
Separation and Purification Technology 322 (2023) 124275

Available online 7 June 2023
1383-5866/© 2023 Elsevier B.V. All rights reserved.

Tethering cellulose fibers with disulphide linkages for rapid and efficient 
adsorption of mercury ions and dye from wastewater: Adsorption 
mechanism and process optimization using RSM 

Manpreet Kaur a, Vijay Kumar a, Kavita Sharma a, Sumant Saini b, Mukta Sharma c, 
Christian Paulik d, Hideaki Yoshitake e, Gaurav Rattan f, Anupama Kaushik a,f,* 

a Energy Research Centre, Panjab University, Chandigarh, India 
b School of Pharmaceutical Sciences, Lovely Professional University, Phagwara, Punjab, India 
c Department of Civil Engineering, IKG Punjab Technical University, Jalandhar, India 
d Institute for Chemical Technology of Organic Materials, Johannes Kepler University, Linz, Austria 
e Division of Materials and Chemical Engineering, Yokohama National University, 79-5 Tokiwadai, Hodogaya-Ku, Yokohama 240-8501, Japan 
f Dr. SSB UniversityInstitute of Chemical Engineering and Technology, Panjab University, Chandigarh, India   

A R T I C L E  I N F O   

Keywords: 
Raw hemp cellulose fibers 
Dithiopropionic acid modified cellulose 
Non-linear adsorption kinetics 
RSM 
Mercury (II) ions 
Safranin O dye 

A B S T R A C T   

Hemp stalks, readily available bio-waste in northern India, are good source of cellulose nanofibers (CNFs) with 
exceptional strength and stiffness. In this study, a facile route was envisaged to affix disulphide linkages on hemp 
derived CNFs (CNF-S-S-CNF) using 3,3-dithiopropionic acid. CNF-S-S-CNF with two sulphur groups on the cel-
lulose backbone scored high selectivity for mercury ions (distribution coefficient of 5 × 105 mL.g− 1) owing to 
soft–soft interactions, besides exhibiting affinity for safranin O (SO) due to strong electrostatic attractions. 
Thermal stability up to 700 ◦C advocated high temperature applications of CNF-S-S-CNF. Response surface 
methodology (RSM) with Box Behnken Design (BBD) was applied using Design Expert software 13 for tuning the 
process parameters. Statistical analysis of variance (ANOVA) established a maximum adsorption capacity, qe of 
100% for Hg(II) ions achieved at optimum conditions of pH 5.5, Hg(II) concentration of 100 mg L-1 with 
adsorbent dosage of 100 mg and contact time of 9.50 min, while for SO, 100% adsorption was achieved at pH 
6.5, SO concentration of 1 mg L-1 with adsorbent dosage of 60 mg and contact time of 9.50 min, in accord with 
the experimental results. Both, linear and non-linear kinetics and isotherm models were fitted to further un-
derstand the adsorption mechanism. The non-linear pseudo-second order demonstrated better adsorption ki-
netics for Hg(II), while SO fitted better to the linear pseudo-second order model. Ultra-rapid adsorption kinetics 
was achieved with pseudo second order rate constant, K2 of 0.197 g.mg− 1.min− 1 and 100% removal within 5 s 
(Co = 10 mg L-1) of Hg(II) ions. FTIR and XPS confirmed strong interactions of CNF-S-S-CNF with Hg(II) ions 
accomplishing a maximum adsorption capacity, qe exp of 828.5 mg/g. Regeneration of adsorbent for 8 cycles with 
retention of 96% and 80% efficacy for Hg(II) ions and SO, respectively endorse its outstanding potential in waste- 
water remediation.   

1. Introduction 

Increasing industrialization and urbanization has led to surge in an 
inappropriate discharge of contaminants into the aquatic system. 
Among various pollutants, heavy metal ions, especially mercury, a 
naturally occurring element is one of the most noxious pollutants that 
accumulate in the water cycle and severely affect the living beings. 
According to the World Health Organization (WHO) the permissible 

limit of Hg(II) in drinking water is 0.002 mg L-1 [1]. Mercury is released 
into the environment from natural sources like volcanic eruptions, 
geothermal activities and through industrial processes viz. metal mining, 
non-ferrous metal smelting, textile production, dental amalgam fillings, 
artisanal gold production, waste incineration, coal combustion, refining 
and manufacturing industries leading to increased water pollution 
[2–5]. Mercury exists in three forms: metallic mercury, inorganic mercury, 
and organic mercury. Metallic mercury Hg(0), generally found in vapour 
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form has a high residence time ranging from 0.5 to 2 years and can be 
easily transported up to 1000 km and is deposited as inorganic mercury 
compounds or salts by combining with other elements such as oxygen, 
sulphur etc. in soil and water [6]. The other two forms are further 
converted into organic mercury through microbial reactions, which 
enter the food chain via marine eatables [7]. It accumulates in the body 
causing neurological disorders, damaging the brain tissues and even 
leads to kidney failure [5]. Consequently, there is an urgent need for 
rapid, specific and efficient methods for removal, of mercury [8]. 

