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Abstract
With the recent rapid growth of the dyeing industries, extensive water contamination driven on by heavy metals and synthetic 
organic dyes has become more and more dangerous. Herein, we focused on adopting an adsorptive approach and designing of 
highly efficient and novel citric acid–modified Saccharum munja (CA-SM) with substantially dispersed adsorption sites for 
the adsorption of organic dyes and heavy metal. The physicochemical properties of as-synthesised biosorbent were explored 
by characterising with field emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX), 
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and differential scanning calorimetry (DSC). 
Further, Box-Behnken design under response surface methodology was employed to optimise the various parameters like 
pH, dosage and concentration. The model was found to be significant, reproducible and highly precise. The thermodynam-
ics study revealed the adsorption process to be endothermic and spontaneous in nature. Moreover, the isotherm data was 
well fitted with Langmuir model for crystal violet (CV) and fuchsin basic (BF) dyes, while copper  (Cu2+) adsorption was 
best fitted with Temkin model. The maximum monolayer adsorption capacity for CV, BF and  Cu2+ was 265.95, 229.88 and 
10.054 mg/g respectively. Pseudo-second-order kinetic model was found to be the best representatives for all the contami-
nants. Furthermore, hydrogen bonding, pi-pi interactions and electrostatic interactions governed an important role towards 
the adsorption mechanism. Overall, this work involves the utilisation of citric acid–modified Saccharum munja as a novel 
and sustainable biosorbent for removal of dyes and heavy metal.
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1 Introduction

Increasing contamination of global water resources and chal-
lenges in rapid treatment and detection of the wide range of 
contaminants impose significant strains on public health. 
According to World Health Organization report, only 25% 
of the world’s population is privy to safe drinking water 
[1]. Water pollution is mainly caused by the industries that 

discharge dyes, heavy metals, pharmaceutical effluents and 
a variety of other organic contaminants [2]. These conven-
tional and emerging contaminants pose consequent jeopard-
ising threats to ecosystems and human health due to their 
persistence, toxicity and potential for bioaccumulation. In 
recent years, the escalating concern over environmental 
pollution has prompted the research for effective and eco-
friendly remediation strategies.

Conventional methods, such as chemical deposition, ion 
exchange, coagulation-flocculation, photocatalytic degra-
dation, membrane separation, adsorption and adsorptional-
photocatalytic remediation [3–9], have been utilised to 
eradicate the dyes and heavy metal pollutants from water 
resources. Most of these methods have shown limitations 
in terms of efficiency, cost and environmental impact. Con-
sequently, researchers have turned their attention towards 
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sustainable and greener solutions that utilise biodegradable 
materials capable of efficiently sequestering these pollutants 
from contaminated water sources. Considering this aspect, 
adsorption using biomass-based adsorbents in raw or modi-
fied form is one of the simple strategies that has piqued the 
interest of researchers due to its low cost, unique chemical 
composition, abundant availability, ease of design, renew-
able nature and high efficiency when compared to other 
methods [10–13]. These biomass-based adsorbents have cel-
lulose, hemicelluloses and lignin as their main constituents. 
They may also contain additional functional groups, such 
as hydroxyl, carbonyl, carboxyl, aldehyde, phenolic and/
or ether groups, which can interact with wastewater pollut-
ants through a wide range of selective binding mechanisms 
[14]. However, the adsorption efficiency of raw biomass 
wastes is often lower than those of synthetic commercial 
adsorbents [15]. As a result, various physical and chemical 
treatment procedures using organic compounds (citric acid, 
tartaric acid, malic acid, methanol), oxidising agents  (H2O2, 
 KMnO4, formaldehyde), bases (NaOH,  Na2CO3, Ca(OH)2), 
organic and mineral acids (HCl,  H2SO4,  HNO3, acetic acid) 
and other chemicals (epichlorohydrin,  SOCl2,  ZnCl2) have 
been employed to improve the sorption characteristics of raw 
biomass [16–18]. Among these modifiers, citric acid modi-
fied biomasses have emerged as a promising, economic and 
eco-friendly approach to address the growing concerns of 
water pollution. Importantly, such a renewable and sustain-
able approach aligns with the principle of circular economy 
and green chemistry. Different biomass such as red seaweed 
[19], watermelon shell [20], rice straw [21], soyabean straw 
[22], soyabean hulls [23], kenaf core fibres [24], pine cone 
[25], wheat straw [26], peanut shell [27], corncob [28], pine 
sawdust [29], Ceiba Pentandra hulls [30] and coffee grains 
[31] have been modified with citric acid and studied for the 
removal of contaminants from wastewater. Further, as per 
prior reports, citric acid is a non-toxic crosslinking agent or 
chelator that can be esterified with hydroxyl groups under 
heat to generate a new material surface, enhancing metal ion 
or dye adsorption capability [27, 29]. However, continuous 
research and development are still needed to fully explore 
the potential of CA-modified biosorbents and integrate them 
into mainstream water purification technologies.

Cationic dyes, BF and CV are notorious for their carcino-
genic and death-defying nature and have been identified as 
more toxic than anionic dyes, with relatively high tinctorial 
values (< 1.0 mg/L) [32]. Even at low concentrations, these 
chemical dyes pose a serious risk to marine life as well as 
human health. CV, a triarylmethane dye, is used to prevent 
and suppress the growth of the fungal infection. It can be 
used as a bacteriostatic agent and as an active element in 
Gram’s stain. CV has liability for causing moderate eye irri-
tation, causing painful sensitisation to light [33, 34]. Basic 
fuchsin dye is also a triarylmethane dye that is inflammable 

in nature and has anaesthetic, antibacterial and fungicidal 
characteristics. It is frequently employed as a colorant in tex-
tile and leather goods, as well as in the staining of collagen 
and muscle and mitochondria, as well as tubercle bacteria 
[35–37]. Due to its properties of poor biodegradation, toxic-
ity, carcinogenicity and unsightliness, the removal of both 
CV and BF from wastewater systems is of great concern and 
should be tested and employed promptly.  Cu2+ is hazardous 
to aquatic life even at low concentrations in natural water 
and can cause abnormalities with the hepatic, renal, capil-
lary and central nervous systems [38]. The highest permitted 
content of  Cu2+ in drinking water, according to Environmen-
tal Protection Agency (EPA) and World Health Organization 
(WHO) recommendations, is 2 and 1.3 mg/L, respectively 
[39]. Furthermore, EPA has issued a copper limit of 0.25 
mg/L for industrial effluent discharged to surface water [22]. 
The more hazardous oxidation state of copper is the diva-
lent state [40]. If people are exposed to copper concentra-
tions above 1.3 mg/L even for short periods of time, various 
diseases and disorders such as liver damage, stomach and 
intestinal problems, Wilson disease and insomnia may cause 
[41, 42]. Thus, the removal of dyes and heavy metals from 
wastewater is crucial because they constitute a major threat 
to both human and the environment.

Saccharum munja (SM) is a widespread perennial grass 
of the Poaceae family that is resistant to drought and covers 
an area of around 14.0 million square kilometres on Earth. 
It is primarily found in arid locations [43]. The plant has 
a potent regenerative capability and was primarily utilised 
for the extraction of munj fibre; however, with the grow-
ing popularity of synthetic fibres, the intended use of this 
plant has gradually diminished, resulting in overgrowth 
[44]. Therefore, SM is presently a waste biomass that farm-
ers periodically burn, causing atmospheric pollution. SM 
contains 35.1% cellulose, 38.9% hemicellulose and 17.9% 
lignin, which provides a variety of functional groups for 
interaction with adsorbates [45, 46], since these lignocel-
lulosic materials comprise hydroxyl groups on their surface 
and these functional groups can also be changed to improve 
the adsorption effectiveness of native SM for removal of 
water contaminants [47]. Therefore, in this study, we have 
chemically functionalised the native SM for the efficient 
elimination of contaminants from aqueous solution.

