81.84 2.811 16.631 2.5 × 10–8

CA-Si 4.256 582.198 32.932 2.541 12.693 3.5 × 10–8

CA-Ti 2.8 884.959 15.756 1.932 6.902 4.6 × 10–8

CA-Zr 2.625 943.715 14.088 1.839 6.292 4.8 × 10–8
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Fig. 7. Effect of pH on % removal of Congo red by CA based hybrids (a and b) CA, (c and d) CA-Al, (e and f) CA-Si, (g and h) CA-Ti, 
and (i and j) CA-Zr.
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in the pH region which yielded the highest proportion of 
undissociated molecules.

3.13. Adsorption kinetics and mechanism

Adsorption kinetics depends on the adsorbate-adsorbent 
interaction and system condition and has been investi-
gated for their suitability for application in water pollution 
control. Two vital evaluation elements for an adsorption 
process operation unit are the mechanism and the reaction 
rate [56]. Solute uptake rate determines the residence time 
required for completing the adsorption reaction and can 
be enumerated from kinetic analysis.

Lagergren’s kinetics equation has been most widely 
used for the adsorption of an adsorbate from an aqueous 
solution.

3.13.1. Lagergren’s first-order

The Lagergren’s first order kinetic equation was applied 
in its linear form:

log log
.

q q q k te t e−( ) = ( ) −
2 303

 (7)

where qt and qe are the amounts of dye adsorbed (mg/g) at 
t and equilibrium time (h), respectively, and k1 represents 
the first-order rate constant (h−1) [57] (Fig. 9).

3.13.2. Ho’s pseudo-second-order

The adsorption data were also analyzed in terms of 
the Ho’s pseudo-second-order model [58] in the following  
form:

t
q k q q

t
t e e

= +
1 1

2
2  (8)

where k2 (g/mg h), the pseudo-second-order rate constant 
(Fig. 10). The initial sorption rate (h0, mg/g h), was deter-
mined when t approaches to zero, as follows:

h k qe0 2
2=  (9)

3.14. Adsorption isotherm

The purpose of studying adsorption models was not 
only to find a convenient mathematical expression for the 
relationship between adsorption capacity and adsorption 

Fig. 8. Plots of ΔpH vs. pHi for salt addition method of cellulose acetate based hybrids (a) CA, (b) CA-Al, (c) CA-Si, 
(d) CA-Ti, and (e) CA-Zr.
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conditions but also to understand the microscopic mech-
anism of adsorption [59]. The isotherm parameters of 
Langmuir, Freundlich, Temkin and DR for the removal of 
Congo red by CA based hybrids are tabulated in Table 5.

3.14.1. Langmuir adsorption isotherm

This describes quantitatively the formation of a mono-
layer adsorbate on the outer surface of the adsorbent, and 
after that no further adsorption takes place. Thereby, the 
Langmuir represents the equilibrium distribution of ions 
between the solid and liquid phases [60]. The Langmuir 
isotherm is applicable for monolayer adsorption onto a sur-
face comprising a finite number of undistinguishable sites. 
The model assumes uniform energies of adsorption onto 
the surface and no transmigration of adsorbate in the plane 
of the surface. Langmuir isotherm accounts for the surface 
coverage by balancing the relative rates of adsorption and 
desorption (dynamic equilibrium) [61]. Based upon these 
assumptions, Langmuir represented the following equation:

q
Q k C
k Ce
L e

L e

=
+
0

1
 (10)

Langmuir adsorption parameters were determined by 
transforming the Langmuir equation into linear form.

1 1 1

0 0q Q Q k Ce L e

= +  (11)

where Ce = the equilibrium concentration of adsorbate 
(mg/L), qe = the amount of dye adsorbed per gram of the 
adsorbent at equilibrium (mg/g), Q0 = maximum monolayer 
coverage capacity (mg/g), KL = Langmuir isotherm constant 
(L/mg).

The values of qmax and KL were calculated from the slope 
and intercept of the Langmuir plot [58], as shown as Fig. 11. 
The essential features of the Langmuir isotherm may be 
expressed in terms of equilibrium parameter RL, which is a 

dimensionless constant referred to as separation factor or 
equilibrium parameter [60].

R
k CL
L

=
+ +( )

1
1 1 0

 (12)

where C0 = initial concentration, and KL = Langmuir constant 
(the constant related to the energy of adsorption).