Dental amalgam fillings artisanal small-scale gold production, waste 
incineration, 

Besides, the growing population and urbanization has caused a 
massive upsurge in demand for textiles. About 10,000 dyes weighing 
around 7 × 105 tonnes are generated from various industrial processes. 
During the dyeing process, only 10–25% of dyes are consumed, while 
2–20% are discharged directly in the water bodies as aqueous effluents. 
When these effluents get hydrolysed, toxic carcinogenic aromatic 
amines are generated, causing a severe threat to flora and fauna [9]. 
Safranin O (SO) (3,7-dimethyl-10-phenylphenazin-10-ium-2,8-diamine 
chloride) a water-soluble organic dye, generally known as basic red 2 
dye is quite prevalent in textile industries. Exposure to SO causes eye 
burns, which can result in irreversible damage to the cornea besides 
causing respiratory tract discomfort, making it imperative to remove it 
from the effluents before their discharge. 

Amongst many techniques available for removal of pollutants, 
including chemical precipitation [10], membranes separation [11], ion 
exchange [12] and adsorption [13,14], adsorption is the preferred 
technique owing to its low cost, efficient removal capacity, facile usage 
and good reversibility [15]. Extensive reports are available on adsor-
bents based on clay minerals, metal oxides, zeolites, activated carbon, 
metal organic frameworks etc. for the removal of metal ions. However, 
they lack specificity, have limited adsorption ability and cause second-
ary pollution. Biomass derived cellulose nanofibers offer many advan-
tages like cost-effectiveness, abundance in nature, biodegradability and 
environmental sustainability. Furthermore, the plenty of surface hy-
droxyl groups available for modification, excellent specific strength, 
extraordinary surface area, and outstanding thermal and chemical sta-
bility make CNFs good contender as adsorbents. Hemp, Cannabis sativa, 
is a wild plant widely grown in Northern India. The leaves and seeds of 
the plant are rich in phytochemicals and bioactive components and thus 
are used in medical applications, while hemp stalks are often discarded 
[16]. These stalks containing bast fibres are a good source of cellulose 
(≈76%) with exceptional strength and stiffness. It was thus thought 
prudent to use hemp as a source of cellulose for this study. 

A common approach in designing an efficient adsorbent is to intro-
duce functional groups on the surface of adsorbent for selective inter-
action with the analyte molecule, without compromising with the 
surface area and porosity. A large number of functional groups including 
thiols, carbonyls, amines, sulphides etc. have been introduced to 
enhance the adsorption capacity of cellulose for the removal of Hg(II) 
ions and textile dyes [17,18]. Velempini et al. used cysteamine for the 
synthesis of carboxymethyl cellulose thiol-imprinted polymer for se-
lective adsorption of Hg(II) ions having an adsorption capacity of 80 
mg/g [19]. Thiolated spherical cellulose has been reported for the 
removal of Hg(II) ions with a maximum adsorption capacity of 404.95 
mg/g and 98.6% removal from 100 ppm solution [20]. However, when 
reused, the removal efficiency reduced significantly. Moreover, most of 
the reported thiol modified cellulose based adsorbents exhibit slow 
adsorption kinetics, low adsorbing capacity and modest selectivity. 

Apart from modified cellulose, some studies have also been reported 
for annihilation of Hg(II) ions using biomass based nanocomposites. 
Recently, Liu et al synthesized rice straw based biochar with high sur-
face area of 2372.52 m2 g− 1 with rich pore structure [21]. The biochar 
yielded a moderate adsorption capacity of 209.65 mg g− 1. Magnetic bio 
composites with curcumin and iron oxide nanoparticles have been re-
ported as outstanding adsorbent for Hg(II) ions with maximum 

adsorption capacity of 144.9 mg g− 1 by Naushad et al. [22]. Tannic acid 
cross-linked cellulose/ polyethyleneimine functionalized magnetic 
composites were reported to yield 99% removal of Hg(II) ions with 
adsorption capacity of 247.51 mg g− 1 by Sun et al. [23]. CNF decorated 
with aminophosphonic acid functionalised ZrO2 nanoparticles were re-
ported to exhibit Lewis soft–soft interactions with Hg(II) ions yielding an 
adsorption capacity of 180 mg g− 1 [24]. The cellulose based composites 
although exhibited good recyclability, however, the synthesis procedure 
was very complicated and the maximum adsorption capacity was 
limited. 

Although lots of work has been reported on different modifications 
on cellulose, the disulphide (-S-S-) group having twice the number of 
sulphur atoms as compared to sulphide and having a high affinity for Hg 
(II) ions has never been anchored on cellulose backbone. In this study, 
CNFs extracted from hemp bast fibres were modified using 3,3-dithio-
propionic acid to yield a porous CNF network with disulphide linkages 
affixed throughout (CNF-S-S-CNF.) It was hypothesized that the intro-
duction of two sulphur groups in the cellulose network will engender 
strong soft–soft interactions with Hg(II) ions resulting in ultra-fast 
adsorption kinetics. The novelty of the current work is thus the inser-
tion of disulphide linkages on the CNF backbone, not reported previ-
ously, which concurrently garnered distinct benefits of ultra-rapid, 
highly selective and effective capture of Hg(II) ions and SO dye. The 
process parameters were optimized using response surface methodology 
(RSM) and linear and non-linear kinetic and isotherm models were 
applied to understand the adsorption mechanism. CNF-S-S-CNF exhibi-
ted high thermal stability, facile recoverability and appreciable reus-
ability owing to strong fibrous structure of cellulose, which aids in rapid 
diffusion of analyte molecules. 