On the basis of literature review, we found that various 
biomass has been modified chemically to introduce surface 
functional groups for the enhanced adsorption of dyes and 
heavy metals. However, among various modifications, the 
use of citric acid is a comparatively greener and economic 
approach for modification of biomass. Also, different bio-
mass has been modified with citric acid for the removal 
of contaminants. On critical analysis of these reports, we 
found that the scheme adopted for the modification is not 
completely optimised. Secondly, the effect of binder amount 
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on the chemical modification is not addressed well. Thus, 
considering these gaps, in the present work, novel citric 
acid–modified SM biosorbents have been synthesised by 
varying the amount and concentration of binder  KH2PO4 and 
CA respectively, while the best formulation thus obtained 
was further utilised. To the best of our knowledge, there 
is no report on the chemical functionalisation of SM with 
citric acid for the efficient elimination of crystal violet dye, 
fuchsin basic dye and copper metal ion from aqueous solu-
tion. Herein, carboxyl groups were introduced into the cellu-
losic material through the esterification of citric acid which 
resulted in enhanced adsorption performance as well as its 
stability. Furthermore, the modification of SM with CA is 
an ecologically friendly process as well as it also avoids 
secondary contamination [48]. The optimisation of factors 
affecting the adsorption efficiency of CA-SM was carried 
out statistically using BBD-RSM design. The complicated 
interactions occurring between pH, dosage and concentra-
tion were evaluated systematically in order to achieve the 
highest contaminant removal by carrying out 17 tailored 
experiments[49]. The reproducibility, adequacy, precision 
and significance of the model were predicted in terms of 
statistical coefficients like coefficient of variance, adequate 
precision value, model F value and p-value. 2-D and 3-D 
plots were also examined to study the mutual interactions of 
the affecting parameters. Further, the kinetics and thermo-
dynamics of the process were evaluated along with the iso-
therm studies to explore the underlying adsorption process 
mechanism and spontaneity of the overall process. Conclu-
sively, the primary goals of this research are to (i) investi-
gate a novel biosorbent and assess its efficacy in eliminating 
dyes and heavy metals from wastewater; (ii) produce and 
characterise carboxylic acid–functionalised biosorbent that 
meets 4-E strategy, i.e. environmental benign, easy to pre-
pare, efficient and economical; (iii) elucidate its biosorption 
process through an investigation of kinetic, thermodynamics, 
equilibrium and statistical modelling; and (iv) investigate 
the adsorption mechanism involved in adsorption process. 
Overall, the present work provides a sustainable approach 
for treating dyes and heavy metal–contaminated water effi-
ciently and would significantly contribute to the reduction 
of carbon footprints.

2  Materials and methods

Saccharum munja (SM) plant stems were collected from 
region near Chaudhary Bansi Lal University, Bhiwani, India, 
located at geographical coordinates of 28°86′N latitude and 
76°9′E longitude. All the reagents and chemicals utilised 
were of high quality and analytical grade. Fuchsin basic (BF, 
Basic Fuchsin,  C20H20ClN3, M.W.=337.84g/mol), copper(II) 
chloride  (CuCl2·2H2O, 99%), hydrochloric acid (HCl), nitric 

acid  (HNO3), sulphuric acid  (H2SO4), sodium chloride 
(NaCl, 99.9%), sodium hydroxide (NaOH, 98%) and acetone 
(99.5%) were purchased from Sisco Research Laboratories 
Pvt. Ltd.; crystal violet (CV, methyl violet 10B,  C25H30ClN3, 
M.W. 408g/mol) was obtained from Himedia Laboratories 
Pvt. Ltd., while potassium dihydrogen orthophosphate 
 (KH2PO4, >99%) and citric acid (99.5%) were procured 
from Fischer Scientific India Pvt. Ltd.

2.1  Preparation and optimisation of CA‑modified 
native SM

The stems of SM were cut into small pieces, peeled off 
to remove the outer hydrophobic layer and subjected to 
washing with distilled water repetitiously to remove dust 
and impurities. It was oven-dried at 50°C, grinded, sieved 
through the 120 BSS mesh sieve and stored in an air-tight 
container and denoted by native SM as given in Scheme 1.

For the modification of native SM with CA and to study 
the effect of binder,  KH2PO4, on the infusion of CA on the 
biomass surface, two trials were conducted as per scheme I 
and IV given in the Table 1. Further, six different schemes 
(II to VII) were followed by varying the concentration of CA 
from 0.05 to 1 M. The ratio of CA to binder was kept con-
stant for the schemes II–VII. Briefly, 0.5 g of native SM was 
stirred in 50 mL of CA and  KH2PO4 solutions as provided 
in the Table 1 for 1 h at room temperature. The dispersion 
was kept in oven at 150°C for complete evaporation of the 
solvent. As, the prepared CA-modified biosorbents, after 
successful esterification, was repeatedly washed with dis-
tilled water until neutral pH was obtained. Further, TDS of 
the filtrate was also checked to ensure the absence of soluble 
contents of SM into the aqueous phase/filtrate. The obtained 
CA-modified adsorbents were dried, grinded, sieved and 
used in powdered form after treatment.

Further, the percentage removal of the BF (50 ppm), 
CV (50 ppm) and Cu (25 ppm) was analysed by adding 
0.01 g, 0.01 g and 0.02 g of the adsorbents obtained as per 
schemes given in Table 1 to 10 mL of solution volume. It 
was observed that maximum removal was obtained with the 
adsorbent prepared as per scheme IV, which was denoted by 
CA-SM and used for further studies.

2.2  Characterisation of adsorbent

The modification of native SM with CA and infused phys-
icochemical characteristics were analysed through various 
characterisation techniques like FESEM, EDX, FTIR, XRD 
and DSC. The porosity and changes in surface morphology 
of the adsorbent before and after adsorption was observed by 
FESEM (7610F Plus, JEOL). EDX (Ametak) was employed 
to configure the elemental composition of the adsorbent. 
Moreover, FTIR analysis (using Frontier, Perkin Elmer 
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spectrometer) was observed to ascertain the chemical func-
tional groups on the surface of the adsorbent with a scan-
ning range of 4000–400  cm−1. The crystal phase structure 
analysis of the adsorbent was carried out on a Rigaku X-Ray 
Powder Diffractometer Miniflex-600 (using CuKα radiation 
with wavelength 1.5 A°) in the range 5° to 80° (2θ) with a 
scanning rate of 2 degrees per minute. Further, the ther-
mal stability and enthalpy changes were performed on a TA 
Instruments Waters make DSC, Q-10 model with a heating 
rate of 10 °C/min.