RL value indicates the adsorption nature to be either 
unfavourable if RL > 1, linear if RL = 1, favourable if 
0 < RL < 1 and irreversible if RL = 0. From the data calcu-
lated in table, the RL is greater than 1 for all the synthesized 
hybrids (CA-Al; 2.180 > CA; 2.018 > CA-Si; 2.000 = CA-Zr; 
2.000 > CA-Ti; 1.998) indicating that equilibrium sorption is 
unfavourable [62–64].

In chemisorption, the amount of adsorbate required 
to occupy all adsorption sites on the solid surface is 
termed as monolayer capacity, whereas, in physisorp-
tion, it represents the amount of material required to 
cover the solid surface with a complete monolayer of the 
adsorbate in a close-packed array [65]. From this research 
work, the maximum monolayer coverage capacity (Qe) 
from Langmuir isotherm model was determined to be 
maximum at the highest concentration of the dye, that is, 
5 ppm. The order of decreasing Qe is as follows: (CA-Al; 
20 mg/g > CA-Si; 19 mg/g > CA-Ti; 12.5 mg/g > CA-Zr; 
12.0 mg/g > CA; 7.7 mg/g), KL (Langmuir isotherm constant) 
is (CA; 0.0097 L/mg > CA-Al; 0.0013 L/mg > CA-Si; 0 L/
mg = CA-Zr; 0 L/mg > CA-Ti; –0.0008 L/mg), RL (the sep-
aration factor CA-Ti) is >1 indicating that the equilibrium 
sorption was unfavourable and the R2 value is 0.997, prov-
ing that the sorption data fitted well to Langmuir isotherm  
model.

3.14.2. Freundlich adsorption isotherm

This is commonly used to describe the adsorption char-
acteristics for the heterogeneous surface [65]. These data 
often fit the empirical equation proposed by Freundlich:

Fig. 9. Lagergren’s first order kinetic model for removal of Congo 
red by cellulose acetate based hybrids (CA, CA-Al, CA-Si, 
CA-Ti and CA-Zr).

Fig. 10. Ho’s second-order kinetic model for removal of Congo 
red by cellulose acetate based hybrids (CA, CA-Al, CA-Si, 
CA-Ti and CA-Zr).
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Q k Ce f
n=
1

 (13)

where kf = Freundlich isotherm constant (mg/g); n = adsorp-
tion intensity; Ce = the equilibrium concentration of adsor-
bate (mg/L); Qe = the amount of dye adsorbed per gram of 
the hybrid material at equilibrium (mg/g) [62]. Linearizing 
above mentioned equation, we have:

log log logQ k
n

Ce f e= +
1  (14)

The constant kf is derived from the intercept indi-
cating the adsorption capacity, while 1/n (slope) is a 
function of the strength of adsorption in the adsorp-
tion process Fig. 12. If n = 1 then the partition between 
the two phases are independent of the concentration. 
The value of n is higher than 1 for CA; 1.104 and CA-Al; 
1.347 showing that the partition between the two phases 
(solid and liquid) is independent of the concentrations, 
whereas, the values of n for remaining hybrids is less 
than one (CA-Si; 0.906, CA-Ti; 0.806, CA-Zr; 0.866) giv-
ing information as the separation is independent of  
concentration.

Fig. 11. Langmuir isotherm model for removal of Congo red by (a) CA, (b) CA-Al, (c) CA-Si, (d) CA-Ti, and (e) CA-Zr.
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Literature shows that if value of 1/n is below one it indi-
cates a normal adsorption and 1/n being above one indi-
cates cooperative adsorption [66]. From the slopes of the 
Freundlich Isotherms, it was evident that the 1/n values of 
CA; 0.906 and CA-Al; 0.746 show normal adsorption and 
for the remaining hybrids it is greater than one (CA-Si; 
1.109, CA-Ti; 1.155, CA-Zr; 1.154) indicating the possibility 
of cooperative adsorption and one (CA; 0.906 and CA-Al; 
0.743) indicating the normal adsorption. On the other hand, 
the slope (1/n) of the remaining hybrids is higher than one 
showing the nature of adsorption as cooperative adsorption.

kf and n are parameters characteristic of the sorbent-sor-
bate system, which must be determined by data fitting and 
whereas linear regression is generally used to determine the 
parameters of kinetic and isotherm models [67]. Specifically, 
the linear least-squares method and the linearly transformed 
equations have been widely applied to correlate sorption 
data where 1/n is a heterogeneity parameter, the smaller 1/n, 
the greater the expected heterogeneity. The trend of hetero-
geneity is as follows:

CA-Al > CA > CA-Si > CA-Ti > CA-Zr. This expression 
reduces to a linear adsorption isotherm when 1/n = 1. If n 
lies between one and ten, this indicates a favorable sorption 
process [68].