2. Materials and methods 

2.1. Reagents 

Sodium hydroxide (NaOH), hydrogen peroxide (H2O2) (30% v/v), 
hydrochloric acid (HCl) (30%), urea, N,N-carbonyldiimidazole (AR, 
98%) and sodium acetate were bought from Sisco Research Laboratories 
(SRL), India. 3,3-Dithiopropionic acid (DTPA), dimethyl sulphoxide 
(DMSO), SO dye, mercuric acetate (MA), Micheler’s thioketone [4,4-bis 
(dimethylamino) thiobenzophenone] (TMK) were obtained from Tokyo 
Chemical Industry (TCI). 

2.2. Extraction of pristine cellulose fibers (PCFs) from hemp bast fibers 
(HBFs) 

Hemp stalks (RH) were gathered from the neighbouring fields of 
Punjab, India. The stalks were dipped overnight in water to soften the 
outer bast fibers layer. Thereafter, the bast fibers were manually sepa-
rated from hemp stalks, and dried. Extraction of cellulose was achieved 
using previously reported protocol [25]. The schematic has been eluci-
dated in Fig. 1(a) and the details of the process has been given in section 
S1, supplementary data file. 

2.3. Synthesis of dithiopropionic grafted cellulose fibers (CNF-S-S-CNF) 

To regenerate cellulose fibres, 2 gm PCFs were dissolved in a pre-
cooled solution of 7% NaOH/ 12% urea/ 81% H2O and left overnight at 
− 20◦C. After approximately 18–20 h when the solution get thawed, the 
mixture was ultracentrifuged to remove undissolved impurities [26]. 
Separately, CDI (3.0 gm, 18.5 mmol) was dissolved in 30 mL DMSO in 
another conical flask followed by the addition of 3 gm DTPA. CDI acts as 
activating agent for carboxylic groups on the surface of DTPA. The 
mixture was agitated overnight and then added to above PCFs solution. 
The reaction mixture was heated at 80◦C with continued stirring under 
N2 atmosphere for 24 h. The resultant homogeneous mixture was 
precipitated by adding 500 mL ethanol to obtain disulphide grafted 
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Fig. 1. (a). Steps for the extraction of Pristine cellulose fibers (PCFs) from raw hemp bast fibers (RH) (b) Grafting of Dithiopropionic on cellulose fibers (CNF-S- 
S-CNF). 
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cellulose fibers (CNF-S-S-CNF). The precipitates were then filtered and 
washed with water followed by washing with ethanol. The final product 
was dried at 50 ◦C under vacuum conditions [27]. The reactions 
involved in the disulphide modification of cellulose fibers have been 
illustrated in Fig. 1(b). 

Peracylation of the leftover hydroxyl groups was carried out in order 
to estimate the degree of substitution and structure of CNF-S-S-CNF 
using 1H NMR spectroscopy. 0.2 g of CNF-S-S-CNF was taken along 
with 7 mL each of pyridine and propionic anhydride in a 100 mL round 
bottom flask. 0.2 g of 4-dimethylpyridine was then added as a catalyst, 
following 24 h of stirring at 80 ◦C. The mixture was finally cooled to 
room temperature and precipitated in 300 mL of ethanol. The pre-
cipitates were then filtered and washed with ethanol and dried in a 
vacuum oven at 60 ◦C [28]. 

2.4. Characterizations of PCFs and CNF-S-S-CNF 

The chemical composition analysis and morphological character-
izations of the RH, PCFs and CNF-S-S-CNF were accomplished using 
several techniques such as FTIR, XRD, FESEM-EDX, TGA, 1H NMR and 
XPS (details given in section S2, supplementary data). American Society 
for Testing and Materials (ASTM1103-55 T) standard was used to 
evaluate the α-cellulose content using equation (1). 

α − Cellulose(%) =
weightofdrycellulose − celluloseresidue

initialweightofdryHS× moisturefreecontent
× 100 (1) 

The grafting yield estimates the weight percent of grafted monomer 
on the cellulose backbone [29]. The yield of dithiopropionic grafted 
cellulose (CNF-S-S-CNF) was calculated using equation (2) 

Graftingyield(%) =
WeightofdryCNF − S − S − CNF − WeightofinitialPCFs

WeightofinitialPCFs
× 100

(2)  

2.5. Batch adsorption experiments 

2.5.1. Determination of zero-point charge (ZPC) 
Optimal pH for the adsorption of Hg(II) metal ions and SO dye on the 

surface of CNF-S-S-CNF was calculated via surface charge determination. 
The ZPC of CNF-S-S-CNF was evaluated using a standard procedure 
given in section S3, supplementary file. 

2.5.2. Removal of Hg(II) ions and Safranin-O dye 
All adsorption studies for Hg(II) and SO were carried out at room 

temperature. The standard solution of Hg(II) ions (100 mg L-1) was 
prepared by dissolving 15.9 mg of MA in 100 mL distilled water. Simi-
larly, the standard solution of 100 mg L-1 for SO dye was prepared by 
dissolving 10 mg of SO dye in 100 mL of distilled water. Stock solutions 
were prepared by further diluting the standard solutions. The Hg(II) 
solution aliquots were analysed on UV-spectrophotometer using TMK 
which forms a blue-green coloured complex in ratio 1:1 with Hg(II) and 
gives an absorption maxima at λ = 590 nm [30]. This peak at 590 nm 
was measured to determine the concentration of Hg(II) ions while the 
peak at 520 nm was considered for SO dye at various stages of adsorp-
tion. [25]. For adsorption tests, 100 mL of adsorbate solution of different 
concentrations ranging (10–1000 mg L-1 for Hg(II) ions and 5–30 mg L-1 

for SO dye) were placed and 100 mg of CNF-S-S-CNF were added to each 
sample run. The solution was continuously stirred and at various time 
periods, 4 mL aliquots were collected and centrifuged to separate the 
adsorbent. The concentration of Hg(II) ions in the aliquots was deter-
mined using an Agilent Cary UV–Vis spectrophotometer. 