2.3  Batch adsorption studies

Separate stock solutions of BF (1000 mg/L), CV (1000 
mg/L) and Cu (500 mg/L) were prepared by dissolving a 

requisite amount of BF dye, CV dye and  CuCl2 respec-
tively in distilled water, which was further diluted to obtain 
different concentrations involved in the study. The pH of 
the dyes and heavy metal solutions was adjusted by using 
0.1M NaOH and 0.1M HCl solutions. In the present study, 
to optimise and evaluate the effect of interacting factors 
like pH, concentration and dosage, Box-Behnken design 
(BBD) under response surface methodology (RSM) was 
adopted. The experimental model of BBD was based on 
three coded factors named as concentration (A), dosage (B) 
and pH (C), and the % removal was opted as the response of 
the design. For the dye solutions, the experimental model 
under BBD design consists of 17 customised setups involv-
ing the varying range of initial concentration (50–500 
mg/L), CA-SM dosage (0.01g–0.03g/10mL) and pH of dye 
solution (2–11). However, the interacting parameters for 
Cu consists of initial concentration (5–50 mg/L), CA-SM 
dosage (0.02–0.06g/20mL) and pH of Cu solution (2–8) 
involving 17 different experimental setup. The contact time 
for RSM modelling for both BF and CV dyes was 10 min 
while the contact time for Cu was 30 min. Further, the 
analysis of variance (ANOVA) was checked for finding out 
the significance of the most suitable model for each of dyes 
and heavy metal. In a typical procedure, a known amount 
of adsorbent was stirred on a temperature-controlled mag-
netic stirrer with a definite volume of dye (10 mL) or heavy 
metal (20mL) solution with a specified pH for a fixed time, 
and the % removal as a response was noted.

Scheme 1  Preparation of CA-SM biosorbent

Table 1  Schemes for the optimisation of reagents

Scheme no. Amount of native 
SM (g)

Concentration of 
CA (50 mL)

Amount 
of 
 KH2PO4
(g)

I 0.5 0.15 M 0
II 0.5 0.05 M 0.2083
III 0.5 0.10 M 0.416
IV 0.5 0.15 M 0.625
V 0.5 0.2 M 0.833
VI 0.5 0.5 M 2.083
VII 0.5 1 M 4.166
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The initial and residual concentration of dyes in the solu-
tions before and after the adsorption was quantitatively 
analysed by using a UV-Visible spectrophotometer (Sys-
tronics, 117) and measuring the absorbance of BF and CV 
at a wavelength of 546 nm and 582 nm respectively. The 
concentration of Cu in the solution was determined by using 
atomic adsorption spectrophotometer (GBC 932 plus) at a 
wavelength of 222.6 nm. The following equations (1–3) [33, 
45, 50] were employed for calculation of percentage removal 
and adsorption capacity of dyes and heavy metal:

where Co (mg/L) is the initial concentration; Ce (mg/L) is the 
equilibrium concentration, Ct (mg/L) is the concentration at 
time t; M is the mass of adsorbent in g and V is the volume 
of solution in L.

The point of zero charge ( pHpzc ) was calculated by fol-
lowing the pH-drift method as earlier reported in the litera-
ture [51]. Briefly, 0.15 g of CA-SM was added in 50 mL 
solution of 0.01 N NaCl with initial pH ranging from 2 to 
12, stirred continuously for 24h, filtered, and the final pH of 
the solution was noted.

For exploration of kinetic study of adsorption for dyes, 
0.01g of CA-SM was dispersed in 10 mL of 75mg/L dye solu-
tion with a time period of 1 to 60 min while 0.04g of CA-SM 
was added in 20 mL of 25mg/L Cu solution with a time range 
varying from 1 to 120 min. Further, the isotherm study for 
dyes (BF and CV) was conducted by varying the concentra-
tion from 50 to 500 mg/L with CA-SM dosage of 0.01g/10mL 
for a contact time of 10 min, while isotherm study for Cu 
involved the range of concentration (5–50 mg/L) with CA/

(1)% Removal =
(Co − Ce)

Co

× 100

(2)
At equilibrium, Adsorption Capacity, qe(mg∕g) =

(Co − Ce) × V

M

(3)At anytime, t, Adsorption Capacity, qt(mg∕g) =
(Co − Ct) × V

M

dosage of 0.04 g/20 mL for a contact time of 30 min. The ther-
modynamics study was carried out in the temperature range of 
25–60 °C (dye concentration = 75 mg/L with CA-SM dosage 
of 0.01 g/10 mL for 10 min and Cu concentration = 25 mg/L 
with CA-SM dosage of 0.04 g/20 mL for 30 min).

3  Results and discussion

3.1  Optimisation of CA‑modified adsorbent 
and evaluation of pHpzc of CA‑SM

Native SM was modified by varying the concentrations 
of CA solution and respective amount of binder under the 
schemes I to VII as given in Table 1. In order to optimise 
the best modified adsorbent, the % removal of dyes (BF 
and CV) and Cu was evaluated by using native SM and the 
adsorbents obtained from different schemes. It was observed 
that native SM showed a removal of 74.10%, 92.36% and 
46.35%, while the adsorbent prepared under the scheme IV 
showed a removal of 95.98%, 98.17% and 68.07% for BF, 
CV and Cu respectively. By comparing the % removal of all 
the three contaminants by the prepared adsorbents, it was 
analysed that the adsorbent obtained from scheme IV gives 
the best result which was utilised for further studies. The % 
removal of native SM and other adsorbents for BF, CV and 
Cu is represented in Fig. 1a.

The pHpzc is the value of pH at which the surface of 
biomass behaves as neutral in terms of charge distribution. 
The pHpzc of CA-SM was calculated to be 3.47 by using 
pH-drift method as depicted in Fig. 1b. The incorporation 
of –COOH groups was confirmed by the resonating values 
of pHpzc (3.47) of the adsorbent and  pKa value (3) of car-
boxyl group. At pH >3, –COOH groups were present in 
–COO− form while at pH <3, protonated form as –COOH 
was present. Moreover, the surface of CA-SM as a whole 
carried a positive charge at pH <3.47 and negative charge 
was more dominating at pH >3.47.

Fig. 1  a Optimisation results 
for native SM and CA-modified 
adsorbents and b pH

pzc
 of 

CA-SM
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3.2  Characterisation studies

3.2.1  FESEM analysis

The structural and surface morphological characteristics 
including porosity and roughness of native SM and CA-SM 
were analysed with FESEM as shown in Fig. 2a–d. Fig. 2a 
clearly demonstrates the porous structure of native SM hav-
ing an oval opening. The surface of native SM was also 
analysed at different magnifications that shows the smooth 
as well as vibrant porous surface texture. Moreover, the 
incorporation of CA onto native SM surface enhanced the 
surface roughness as shown in Fig. 2c. The CA-SM showed 
a highly varied surface with an apparent significant varia-
tion in pore sizes (Fig. 2d) and surface morphology. The 
increased roughness as well as incorporation of CA onto 
native SM surface resulted in more interaction with dyes 
and heavy metal.

3.2.2  EDX

EDX elemental mapping was employed to analyse the ele-
mental composition of adsorbents. The EDX data of native 
SM and CA-SM is depicted in Fig. 3a and b respectively. By 
analysing the weight % age of different elements in Fig. 3a 
and b, it was noticed that weight % of oxygen got enhanced 
in CA-SM as compared to native SM which was attributed 
to incorporation of oxygenated functional groups onto native 

SM surface. This observation is directly responsible for the 
carboxylic modification of native SM surface with CA.