3.14.3. Temkin isotherm

This isotherm is only suitable for intermediate range 
of adsorbate concentrations because it exhibits unrealistic 
asymptotic behavior and does not predict Henry’s laws at 
low pressure [69].

The model is a semiempirical equation in which adsorp-
tion follows a pore filling mechanism [70]. It presumes a 

multilayer character involving Van Der Waal’s forces, appli-
cable for physical adsorption processes, and is a fundamental 
equation that qualitatively describes the adsorption of gases 
and vapours on microporous sorbents [60].

This isotherm contains a factor that explicitly taking 
into the account of adsorbent–adsorbate interactions. By 
ignoring the extremely low and large value of concentra-
tions, the model assumes that heat of adsorption (function 
of temperature) of all molecules in the layer would decrease 
linearly rather than logarithmic with coverage [70]. It is usu-
ally applied to differentiate between physical and chemical 
adsorption [71].

As implied in the equation, its derivation is characterized 
by a uniform distribution of binding energies (up to some 
maximum binding energy) by plotting the quantity sorbed 
qe against lnCe and the constants were determined from the 
slope and intercept. The model is given by the following 
equation [65].

q RT
b

A Ce T e= ( )ln  (15)

q RT
b

A RT
b

Ce
T

T e= +






ln ln  (16)

B RT
bT

=  (17)

q B A B Ce T e= +ln ln  (18)

where AT = Temkin isotherm equilibrium binding con-
stant (L/g); bT = Temkin isotherm constant; R = universal 

Fig. 12. Freundlich isotherm model for removal of Congo red by (a) CA, (b) CA-Al, (c) CA-Si, (d) CA-Ti, and (e) CA-Zr.



317I. Asif, U. Rafique / Desalination and Water Treatment 244 (2021) 302–324

gas constant (8.314 J/mol/K); T = Temperature at 298 K; 
B = Constant related to heat of sorption (J/mol). From the 
Temkin isotherm plots shown below, the values of B were 
calculated from the slopes, and bT was determined by using 
the formula shown below:

b RT
BT =  (19)

were estimated (Fig. 13). AT = 1.075 L/g, B = 25.34 J/mol 
which is an indication of the heat of sorption indicating a 
physical adsorption process and the R2 = 0.62.

3.14.4. Dubinin–Radushkevich isotherm model

Dubinin–Radushkevich isotherm is generally useful to 
explain the adsorption mechanism with a Gaussian energy 
distribution onto a heterogeneous surface [58]. The model 
has often successfully fitted high solute activities CA-Ti 
and the intermediate range of concentrations data well:

q q ke s= ( ) −( )exp adε2  (20)

ln lnq q Ke s= ( ) − ( )adε2  (21)

where qe, qs, Kad, are qe = amount of adsorbate in the adsorbent 
at equilibrium (mg/g); qs = theoretical isotherm saturation 
capacity (mg/g); Kad = Dubinin–Radushkevich isotherm 

constant (mol2/kJ2) and e = Dubinin–Radushkevich iso-
therm constant. The approach was usually applied to dis-
tinguish the physical and chemical adsorption of metal ions 
with its mean free energy, E per molecule of adsorbate (for 
removing a molecule from its location in the sorption space 
to the infinity) can be computed by the relationship [65].

E
B

=
1
2 DR

 (22)

where BDR is denoted as the isotherm constant. Meanwhile, 
the parameter can be calculated as:

ε = +








RT

ce
ln 1 1  (23)

where R, T and Ce represent the gas constant (8.314 J/
mol K), absolute temperature (K) and adsorbate equilib-
rium concentration (mg/L), respectively [72]. The constant 
such as qs and Kad were determined from the appropri-
ate plot using above equation. From the linear plot of 
DRK model) (Fig. 14), qs was determined and found to be 
(CA; 3.752, CA-Al; 16.631, CA-Si; 12.693, CA-Ti; 6.902, 
CA-Zr; 6.292 mg/g, the mean free energy, E = 0.7 KJ/mol 
indicating a physiosorption process and the R2 = 0.818 
(CA), 00.974 (CA-Al), 0.921 (CA-Si), 0.817 (CA-Ti), 0.857  
(CA-Zr).