2.5.3. Selectivity of metal ions and effect of pH 
Initially, the selectivity of CNF-S-S-CNF towards the adsorption of Hg 

(II) in presence of other interfering metal ions was assessed. Adsorption 

tests were carried out by taking 10 mg of CNF-S-S-CNF in 10 mL of 10 mg 
L-1 of Hg(II) ions with different metal ions: Cu(II), Cd(II), Pb(II), Fe(III), 
Cr(III), K(I), Na(I), Ca(II) and Zn(II) with the same concentration as 
mercury. Hg(II) ions gave the maximum adsorption, hence, all para-
metric studies were carried out with them. Amongst various parameters 
affecting adsorption including pH, contact time, adsorbent and adsor-
bate dosage, the pH has a most significant influence on the surface 
properties of adsorbent. Hence, the effect of pH was studied in the pH 
range of 1–7 using dilute 0.1 M HCl and 0.1 M NaOH in an aqueous 
medium. The percentage removal of pollutant and adsorption capacity 
(mg g− 1) at any time t (qt) were determined using equations (3) and (4) 

Removal(%) =
Co − Ct

Co
× 100 (3)  

Adsorptioncapacity(qt) =
(Co − Ct)

m
× v (4) 

Where, Co and Ct (mg L-1) are the initial and residual concentrations 
at any time ‘t’ of Hg(II), respectively, V(L) is the volume of adsorbate 
solution and w(g) is the weight of CNF-S-S-CNF. 

2.6. Experimental design using response surface methodology (RSM) 

One of the approaches for experimental design that is frequently 
used for process analysis and modelling is Response Surface Methodol-
ogy (RSM). With RSM, the interaction of potential influencing factors on 
desired responses can be examined with the least amount of specified 
trials, making it simpler to get the ideal process conditions. Various 
parameters such as pH, initial adsorbent and adsorbate concentration 
and contact time were established as the most contributing parameters 
that were evaluated in five levels to analyse the adsorption efficiency of 
CNF-S-S-CNF as given in the Table S1, Section S5, supplementary data. 
RSM was used based on the Box Behnken Design (BBD) using Design 
Expert software 13. For the experimental design containing four pa-
rameters, 29 randomized controlled were suggested with 5 replicate 
runs around the central point. Analysis of variance (ANOVA) was used to 
evaluate the significance of variables and their interactions [31,32]. 

2.7. Adsorption kinetics and isotherms 

The adsorption kinetics analyses the adsorption rate of adsorbate on 
the surface of adsorbent, the adsorbent performance as well as the mass 
transport phenomenon in a water treatment process[33]. To understand 
the adsorption mechanism of Hg(II) and SO on CNF-S-S-CNF, various 
kinetic models were used. Four linear models, pseudo first order (PFO), 
pseudo second order (PSO), Elovich model and intra particle diffusion 
model, while two non-linear forms, pseudo first order (NL-PFO), pseudo 
second order (NL-PSO) were used for in-depth analysis of mechanism. 
The model equations for all the models are given in Table 1. To assess the 
interaction between CNF-S-S-CNF and pollutants, experimental results 
were fitted into two isotherm models, Langmuir and Freundlich models, 
using both linearized and non-linearized forms, as elucidated in Table 1. 

2.8. Error functions 

The accuracy of kinetic and isotherm models was studied through 
comparison of four error functions i.e. coefficient of determination (R2), 
adjusted coefficient of determination (R2

adj), chi square (χ2), root mean 
square error (RMSE) and error sum of squares (RSS) illustrated in 
equations (15), (16), (17), (18) and (19), respectively 

R2 =

∑n
i=1

(
qe,cal − qe,exp

)2
i

∑n
i=1

(
qe,cal − (qe,exp)

)2

i

(15)  
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R2
adj = 1 −

[(
1 − R2

)
(n − 1)

n − k − 1

]

(16)  

χ2 =
∑n

i=1

(qe,exp − qe,cal)2

qe,cal
(17)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(qe,exp − qe,cal)2

√

(18)  

SSE =
∑n

i=1
(qe,exp − qe,cal)2 (19) 

Where, n denotes the number of experimental points, qe, exp (mg g− 1) 
and qe, cal (mg g− 1) are the experimental and theoretical values of 
adsorption at equilibrium, while K signifies the number of independent 
variables. 

2.9. Desorption and regeneration studies 

To render the adsorption economically sustainable, the adsorbent 
should be retrievable and recyclable multiple times via the adsorption 
and desorption process. To recover the adsorbent, the saturated CNF-S- 
S-CNF was treated with a 100 mL mixture of 0.1 M thiourea and 0.1 M 
HCl for 5 h to remove the adsorbed Hg(II) ions. To remove SO dye, 
similar procedure was followed with the exception that CNF-S-S-CNF 
was recovered only using 0.1 M HCl. The regenerated CNF-S-S-CNF 
was separated by centrifuging and washing and further used for 8 cy-
cles to assess their adsorption efficacy. 