3.2.3  FTIR

FTIR spectra of native SM, CA-SM, BF-loaded SM, CV-
loaded SM and Cu-loaded SM were analysed as given in 
Fig. 4. The major peaks observed in native SM were at 1034 
 cm−1, 1098  cm−1, 1159  cm−1, 1239  cm−1, 1321  cm−1, 1371 
 cm−1, 1509  cm−1, 1603  cm−1, 1634  cm−1, 1728  cm−1, 2893 
 cm−1 and 3345  cm−1. The peaks between 1000 and 1200 
 cm−1 corresponds to fingerprint region of the cellulosic 
group [25]. The peak obtained at 1239  cm−1 is attributed 
to ether linkage between lignin and carbohydrates [52]. The 
band at 1510  cm−1 is accompanied with stretching of aro-
matic rings [27]. The peak at 2900  cm−1 was due to the C–H 
asymmetrical stretching vibration of methyl groups on the 
surface [27]. The broad band obtained at 3345  cm−1 was 
due to stretching vibrations of O–H stretching groups from 
cellulose, hemicellulose and lignin; and the sharp peak at 
1035  cm−1 was due to hemicellulose C–O stretching [22, 
53]. After modification of native SM with CA, the position 
of most of the peaks was the same with slight variations in 
peak intensity. The major change was associated with the 
peak at 1728  cm−1 in native SM that got shifted to 1722 
 cm−1 with an enhanced peak intensity indicating the suc-
cessful esterification of native SM with CA [21]. Moreover, 
two new peaks were observed in CA-SM at 1204  cm−1 and 
1426  cm−1 where the peak at 1204  cm−1 corresponds to C–O 

Fig. 2  FESEM images of native 
SM (a–b), CA-SM (c–d)
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stretching band of ester and the peak at 1426  cm−1 corre-
sponds to OH stretching of carboxylic acid that played a 
good role in dye adsorption. The BF-loaded CA-SM showed 

a characteristic peak at 3189  cm−1 due to N–H stretching 
involved during hydrogen bonding. Further, a pronounced 
enhancement of the C=C band of the aromatic rings at 1584 
 cm−1 in FTIR of BF-loaded CA-SM and CV-loaded CA-SM 
suggests a significant change in polarity of new molecule 
due to adsorption of these dyes on CA-SM surface [28]. 
However, in FTIR of Cu-loaded CA-SM, a broader band 
was observed at 3345  cm−1 indicating the involvement of 
hydroxyl groups in binding of Cu metal ions and the inten-
sity of peak at  1722cm−1 also got reduced due to the interac-
tions of carboxylic functional groups with Cu metal ions.

3.2.4  XRD

The XRD of native SM and CA-SM as depicted in Fig. 5a 
was analysed to discuss various aspects associated with 
the crystallinity of the material. The XRD patterns of both 
native SM and CA-SM showed the main peaks at 2θ=21.7° 
which is due to crystallinity of cellulose showing the (002) 
crystal plan; and the secondary solder peaks at 2θ=16.5° is 
attributed to the amorphous part of cellulose [54]. The peak 
at 2θ=35° corresponds to cellulosic portion of the biosorb-
ent. The relative presence of similar peaks for native SM 

Fig. 3  EDX analysis of native SM (a) and CA-SM (b)

Fig. 4  FTIR spectra of native SM, CA-SM, BF-loaded CA-SM, CV-
loaded CA-SM and  Cu2+ loaded CA-SM
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and CA-SM demonstrates that the esterification introduced 
no specific changes to SM surface and incorporation of CA 
did not damage the crystal organisation of cellulose after 
esterification [55, 56]. The sharp peak corresponds to the 
crystallinity of the material. The absence of the sharp peak 
indicates the amorphous nature of native SM and CA-SM 
suggesting that dyes and metal ion could more easily pen-
etrate into the rough surface of the adsorbent. Moreover, the 
reduced crystallinity can be ascribed to the insertion of the 
grafted chains of CA onto the native SM backbone, which 
may lead to breaking of hydrogen bonding in the CA-SM 
structure, resulting in an amorphous structure [30].

3.2.5  DSC

The DSC curve for CA-SM is depicted in Fig. 5b and three 
endothermic peaks at 75.6°C, 225.11°C and 342.40°C were 
observed. The first endothermic peak at 75.6°C corresponds 
to desolvation of water molecules present in CA-SM [57]. 
The absence of melting point peak of CA at 160°C gives 
an evidence for absence of free CA in the biosorbent [58]. 
Moreover, the peaks observed at 225.11°C and 342.40°C 
were due to thermal decomposition of hemicellulose and 
cellulose structure present in CA-SM respectively [55, 59].

3.3  RSM modelling with CA‑SM

RSM is a statistical and mathematical modelling tool to 
evaluate the effect of various interacting factors and opti-
mise the most preferred conditions in order to maximise 
the particular response of the design. The suitability of 
RSM can also be ensured to diagnose the reproducibility 
and significance of the experiment in terms of best suited 
model following the central-composite design, BBD, 
three-level factorial design, hybrid design etc. Also, the 
2D diagnostic plots of RSM are a promising tool to check 

the resonance between the actual and predicted value of 
response, and to observe the trend of studentised residu-
als. Moreover, ANOVA gives a statistical approach to the 
model and resolves about the adequacy and validity of the 
model in terms of regression coefficients.

3.3.1  BBD design

In the present study, BBD design was implemented to study 
impact of interactional behaviour of the three independ-
ent variables [concentration (A), dosage (B) and pH (C)] 
on the % removal (Response) of the dyes and heavy metal. 
The design was checked for the fitting of linear, quadratic 
and cubic model; but the quadratic model was found to be 
the best suited in all cases. BBD-RSM design matrix along 
with actual and predicted value of response (% removal) 
is given in Table 2 (for BF and CV dye) and Table 3 (for 
 Cu2+). Further, ANOVA was employed to explain the inter-
action between various independent variables in terms of 
second order polynomial equation. The BBD-RSM regres-
sion model equations obtained for calculation of % removal 
in terms of coded factors are given in Eqs. (4, 5, 6) for BF, 
CV and  Cu2+ respectively, where positive sign before the 
terms signifies the synergistic effect while the negative sign 
corresponds to antagonistic effect of coded factors A, B and 
C towards the % removal of dyes and heavy metal [60].

(4)

% Removal (BF) = + 83.69 − 11.67 × A + 5.35 × B + 14.28 × C

+ 2.25 × A
2 − 0.23 × B

2 − 5.96 × C
2 + 4.27

× A × B + 6.16 × A × C − 4.26 × B × C

(5)

% Removal (CV) = + 92.78 − 8.05 × A + 5.22 × B + 8.43 × C − 1.02

× A
2 − 1.54 × B

2 − 5.37 × C
2 + 3.60 × A × B

+ 1.68 × A × C − 3.90 × B×

Fig. 5  a XRD of CA-SM and 
native SM, b DSC curve for 
CA-SM



Biomass Conversion and Biorefinery 

(6)

% Removal (Cu) = + 64.15 − 26.27 × A + 5.62 × B + 13.77 × C

+ 4.02 × A
2 − 0.83 × B

2 − 3.42 × C
2 + 2.55

× A × B + 4.23 × A × C − 0.69 × B × C

where A, B and C are linear coefficients; A2, B2 and C2 are 
quadratic coefficients; and AB, AC and BC are the interact-
ing coefficients.