Fig. 13. Temkin isotherm model for removal of Congo red by (a) CA, (b) CA-Al, (c) CA-Si, (d) CA-Ti, and (e) CA-Zr.
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Fig. 14. DR Isotherm model for removal of Congo red by (a) CA, (b) CA-Al, (c) CA-Si
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4. Proposed adsorption mechanism

Congo red is an elongated, flat molecule with bilateral 
symmetry. It possesses three bonding sites in a molecule 
for van der Waal’s forces including sulfonic acids, amines 
and a large conjugated system. The distance between ionic 
bonding sites ranges from 18.3 to 22.1 Å, with lowermost 
hydrogen atoms on the amines 14.6 Å apart [46].

The present analysis of BET shows an increase in sur-
face area, micropore volume and diameter, enhancing the 
binding of Congo red molecules on to the surface of syn-
thesized hybrids more efficient in the synthesized hybrids. 
Furthermore, the pzc values indicate that the surface is posi-
tively charged below pH 8, facilitating the removal of Congo 
red (anionic dye).

5. Conclusions

Cellulose acetate based hybrids were synthesized by 
using a facile approach. The elucidation data showed 
formation of an amorphous agglomerates on the cel-
lulose acetate surface, with the London type nature of 

interaction. The hybrids were subjected to the removal 
studies of Congo red dye from model solutions It was 
concluded that the hybrids performed extremely well at 
a wider range of pH (1–7) with 0.1 ppm dye concentra-
tion, 10 mg dose/0.05 L dye solution, which is in agreement 
with the pzc. Kinetic studies reveal that the adsorption fol-
lows pseudo-second-order reaction mechanism. The order 
of decreasing Qe is as follows: (CA-Al; 20 mg/g > CA-Si; 
19 mg/g > CA-Ti; 12.5 mg/g > CA-Zr; 12.0 mg/g > CA; 
7.7 mg/g), KL (Langmuir isotherm constant) is (CA; 0.0097 L/
mg > CA-Al; 0.0013 L/mg > CA-Si; 0 L/mg = CA-Zr; 0 L/
mg > CA-Ti; –0.0008 L/mg), RL (the separation factor) is >1 
indicating that the equilibrium sorption was unfavourable 
and the R2 value is 0.997 for parent material and 1 for each 
of the synthesized hybrids, proving that the sorption data 
fitted well to Langmuir isotherm model.

From the slopes of the Freundlich isotherms, it was 
evident that the 1/n values of CA; 0.906 and CA-Al; 0.746 
show normal adsorption and for the remaining hybrids 
it is greater than one (CA-Si; 1.109, CA-Ti; 1.155, CA-Zr; 
1.154) indicating the possibility of cooperative adsorption.

Fig. 14. DR Isotherm model for removal of Congo red by (d) CA-Ti, and (e) CA-Zr.
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From the linear plot of DRK model, qs was determined 
and found to be (CA; 3.752, CA-Al; 16.631, CA-Si; 12.693, 
CA-Ti; 6.902, CA-Zr; 6.292 mg/g, the mean free energy, 
E = 0.7 kJ/mol indicating a physiosorption process and the 
R2 = 0.818 (CA), 00.974 (CA-Al), 0.921 (CA-Si), 0.817 (CA-
Ti), 0.857 (CA-Zr). We believe that the approach presented 
herein can provide a convenient way to synthesize sustain-
able and inexhaustible new materials that can be used as 
potential adsorbent for the removal of wide range of organic 
dyes from wastewater.
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Annexure A: Proton NMR spectra of cellulose acetate based hybrids (a) CA, (b) CA-Al
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Annexure A: Proton NMR spectra of cellulose acetate based hybrids (c) CA-Si, (d) CA-Ti, and (e) CA-Zr.
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Annexure 2: DES spectrum of cellulose acetate based hybrids (a) CA-Al, (b) CA-Si, (c) CA-Ti, and (d) CA-Zr.
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