3. Results and discussion 

3.1. Extraction and functionalization of PCFs 

The cellulose, hemicellulose and lignin content of raw hemp (RH) 
fibres and pristine cellulose fibers after the chemico-mechanical process 
were determined. The RH initially had 57.20 % cellulose, 9.6% hemi-
cellulose and 5.3% lignin, while after the treatment, the cellulose con-
tent increased to 88.9%, whereas the lignin and hemicellulose content 
reduced to 7.02% and 3.1 %, respectively. The grafting yield of CNF-S-S- 
CNF and propionylated CNF-S-S-CNF was 90.2% and 78.4%, respec-
tively. The degree of substitution (DS) of CNF-S-S-CNF was found to be 
0.66, which was calculated by using 1H NMR spectroscopy after per-
propionylation explained in section S4, supplementary file. 

3.2. Characterization of PCFs and CNF-S-S-CNF 

To assess the changes in chemical bonding, and molecular structure 
that occurred during different stages of extraction and surface modifi-
cation of the fibers, FTIR spectra of RH, PCFs and CNF-S-S-CNF were 
observed in the range of 500–4000 cm− 1 (Fig. 2(a)). In all three spectra, 
the absorption bands at 3426 cm− 1, 2920 cm− 1, 1630 cm− 1, and 1440 
cm− 1 are attributed to hydroxyl group (O–H), aliphatic C–H stretching 
vibrations, absorbed water O–H bending vibrations and in-plane 
bending vibrations of HCH and OCH, respectively [38,39]. The vibra-
tion bands at 1734, 1510 and 1249 cm− 1 in RH correspond to ether and 
ester bonds in hydroxycinnamic acids (p-coumaric and ferulic acids), 
present in lignin and hemicellulose and aromatic C = C stretching bands 
of lignin, respectively, which are absent in PCFs, confirming the removal 
of lignin during the extraction process [40,41]. The absorption peaks at 
1163, 897 and 1031 cm− 1 are attributed to the C-O-C asymmetric vi-
brations, β-glycosidic linkages and pyranose ring structure vibrations of 
PCFs, respectively [42]. In the FTIR spectra of CNF-S-S-CNF, the vibra-
tion bands appeared at 1730 and 1290 cm− 1 for C = O and C-O 
stretching in the acetate group, confirming the successful grafting of 
DTPA on cellulose [43]. New absorption band at 627.27 cm− 1 represents 
C-S bonding vibrations corresponding to C-SS-C bond of CNF-S-S-CNF 
[44]. 

The crystallinity of RH, PCFs, and CNF-S-S-CNF was evaluated using 
X-ray diffraction analysis presented in Fig. 2(b). The PCFs diffractogram 
reveals a prominent crystalline peak at 22.67◦ 2θ, corresponding to the 
002 crystallographic diffraction plane of hydrogen bound sheets of 
cellulose I (Iα and Iβ) configuration. The other three common peaks at 2θ 
= 15.42◦ (110), 16.4◦ (10–1) and 34.4◦ (040) suggest the retention of 
cellulose Iβ crystalline structure after the treatment [42]. The crystal-
linity index of PCFs was calculated using equation (20) 

CrystallinityIndex(CI) =
I002 − Iam

I002
× 100 (20) 

Where, I002 and Iam refer to the crystalline phase and amorphous 
phase at 2θ = 22.7◦ and 18◦, respectively. The crystallinity index 
increased from 58.2 % for RH to 78.7 % for PCFs with chemico me-
chanical treatment. In the XRD spectra of CNF-S-S-CNF, the diffraction 
peaks observed at 2θ = 11.48◦, 20.24◦ and 21.86◦ correspond to (110), 
(10–1) and (002) diffraction planes, respectively, suggest the conver-
sion of cellulose I to cellulose II during regeneration [45]. The XRD 
peaks at 26.39◦ and 28.00◦ appear due to the sulphide bonds present in 
CNF-S-S-CNF [46]. Other peaks at 30.42◦, 35.37◦, 38.13◦ and 41.57◦ are 
characteristic peaks of different forms of sulphur such as sulphide, thiol 
and free sulphur, further confirming the grafting of disulphide [47]. 

Table 1 
Linear and non-linear kinetics and isotherm models.   

Linear equation Non-linear 
equation 

Constant 

Lagergren pseudo 
first order (PFO)  
[34] 

ln(qe − qt) = lnqe − k1t(5) 
Where, qt (mg g− 1) and qo (mg g− 1) denotes adsorption capacities at time ‘t’ and at 
equilibrium, respectively 

qt =

qe
(
1 − e− k1 t)(6)

k1 (min− 1) is pseudo first order rate constant 

Pseudo second order 
(PSO) [35] 

t
qt

=
1

k2q2
e
+

1
qe

t(7)
qt =

k2q2
e t

1 + k2qet
(8)

k2 (g mg− 1.min− 1) is second order rate constant 

Elovich model  qt =
1
β

ln(αβ) + 1
β

lnt(9) α (m.mol g− 1 min− 1) and β (g.mmol− 1) are 
experimental constants 

Weber and Morris 
intra-particle 
diffusion 

qt = kintt1/2 + C(10)  kint (mg g− 1. min1/2) is represents intra-particle 
diffusion constant and C (mg g− 1) is related to 
boundary layer thickness 

Langmuir isotherm  
[36] 

Ce

qe
=

1
qmKL

+
Ce

qm
(11)Where, Ce (mg L-1) and qe (mg g− 1) indicates the 

concentration of adsorbate and adsorption capacity of adsorbent at equilibrium, 
respectively and qm (mg g− 1) is maximum adsorption capacity 

qe =

qm.kL.Ce

1 + kL .Ce
(12)