Table 2  BBD-RSM design matrix for BF and CV dye along with actual and predicted values of % removal

Standard order A: concentra-
tion (ppm)

B: dosage C: pH %
removal actual 
value (BF)

%
removal predicted 
value (BF)

% removal actual 
value (CV)

% removal 
predicted value 
(CV)

1 175 0.02 6.5 84.14 83.69 92.68 92.78
2 175 0.03 11 94.58 92.88 96.94 95.61
3 300 0.03 6.5 84 83.67 89.46 90.98
4 175 0.01 2 51.92 53.62 67 68.33
5 300 0.01 6.5 65.7 64.43 73.48 73.35
6 175 0.02 6.5 85.19 83.69 93.93 92.78
7 50 0.02 11 99.35 99.78 99.98 101.18
8 175 0.01 11 91.46 90.70 92.65 92.97
9 175 0.02 6.5 82.83 83.69 91.24 92.78
10 175 0.02 6.5 84.96 83.69 93.67 92.78
11 175 0.03 2 72.06 72.82 86.88 86.56
12 300 0.02 11 86.72 88.76 88.64 88.44
13 300 0.02 2 48.31 47.88 69.43 68.23
14 50 0.01 6.5 95.98 96.31 98.17 96.65
15 50 0.02 2 85.57 83.53 87.49 87.69
16 50 0.03 6.5 97.18 98.45 99.76 99.89
17 175 0.02 6.5 81.35 83.69 92.37 92.78

Table 3  BBD-RSM design 
matrix for Cu along with actual 
and predicted values of % 
removal

Standard order Factor A:
concentra-
tion (mg/L)

Factor B:
dosage (g)

Factor C:
pH

Response: % removal 
actual value  (Cu2+)

Response:
% removal 
predicted value 
 (Cu2+)

1 5 0.06 5 98.14 96.69
2 27.5 0.04 5 64.58 64.15
3 5 0.04 8 99.27 100.58
4 27.5 0.02 2 39.96 39.82
5 27.5 0.04 5 64.91 64.15
6 27.5 0.04 5 65.24 64.15
7 27.5 0.04 5 63.26 64.15
8 27.5 0.06 2 52.96 52.44
9 50 0.06 5 47.41 49.24
10 5 0.02 5 92.37 90.54
11 27.5 0.04 5 62.76 64.15
12 27.5 0.02 8 68.23 68.75
13 50 0.04 8 58.45 56.49
14 5 0.04 2 79.52 81.49
15 50 0.04 2 21.79 20.48
16 50 0.02 5 31.46 32.91
17 27.5 0.06 8 78.47 78.61
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3.3.2  ANOVA results and adequacy of the model

The best suited quadratic model was statistically evaluated 
by ANOVA; and Fisher F-test and probability test were also 
analysed to check the suitability of the model. The results 
of ANOVA for BF, CV and  Cu2+ are given in Table 4. 
The model F-values obtained for BF, CV and  Cu2+ were 
90.31, 76.28 and 214.28 respectively with a prob > F value 
of < 0.0001 which indicates the model to be significant. 
The higher the F-value, the more suitable is the model to 
elucidate about the variations in the data and as a result, 
the actual values of significant terms are in closer vicinity 
of estimated values [61]. Analysing the F-value for model 
terms, it was observed the influence of independent factors 
decreased in the order as pH > concentration > dosage for 
all BF, CV and  Cu2+; i.e. pH is the most significant factor 
that affects the response of the model. Moreover, the lack of 
fit F-value for BF, CV and  Cu2+ as 2.48, 3.25 and 6.44 indi-
cates that lack of fit is not significant as compared to pure 
error. The prob > F-value of significant terms should be less 
than 0.05 while all the terms with values greater than 0.1000 
of prob>F are not-significant. By examining all the interac-
tion terms involved in the model, it was concluded that A, 
B, C, C2, AB, AC and BC are the significant model terms for 
BF; A, B, C, C2, AB and BC are the significant model terms 
for CV; and A, B, C, A2, C2, AB and AC are the significant 
model terms for  Cu2+. The more the number of significant 
model terms, the more reliable is the model.

Furthermore, other statistical parameters like coefficient 
of determination (R2), predicted R2, adjusted R2, coeffi-
cient of variation, standard deviation and adequate preci-
sion were also analysed as shown in Table 5. The values 
of R2 as 0.9915 (BF), 0.9899 (CV) and 0.9964  (Cu2+) are 
close to 1 which shows that there exists a better correla-
tion between actual and predicted values of the response. 
ANOVA suggested that there is a reasonable agreement 
between the adjusted R2 and predicted R2 values for BF 
(0.9805, 0.9065), CV (0.9769, 0.8809) and  Cu2+ (0.9917, 
0.9511) which proves the model to be highly significant 
and reliable. Moreover, the small values of standard devia-
tion (BF =2.05, CV=1.51,  Cu2+=1.97) and coefficient of 
variation (BF=2.5%, CV=1.7%,  Cu2+=3.08%) reflect the Ta
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Table 5  Statistical model coefficients for BF, CV and  Cu2+

Model coefficients BF CV Cu2+

Std. dev. 2.05 1.51 1.97
C.V. 2.50 1.70 3.08
R-square 0.9915 0.9899 0.9964
Adj R-squared 0.9805 0.9769 0.9917
Pred R-squared 0.9065 0.8809 0.9511
Adeq precision 33.023 28.394 52.932
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statistical reproducibility of the model. Typically, a value 
less than 10% for coefficient of variance is desirable for 
adequate reproducibility of the model which is in reason-
able agreement with the present study [62]. The value of 
adequate precision (signal to noise ratio) should be greater 
than 4 in order to justify the adequacy of the signal. Herein, 
the adequate precision of 33.023, 28.394 and 52.932 for BF, 
CV and  Cu2+ respectively shows that the models are reason-
ably good and adequate in prediction [63]. Therefore, all 
these models can be utilised for designing of navigate space.

The adequate approximation of the model to real system 
was further verified with the help of diagnostic plots for 
BF, CV and  Cu2+ as depicted in Fig. 6. The normal plot 
of the residuals plotted between normal % probability and 
studentised residuals suggests that data points should form 
a straight line against a theoretical normal distribution. The 
more the aberration from the straight line, the more is the 
aberration from the normal distribution. It was analysed that 
the vicinity of all the data points to the straight line demon-
strates the independence of the residuals [64]. Further, the 
plot of predicted values vs actual values depicted that there 
is a closer agreement between actual and predicted values 

which ensures the experimental data to be an acceptable fit 
for the statistical validation [65].

3.3.3  Effect of variables and their interactions

The 3-D RSM plots for BF, CV and  Cu2+ are shown in Fig. 7 
that demonstrates the in-depth interaction of independent 
variables and the response (% removal) of the model. For 
the suggested models, pH is considered the most signifi-
cant factor that strongly affects the removal efficiency of 
dyes and  Cu2+. It was observed that increase in pH from 
2 to 11and 2 to 8 has a positive effect on the removal of 
dyes and  Cu2+ respectively; i.e. adsorption of dyes and  Cu2+ 
was favoured at higher pH due to electrostatic interactions 
arising between the negatively charged CA-SM surface and 
positively charged surface of cationic dyes (BF and CV) 
and  Cu2+. This behaviour of adsorbent surface is attributed 
to pHpzc (CA-SM=3.47) which shows that at pH > pHpzc , 
the surface of CA-SM would carry a net negative charge, 
and at pH < pHpzc , the surface of CA-SM would be posi-
tively charged. In case of adsorption of  Cu2+ on CA-SM 
surface, the negatively charged surface sites of the adsorbent 
will promote the uptake of  Cu2+ ions at higher pH level 

Fig. 6  a–c Normal plot of residuals BF, CV and Cu respectively; d–f diagnostic plot of predicted value vs actual value for BF, CV and Cu 
respectively
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till optimum (pH=6). Further, the removal of  Cu2+ ions 
increased as a combined result of hydrolysis and adsorp-
tion which was also verified with the formation of white 
precipitates forming the colloidal complex [20]. Moreover, 
the removal of dyes and  Cu2+ gets increased with increase in 
dosage of CA-SM which is due to availability of more active 
binding sites and greater surface area for adsorption; and the 
binding sites of the adsorbent becomes saturated at higher 
initial concentration; therefore, the dyes and  Cu2+ uptake 
gets decreased with the increase in initial concentration 
[20]. Further, the impact of two interacting factors on the % 

removal while keeping the other factors constant have been 
presented in the graphs depicted in Fig. 7a–i. The standard 
error plots for BF, CV and  Cu2+ as given in Fig. 7j–r also 
show a good fit to quadratic model.

3.4  Kinetic study

The contact time has a significant relevance with the adsorp-
tion mechanism and adsorption efficiency of the adsorp-
tion process. An efficient adsorption process is allied with 
short contact time, faster rate of reaction and significant 

Fig. 7  The 3D RSM plots for BF (a–c), CV (d–f) and  Cu2+ (g–i); and standard error plots for BF (j–l), CV (m–o) and  Cu2+ (p–r)
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adsorption efficiency. Therefore, to predict and understand 
the underlying mechanism, the time-dependent experiments 
were performed. The rate-limiting step involved in the kinet-
ics of adsorption process was determined by using different 
kinetic models as given in Eqs. 7–10 [11, 56, 66]:

3.4.1  Pseudo‑first‑order model

(7)Ln
(

qe − qt
)

= Ln
(

qe
)

− k
1

× t

where k1  (min−1) is the pseudo-first-order rate constant; t (min) 
is the time; qe  (mgg−1) is the adsorption capacity at equilibrium 
and qt  (mgg−1) is the adsorption capacity at any time t.

3.4.2  Pseudo‑second‑order model

(8)
t

qt
=

1

k2qe
+

t

qe

Fig. 7  (continued)
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where k2(min−1) is the pseudo-second-order rate constant; qe 
 (mgg−1) is the adsorption capacity at equilibrium; t(min) is 
the time; qt  (mgg−1) is the adsorption capacity at any time t.

3.4.3  Intraparticle diffusion model

where qt  (mgg−1) is the adsorption capacity at any time t; kin 
 (mgmin−1/2g−1) is intraparticle diffusion rate constant and c 
 (mgg−1) is the thickness of boundary layer; t(min) is the time.

3.4.4  Elovich model

where qt  (mgg−1) is the adsorption capacity at any time t, t
(min) is the time, �  (mgg−1min−1, degree of adsorption) is 
the primary rate of adsorption and � is the desorption param-
eter associated with characterisation of degree of chemisorp-
tion and activation energy.

The obtained experimental data was checked for fitting 
with all the kinetic models and the graphs were plotted as 
depicted in Fig. 8. Moreover, all the parameters associ-
ated with kinetic models are given in Table 6 for compara-
tive study of models. Based on the model R2 value, it was 
observed that the adsorption kinetics of BF, CV and  Cu2+ 
were more fitted with the pseudo-second-order kinetic model 
which highlights the importance of chemisorption as the 
rate-limiting step and governs the involvement of physico-
chemical interactions between adsorbent and adsorbate [67]. 
The value of calculated qe(  mgg−1) for BF, CV and  Cu2+ 
were 70.028, 72.326 and 9.503 respectively which were in a 
good correlation with the experimental qe(  mgg−1).

3.5  Isotherm study

The impact of initial concentration of BF (50–500 mg/L), 
CV (50–500 mg/L) and  Cu2+ (5–50 mg/L) on the adsorption 
capacity of CA-SM was explored in order to envisage the 
nature of favourable adsorption and the allied interactions of 
adsorbate-adsorbent. The batch experiment study was per-
formed at neutral pH and 298 K temperature with CA-SM 
dosage and contact time of 0.01 g/10 mL and 10 min; and 
0.04g/20 mL and 30 min for dyes (BF and CV) and  Cu2+ 
respectively. Further, the experimental data was fitted with 
various adsorption isotherm models to obtain the equilib-
rium adsorption parameters and understand the distribution 
of adsorbate molecules on CA-SM surface. Fig. 9 shows 
the different isotherm plots for BF, CV and  Cu2+, and the 
modelled parameters calculated from these plots are given 
in Table 7.

(9)qt = kint
1∕2 + c

(10)qt =
1

�
Lnt +

1

�
Ln(��)

3.5.1  Langmuir isotherm model

Langmuir isotherm model corresponds to monolayer homo-
geneous adsorption. The maximum adsorption capacity 
of adsorption process was calculated by plotting a graph 
between 1/qe vs 1/Ce using the linear form of Langmuir 
model as given in Eq. 11 [63].

where Ce  (mgL−1) is the dye concentration at equilibrium, 
qe  (mgg−1) is the adsorption capacity at equilibrium, qmax 
 (mgg−1) is the maximum adsorption capacity of adsorbent; 
kL  (Lmg−1) is the Langmuir adsorption equilibrium constant 
which is related to free energy of adsorption.

3.5.2  Freundlich isotherm model

Freundlich model corresponds to multilayer heterogene-
ous adsorption. Freundlich parameters were calculated by 
plotting a graph between Lnqe vs LnCe using the following 
equation [68];

where qe  (mgg−1) is the adsorption capacity at equilibrium, kF 
((mgg−1)  (Lmg−1)1/n) is the Freundlich parameter that repre-
sents the adsorbed quantity and n is the Freundlich constant 
related to index of adsorption intensity or surface heterogeneity.

3.5.3  Temkin isotherm model

Temkin model is based upon the assumption that heat of 
adsorption decreases as the coverage and interaction of 
adsorbate over adsorbent increases; and the underlying inter-
actions between adsorbate and adsorbent cannot be ignored 
during adsorption process [32]. A graph between qe vs LnCe 
was plotted by using the following equation [69]:

where kt  (Lmol−1) is the Temkin equilibrium binding con-
stant (relates to the maximum binding energy); b  (Jmol−1),R
(8.314  JK-1mol-1) and T  (298 K) are heat of adsorption, uni-
versal gas constant and temperature respectively; BT= RT/b 
is the Temkin constant which is a dimensionless quantity.

3.5.4  Dubinin‑Radushkevich isotherm model

Dubinin-Radushkevich (DR) model expresses the adsorp-
tion on a heterogeneous surface having a Gaussian energy 
distribution. The physical and chemical nature of adsorption 

(11)
Ce

qe
=

Ce

qmax
+

1

kLqmax

(12)Lnqe = LnkF +
(

1

n

)

LnCe

(13)qe =
RT

b
Lnkt +

RT

b
LnCe
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Fig. 8  Kinetic plots for pseudo-first-order model (a–b), pseudo-second-order model (c–d), intraparticle diffusion model (e–f) and Elovich model 
(g–h)
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can be assessed in terms of mean free energy. Various DR 
model parameters were calculated by using the following 
equation and plotting a graph between Lnqe vs �2.

where qe  (mgg−1) is the adsorption capacity at equilibrium, 
qD(mgg−1) denotes the DR model maximum adsorption 
capacity; � is the Polanyi potential, � = RT

(

1 +
1

Ce

)

 ; � 
 (mol2KJ−2) is the average energy of adsorption and the mean 
free energy is E =

1
√

2�
 ; if E < 8  KJmol−1, adsorption is dom-

inated by physical forces and if 8  KJmol−1 < E < 16  KJmol−1, 
the adsorption is dominated by the chemical forces [69].