KL (L mg− 1) the Langmuir constant, represents the 
affinity between adsorbate and adsorbent 

Freundlich isotherm  
[37]  lnqe = lnkF +

1
n

lnCe(13) qe = kF .C

1
n
e (14)

KF ((mg g− 1) (L mg− 1)) is the Freundlich constant 
and 
n is adsorption intensity  
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Fig. 2. (a) FTIR (b) XRD spectra of RH, PCFs and CNF-S-S-CNF (c) HR-TEM and (d) FESEM images of PCFs and CNF-S-S-CNF (e) EDX spectra of PCFs, CNF-S-S-CNF 
and CNF-S-S-CNF loaded with Hg(II) and SO (f) TGA analysis of RH, PCFs and CNF-S-S-CNF. 
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Fig. 2(c) gives the HRTEM micrographs of PCFs (i and ii) and CNF-S- 
S-CNF at different magnifications. PCFs are seen as entangled and 
agglomerated nanofibrous bundles of 30–50 nm, with smooth surface 
free from amorphous domains of lignin and hemicellulose. CNF-S-S-CNF 
(Fig. 3 (iii & iv)) seems to have a thin coating on the surface of fibres 
almost with similar diameter as PCFs. The tendency of agglomeration is 
seemingly reduced with functionalization, however the fibres are 
smaller in length with 60–70 nm diameter. Fig. 2(d) exhibits FESEM 

images of pristine cellulose fibres (i and ii), and the morphology of CNF- 
S-S-CNF is shown in Fig. 2d (iii and iv). While the PCFs are visible as 
distinct fibres, CNF-S-S-CNF appears to be a porous network constituted 
of fibrous mass. The network aids in quicker penetration of analyte 
molecules into the inner space and provides a large number of ion- 
coordinating sites conducive for adsorption. Closer representation ex-
hibits (Fig. 2d (iv) inset) significantly decreased aspect ratio with 
functionalization, as confirmed by TEM. This probably is due to 

Fig. 2. (continued). 
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regeneration process of cellulose during functionalisation. This is also 
corroborated by the thermal analysis of PCFs and CNF-S-S-CNF which 
reveals a lower onset of degradation post-functionalization. 

The energy dispersive X-ray (EDX) results of PCFs, CNF-S-S-CNF and 
adsorbent loaded with Hg(II) and SO have been presented in Fig. 2(e). 
PCFs clearly show the presence of only carbon and oxygen constituting 
the backbone of biomass. The DTPA modified cellulose fibres visibly 
show the presence of sulphur due to presence of disulphide group. 

Presence of Hg(II) ions and nitrogen confirms the adsorption of Hg(II) 
and SO on the surface of CNF-S-S-CNF. 

Thermal analysis of RH, PCFs and CNF-S-S-CNF was studied to 
evaluate the effect of functionalization on their thermal behaviour as 
illustrated in Fig. 2(f) and differential thermogravimetric (DTG) analysis 
(inset). The peak decomposition of RH occurs at 315.6 ◦C, while for PCFs 
a sharp degradation ensues at 376.6 ◦C i.e. 61 ◦C higher than RH, clearly 
demonstrating the high purity of cellulose due to removal of 

Fig. 3. XPS analysis of pristine cellulose fibres (PCFs) and CNF-S-S-CNF.  
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hemicellulose and lignin in PCFs. It is worth mentioning that at tem-
perature below 100◦C, all samples showed a small weight loss (≈ 10%), 
attributable to the removal of absorbed water onto the surface. As 
evident from the thermogram, PCFs are thermally most stable because of 
their ordered crystalline structure with onset degradation temperature 
of 235.4◦C and maximum degradation 376.6◦C (mass loss 79.8% at 
700 ◦C), which is due to the degradation of β(1–4) glycosidic linkages 
translating into carbon dioxide (CO2), carbon monoxide (CO) and 
methane (CH4) gasses. Unlike PCFs which exhibit a single sharp 
degradation peak, CNF-S-S-CNF degrades in multiple steps [48]. The 
onset of degradation occurred at a lower temperature of 215.5◦C which 
is due disruption of its crystalline structure during regeneration and 
introduction of functional groups in the backbone of cellulose. The peak 
degradation occurs at 245.4◦C, probably due to the initial stage of 
breakdown of ester bonds in CNF-S-S-CNF. Thereafter, sulfate half esters 
are formed on the surface of PCFs which combine with the water and are 
removed as by-products during pyrolysis to produce acids. These acids 
further catalyse the de-esterification, depolymerization and degradation 
of cellulose chains. As evident from Fig. 2(f), PCFs have higher stability 
and sharp degradation resulting in small volatile molecules instead of 
forming char, eventually resulting in low residual mass (8.8%). On the 
other hand, CNF-S-S-CNF with low thermal stability followed by slow 
pyrolysis got converted to char which provided more thermal stability 
up to 740◦C (52.7% residue) [49]. 