Based on the correlation coefficient, it was observed that the 
best fitted models were Langmuir > Freundlich > Temkin > 
DR, Langmuir > Freundlich > Temkin > DR and Temkin > 
Langmuir > Freundlich > D-R for BF, CV and  Cu2+ respec-
tively. It indicates that Langmuir model is suitable for under-
standing the adsorption process related with dyes, while Tem-
kin model gives better understanding towards  Cu2+ adsorption. 
The suitability of Langmuir model for dyes assigns that the 
adsorption is monolayer and homogeneous. All the adsorp-
tion sites are singly occupied and possess the similar energy 
for binding with the adsorbate molecules. The value of qmax 
obtained from Langmuir model was 229.88  mgg−1, 265.95 
 mgg−1 and 10.054  mgg−1 for BF, CV and  Cu2+ respectively. 
The kL value for  Cu2+ (1.255) > CV (0.0569) > BF (0.0392) 
indicates the more stability of  Cu2+-CA-SM complex as com-
pared to CV-CA-SM complex which is higher than BF-CA-
SM complex [69]. Moreover, on the basis of Langmuir model, 
the favourability of adsorption process is judged in terms of 
separation factor, RL , as given in Eq. 15 [19]

(14)Lnqe = LnqD − ��2

(15)RL =
1

(1 + kLCo)

which indicates that the adsorption is favourable for 0 
< RL < 1 , unfavourable for RL > 1 , irreversible for RL = 0 
and linear for RL = 1 . Based on the experimental results, 
RL values are 0.347–0.050, 0.260–0.033 and 0.137–0.015 
for BF, CV and  Cu2+ respectively that validates the highly 
favourable nature of the adsorption process. Moreover, Fre-
undlich model was analysed in terms of heterogeneity factor 
which suggests that the adsorption process is favourable if 
1/n value is less than 1 which correlates with the experimen-
tal results as 1/n value is less than 1 for all cases. The more 
is the vicinity of 1/n value to 1, the more is the heterogeneity 
of the surface [36]. Furthermore, the higher the value of kF , 
the more is the adsorption efficiency for the adsorbate which 
concludes that adsorption efficiency shows an order as CV 
> BF >  Cu2+ [54]. Temkin model helps in calculating the 
binding energy of adsorption process and ascertain about 
the electrostatic interactions between the adsorbate and 
adsorbent [56]. However, the DR model showed the lowest 
compatibility in comparison to other models in all cases. The 
low value of mean free energy E  (KJmol−1) (0.1299, 0.1957 
and 2.442 for BF, CV and  Cu2+ respectively) deduced from 
DR model proposes that the adsorption is physical in nature.

3.6  Thermodynamics study

The thermodynamics associated with the adsorption of BF, 
CV and  Cu2+ on CA-SM surface was analysed by carrying 
out the adsorption experiments in the temperature range of 
298–333 K. Different thermodynamic parameters like Gibbs 
free energy, enthalpy and entropy change were investigated 
to check out the feasibility, spontaneity and enthalpy of the 
adsorption process as given in Table 8. Based on experimen-
tal results, a graph between LnKd vs 1/T (Vant-Hoff plot) 
was plotted as demonstrated in Fig. 10 and the slope and 

Table 6  Different kinetic model 
parameters for removal of BF, 
CV (initial conc.= 75 mg/L, 
adsorbent dosage=0.01g/10 mL, 
contact time=1–60 min) and 
 Cu2+ (initial conc. = 25 mg/L, 
adsorbent dosage=0.04g/20 
mL, contact time= 1–120 min) 
at 298K

Kinetic models Parameters BF CV Cu2+

Pseudo-first-order model qe(  mgg−1) 23.815 25.234 3.774
k
1

(  min−1) 0.18562 0.21519 0.0581
R2 0.97154 0.96743 0.98062

Pseudo-second-order model qe(  mgg−1)
calculated

70.028 72.306 9.503

qe(  mgg−1) experimental 69.03 71.264 9.359
k
2

(  min−1) 0.0215 0.0217 0.0534
R2 0.99987 0.99975 0.99982

Intraparticle diffusion model kin(  mgmin−1/2g−1) 3.64332 3.71404 0.42043
c(mgg−1) 48.30015 50.23041 5.58691
R2 0.58385 0.59852 0.73663

Elovich model �(  mgg−1min−1) 34.704 28.194 147.651
� 0.1378 0.13699 0.97973
R2 0.84267 0.84179 0.95454
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Fig. 9  Isotherm plots for Langmuir model (a–b), Freundlich model (c–d), Temkin model (e–f) and DR model (g–h)
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intercept obtained from the graph were used to compute the 
thermodynamic modelled parameters by using the following 
equations [56, 70, 71]:

where Kd=
qe

Ce

 is thermodynamic equilibrium constant, T (K) 
is the absolute temperature at which the adsorption experi-
ment was performed, R (8.314JK−1/mol) is the universal gas 
constant, �H is the enthalpy change, �S is the entropy 
change and �G is the Gibbs free energy change.

The �G value in all the cases is negative and less than 
−20 KJ/mol suggesting the adsorption process to be sponta-
neous and physically controlled associated with electrostatic 
interactions [67]. Further, the decrease in �G value with the 
increase in temperature from 298 to 333 K proposes that ris-
ing temperature is favourable for adsorption indicating the 
process to be endothermic which is also certified by the posi-
tive value of �H  (KJmol−1) as 42.1268, 41.8117 and 10.6315 
for BF, CV and  Cu2+ respectively. The increase in temperature 
provides the enhanced kinetic energy of dyes molecules and 
heavy metal, and also reduces the viscosity of the solution that 
results in more diffusion of these molecules in the pores of 
the adsorbent and hence favours the adsorption process [72]. 
Moreover, the positive values of �S  (Jmol−1K−1) as 156.492, 
161.495 and 36.2465 for BF, CV and  Cu2+ respectively indi-
cate the expansion in randomness that may arise due to irregu-
larity infused on adsorbent-adsorbate interface via adsorption.

3.7  Adsorption mechanism

The underlying adsorption mechanism involving the inter-
actions between adsorbent and adsorbates was proposed 

(16)ΔG = −RTLnKd

(17)ΔG = ΔH − TΔS

(18)LnKd =
ΔS

R
−

ΔH

RT

Table 7  Different isotherm 
model parameters for removal 
of BF, CV (Initial Conc.= 
50–500 mg/L, adsorbent dosage 
= 0.01g/10 mL, contact time= 
10 min) and  Cu2+ (Initial 
Conc.= 5–50 mg/L, adsorbent 
dosage = 0.04g/20 mL, contact 
time= 30 min) at 298 K

Isotherm models Parameters BF CV Cu2+

Langmuir model q���(mgg−1) 229.88 265.95 10.054
kL(Lmg−1) 0.0392 0.0569 1.255
R2 0.98486 0.98024 0.99233

Freundlich model kF((mgg−1)  (Lmg−1)1/n) 33.843 47.379 4.509
1/n 0.357 0.336 0.313
R2 0.97945 0.97118 0.93468

Temkin model kt(Lmol−1) 0.772 1.563 14.805
b(Jmol−1) 60.480 57.569 1295.88
BT 40.965 43.036 1.91188
R2 0.91223 0.92839 0.99376

DR model qD(mgg−1) 174.58 202.71 8.65
�(mol2KJ−2) 29.61924 13.05305 0.08379
E  (KJmol−1) 0.1299 0.1957 2.442
R2 0.68723 0.75589 0.8735

Table 8  Thermodynamic parameters for the removal of BF, CV 
(initial conc.= 75 mg/L, adsorbent dosage = 0.01 g/10 mL, contact 
time= 10 min) and  Cu2+ (initial conc.= 25 mg/L, adsorbent dosage = 
0.04 g/20 mL, contact time= 30 min)