3.3. Xps analysis 

The CNF-S-S-CNF was further characterized using XPS spectroscopy, 
which is a sensitive surface characterization technique with a sampling 
depth of 10 nm. The results of XPS are given in Fig. 3. Fig. 3a shows the 
wide XPS survey of PCFs and CNF-S-S-CNF, while Fig. 3c and 3d exhibit 
the C1s spectra. Fig. 3e and 3f display the O1s spectra of PCFs and CNF- 
S-S-CNF, respectively, while S2p spectra for CNF-S-S-CNF is shown in 
Fig. 3b. The appearance of new peak for S2p in the XPS spectra of CNF-S- 
S-CNF confirms the successful grafting of disulphide linkage on the 
surface of PCFs. The S2p spectra were deconvoluted into two peaks, the 
first peak appearing at 162.20 eV for 2p3/2 and the other peak visible at 
163.3 eV for 2p1/2, which correspond to disulphide linkages on the 
surface of the CNF-S-S-CNF [50]. In the deconvoluted C1s XPS spectra of 
PCFs, three peaks appeared at 284.00 eV (C–C/C–H), 285.65 eV (C-O-C/ 
C-O–H) and 287.7 eV, confirming that (O-C-O) linkages are present in 
PCFs [38]. In the C1s spectra of CNF-S-S-CNF, two new peaks appeared, 
which correspond to C-S linkages at 285.0 eV and O = C-O linkages at 
288.0 eV, which also corroborates the FTIR results. In the PCFs, a single 
peak is formed at 531.6 eV which is attributed to C-O linkage, while the 
O1s spectrum of CNF-S-S-CNF displayed two split peaks appearing at 
532.2 eV and 532.4 eV, which correspond to O-C = O and C-O bonds in 
DTPA, respectively [38]. 

3.4. Model establishment and analysis of process parameters for the 
adsorption of Hg(II) and SO on the surface of CNF-S-S-CNF 

The RSM based BBD approach was utilized to determine the impact 
of independent variables i.e. pH (A), contact time (B), initial concen-
tration (C), and adsorbent dosage (D) on the adsorption of Hg(II) and SO. 
Table S2a and Table S2b, section S5 (supplementary file) display the 
core composite matrix and the outcomes of total 29 randomized tests for 
Hg(II) and SO, respectively. The 3D response surfaces were drawn using 
the model. Based on the results of the experiments of variables (given in 
table S2a and table S2b), the proposed quadratic expressions developed 
between adsorption rate and testing parameters are illustrated in 
equations (21) and (22). 

Response (Hg(II) adsorption) 

=77.50+ 8.26A+ 19.15B − 26.03C+ 13.44D+ 6.30AB
+ 6.63AC+ 1.65AD+ 15.75BC+ 8.00BD+ 12.73CD − 16.47A2

− 16.01B2 + 11.79C2 − 15.15D2

(21) 

Response (SO adsorption) 

=62.35+ 21.28A+ 1.08B − 6.86C+ 10.04D+ 12.25AB − 11.65AC
+ 2.33AD+ 5.66BC+ 8.82BD+ 10.62CD − 11.38A2 − 0.77B2

+ 3.32C2 − 6.59D2

(22)  

where, A, B, C and D denote the experimental parameters i.e. pH, contact 
time, adsorbate concentration and adsorbent dosage, respectively. 
Whereas, the negative and positive signs of the coefficients in the 
equations denote antagonistic and synergistic effects, respectively. 

The summary of the results of the analysis of variance (ANOVA) for 
the quadratic model which includes the sum of squares (SS), degree of 
freedom (df), mean squares, F-value and probability > F values for each 
element is given in table S3a and table S3b for Hg(II) and SO, respec-
tively. The model F-value of 13.47 for Hg(II) and 54.22 for SO implies 
that the model is significant. There is only a 0.01 % chance that an F- 
value this large could occur due to noise. A P-value<0.0500 indicate 
model terms are significant. In the case of Hg(II), A, B, C, D, BC, CD, A2, 
B2, C2 and D2 are the significant model terms, While SO, A, C, D, AB, AC, 
BC, BD, CD, A2 and D2 are the significant model terms. Besides, the 
coefficient of determination (R2), predicted (R2

pre) and adjusted (R2
adj) 

were statistical measures used to determine the significance and suffi-
ciency of the suggested model. The R2 value closer to 1 implies the 
significance of the model. The value of R2, R2

adj and R2
pre are given in 

Table S4 (i.e. for Hg(II) R2 = 0.9309, R2
adj = 0.8618 and R2

pre = 0.6964 
and for SO R2 = 0.98, R2

adj = 0.93 and R2
pre = 0.86), also validate the 

results. Adequate precision measures the signal to noise ratio. A ratio>4 
is desirable. The adequate ratio 11.21 for Hg(II) and 29.43 for SO 
indicate an adequate signal. The two-dimensional (2D) and three- 
dimensional (3D) response surfaces are shown in Fig. 4 and the 

Table 2 
Kinetic parameters for linear pseudo first order and pseudo second order models.   

Pseudo first order kinetics Pseudo second order kinetics 

Pollutant Conc. 
(mgL-1) 

qe, exp 

(mg.g− 1
) 

K1 (min− 1) qe, calculated (mg g− 1) R2 R2
adj. K2 

(g mg− 1 min− 1) 
qe, cal 

.(mg g− 1) 
R2 R2

adj. 