Adsorbate Thermodynamic parameters

ΔG(KJmol−1) ΔH

(KJmol−1)
ΔS

(Jmol−1K−1)
298 K 303 K 313 K

BF −4.507 −6.855 −9.985 42.1268 156.492
CV −6.313 −8.736 −11.966 41.8117 161.495
Cu −0.169 −0.713 −1.438 10.6315 36.2465

Fig. 10  Vant-Hoff plot for BF, CV and  Cu2+ removal
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through the combined analysis of the results of batch adsorp-
tion studies, characterisation and theoretical simulations. The 
batch adsorption studies revealed the significant role of pH of 
solution in determining the adsorption efficiency. The adsorp-
tion of positively charged cationic dyes and heavy metal ion 
was favoured at pH>pHpzc of CA-SM, due to the electrostatic 
interactions occurring between the positively charged adsorb-
ates and the negatively charged adsorbent surface functional 
groups. Further, adsorption of BF, CV and  Cu2+ at pH<pHpzc 
of CA-SM evidences the involvement of other interactions 
such as H-bonding and pi-pi apart from electrostatic inter-
actions. However, drastic changes in percentage removal of 
adsorbates with change in pH were observed, which indicates 
that electrostatic interactions are of much importance than 
other interactions. Another important aspect in the adsorption 
mechanism is the affinity order. From the adsorption capacity 
values, the observed trend for the cationic dyes is CV>BF. 
This can be explained on the basis of structure of dyes, where 
CV dye contains tertiary amine group while the BF dye con-
tains primary amine group. Since tertiary amine is more basic 
than primary, hence the positive charge on nitrogen atom is 
more stable in the case of CV dye than that of BF. Hence, 
CV dye due to more basicity can show better electrostatic 
interaction with the adsorbent surface.

Adsorption of  Cu2+ on the other hand showed a different 
trend. The RSM studies revealed that the percentage removal 
of  Cu2+ increased constantly with the increase in the pH of 

solution from 2 to 8. This shows that apart from electro-
static interactions, precipitation at higher pH also governs 
the adsorption process. As per prior reports,  Cu2+ ion exists 
in equilibrium with Cu(OH)+ ion at pH 2–6.3 [22]. Further 
increase in pH results in the precipitation of  Cu2+ in the form 
of Cu(OH)2 which limits the interaction and sorption by the 
biosorbent [73]. Thus, at higher pH, the overall increase in 
 Cu2+ removal was observed as a combined effect of precipi-
tation as well as adsorption as shown in Fig. 11.

4  Comparison with other adsorbents

The comparison of the maximum monolayer adsorption 
capacity obtained by the Langmuir Isotherm model of vari-
ous reported adsorbents and CA-SM is given in Table 9 that 
indicates the efficient adsorption potential of CA-SM and 
proves it to be a potential candidate for removal of dyes and 
heavy metal.

5  Conclusion and future perspectives

In the present work, we have developed a CA-modified 
SM biosorbent with abundant surface functionalities via 
a green, one pot, economic and facile approach. The syn-
thesised biosorbent characterised with FESEM, FTIR, 

Fig. 11  Adsorption mechanism of dyes (BF and CV) and heavy metal (Cu) on CA-SM surface
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XRD, EDX and DSC for studying the physicochemical 
features. Densely charged groups of CA-SM with massive 
accessibility were responsible for the enhanced adsorp-
tion of cationic dyes (CV and BF) and  Cu2+ ion. Batch 
adsorption studies were carried out statistically using 
BBD-RSM design, where the model F values obtained 
for BF, CV and Cu were 90.31, 76.28 and 214.28 indi-
cating the significance the model. The response of the 
model was influenced by the parameters in the order 
pH>concentration>dosage for all the three adsorbates as 
evaluated from the F-values. Moreover, the small values 
of standard deviation (1.51–2.05) and coefficient of vari-
ation (1.7–3.08%) reflected the adequacy and statistical 
reproducibility of the model with high adequate precision 
(28.394–52.932). 2-D and 3-D RSM plots were evalu-
ated for examining the mutual interactions of parameters 
affecting the response. Further, the adsorption followed 
the pseudo-second-order model, while the thermodynamic 
studies reflected the endothermic, spontaneous and phy-
sisorption nature of adsorption for CV, BF and Cu. The 
experimental data was fitted with Langmuir, Freundlich, 
Temkin and D-R model, where the dyes CV and BF best 
followed the Langmuir model, while  Cu2+ best followed 
the Temkin model. The maximum monolayer adsorption 
capacity of CA-SM for CV, BF and  Cu2+ were 265.95, 
229.88 and 10.054 mg/g respectively. The  RL<1 validated 
the favourable nature of adsorption. The biosorbent was 

able to completely remove the dyes and heavy metals from 
aqueous solution mainly through electrostatic, H-bonding, 
pi-pi interactions and precipitation. The affinity of CA-SM 
towards CV was found greater than BF under similar con-
ditions due to its high basicity. Overall, the findings of 
present study will contribute towards the advancement of 
ecofriendly and efficient technologies that can mitigate 
the harmful impacts of water contaminants paving the way 
towards the cleaner and healthier future. The future scope 
of this study involves the application of biomass-based 
adsorbents for the adsorptive removal of dyes, heavy met-
als, antibiotics and pesticides. The multicomponent study 
for the removal of contaminants will be explored in order 
to attain a more practical and sustainable approach. More-
over, regeneration studies of adsorbents for the removal 
of contaminants are crucial for ensuring the sustainabil-
ity and efficiency of the treatment process. The regenera-
tion studies mainly comprises of effectiveness assessment 
(changes in the adsorption capacity/efficiency), regen-
eration method optimisation (selection of most suitable 
regenerating agent/eluent), economic viability (cost-effec-
tiveness of regeneration process), environmental impact, 
long-term performance (multiple adsorption desorption 
cycles), compatibility with real-world effluent, scalabil-
ity and practicality and characterisation of regenerated 
adsorbent by techniques like XRD, FTIR and FESEM. 
Considering the vital importance of regeneration studies, 

Table 9  Comparison of qmax 
obtained from Langmuir model 
of CA-SM for BF, CV and  Cu2+ 
with other adsorbents

Biosorbent Contaminant 
removed

qmax (mg/g) Reference

Calcined mussel shells BF 141.65 [35]
HCl-treated malted sorghum mash BF 58.48 [74]
Euryale ferox Salisbury seed shell BF 19.48 [36]
CA-modified red seaweed CV 217.38 [19]
Soyabean straw Cu2+ 5.40 [75]
Wheat shell Cu2+ 8.3 [76]
Pacara earpod tree (Enterolobium contortisi-

liquum)
BF 177.084 [77]

Ironwood (Caesalpinia leiostachya) BF 136.526 [77]
Citrullus lanatus seed powder CV 48.13 [78]
Citrullus lanatus seed powder BF 44.26 [78]
Starch composite with peanut hull CV 101.5 [79]
Pineapple leaf powder CV 78.22 [80]
Citric acid–functionalised brown algae CV 279.14 [81]
Citric acid–modified acacia leaves CV 337.83 [82]
Citric acid–functionalised Acacia pods CV 300.92 [83]
Banana peels Cu2+ 4.75 [84]
Activated poplar sawdust Cu2+ 9.24 [85]
CA-SM CV 265.95 This study
CA-SM BF 229.88 This study
CA-SM Cu2+ 10.054 This study
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our future work will be focussed on in-depth analysis of 
regeneration of spent CA-SM, and its application for the 
pilot-scale investigations on real-world effluent.
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