Hg(II) 10  9.97  0.72  2.33  0.9563  0.8303  68.5  10.1  0.9994  0.9985 
100  99.30  0.55  167.04  0.9565  0.8933  1.2 × 10-3  117.78  0.9912  0.9796 
200  181.86  0.34  208.98  0.9873  0.9711  6.2 × 10-4  218.34  0.9623  0.9841 
400  348.6  0.36  772.87  0.8978  0.7784  1.6 × 10-4  510.20  0.9950  0.9138 
600  530.8  0.19  523.95  0.9799  0.9536  1.1 × 10-4  757.57  0.9977  0.9888 
800  735.9  0.34  641.60  0.9449  0.8666  0.87 × 10-4  1022.4  0.9958  0.9947 
1000  828.5  0.24  515.03  0.9578  0.8968  0.76 × 10-4  1150.7  0.9958  0.9902   

SO 

5  4.42  0.33  4.09  0.9525  0.9434  0.313  4.55  0.9996  0.9991 
10  8.65  0.22  6.28  0.9676  0.9496  0.114  8.95  0.9995  0.9990 
15  12.78  0.17  7.74  0.9483  0.9233  0.069  13.18  0.9994  0.9987 
20  16.75  0.26  17.02  0.9762  0.9652  0.44  17.67  0.9995  0.9990 
30  21.48  0.27  20.67  0.9681  0.9593  0.041  21.00  0.9997  0.9995  
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detailed discussion on the optimization of parameters based on these 
figures is mentioned in Section S5 (section b), supplementary file. 

It was established from the results that the maximum adsorption 
capacity i.e. 100% removal of 100 mL of 10 mg L-1 of Hg(II) ions was 
achieved at pH 5.5 with two combinations i.e. contact time of 9.50 min 
and CNF-S-S-CNF dosage of 100 mg and second with 18 min contact 
time and 60 mg CNF-S-S-CNF dosage, while complete removal of 100 mL 
of 1 mg L-1 of SO was accomplished at optimum conditions of pH 6.5, 
CNF-S-S-CNF dosage of 60 mg and contact time of 9.50 min. These re-
sults obtained from RSM were validated using experimental parametric 
studies. 

3.5. Experimental adsorption parameters 

The adsorption was investigated as a function of parameters used for 
RSM i.e contact time between adsorbate and adsorbent, the concentra-
tion of adsorbate and adsorbent, and the effect of the pH of the medium 
and interference of other metal ions. At different time intervals of the 
adsorption process, the adsorption percentage and adsorption capacities 
were evaluated using equations (3) and (4). 

3.5.1. Point of zero charge (PZC) 
ZPC is the pH where the net charge density on the surface of the 

adsorbent is zero. The graph of ΔpH = pHFinal-pHInitial is shown in Fig. 5 
(a). As evident, the ZPC value of CNF-S-S-CNF is 4.6. After 24 h, all the 
adsorbent solutions with different pH values equilibrate at pH-4.6, 
below which, the adsorbent surface has a net positive charge and 
above, a net negative charge. 

3.5.2. Selectivity of metal ions and textile dye 
For practical applications, target ions do not exist but they typically 

coexist with competing metal ions. To ascertain the selectivity of CNF-S- 
S-CNF towards Hg(II) ions, competitive adsorption with interfering 
cations was conducted with alkali metal ions like K(I), Na(I) and heavy 
metal ions such as Pb(II), Co(II), Cu(II), Fe(II), Cd(II) and Cr(III). Since 
Hg(II) and sulphide are soft acids and soft bases, respectively, it was 
postulated that Hg(II) ions have stronger attraction towards the disul-
phide group as compared to other metal ions. As hypothesized, the 
removal efficiency and uptake kinetics of Hg(II) ions were much higher 
than other metal ions (Fig. 5(b)), confirming a high selectivity for Hg(II). 
Almost 100% removal of Hg(II) ions was achieved in initial 5 s for Co =

10 mg L-1 (as is evident in the attached videos). As mentioned in section 
2.5.2, TMK was used to make complex with Hg(II) for spectroscopic 
detection. TMK gives a light-yellow colour in a slightly acidic medium (i. 
e. pH 5.5 at which the adsorption of Hg(II) ions is maximum) and forms a 
blue-purple coloured complex with mercury ions in an aqueous medium. 
In the video, the colour change from blue to yellow is evident, which estab-
lishes the adsorption of Hg(II) ions on CNF-S-S-CNF. 

For other metal ions i.e. Pb(II), Co(II), Cu(II), Fe(II), Cd(II) and Cr 
(III), even after a contact period of 2 h, the removal efficiencies were 
very low i.e. 13.4%, 3.87%, 4.87%, 5.13%, 3.87% and 3.43%, respec-
tively (Fig. 5(b)), clearly indicating a high selectivity of Hg(II) ions. A 
low percentage of alkali metal ions, Na(I) and K(I) ions was captured i.e. 
3.23 % and 2.9 %. Additionally, as dissolved organic matter (DOM) is 
normally present in an actual wastewater environment, the antifouling 
of the adsorbent is crucial for the removal of ionic species. Humic acid 
(HA) was used as a representative DOM to assess its impact on removal 
of Hg(II) by CNF-S-S-CNF. HA was removed to about 3.5 % implying that 
presence of HA in water has negligible influence on the adsorption of Hg 
(II) ions (Fig. 5(b)). 

It is essential to assess the selectivity of adsorbent for various metal 
ions. A high distribution coefficient, Kd value means higher selectivity of 
adsorbent towards the target ions. It is evident from Fig. S2(a) that the 
Kd value of CNF-S-S-CNF for Hg(II) ions is extraordinarily high i.e. 5.0 ×
105 (mL g− 1), which is much higher than the previously reported 
adsorbant [51]. Further, the selectivity coefficient, KHg/M was also 
calculated which evaluates the ability of CNF-S-S-CNF to differentiate 
Hg(II) from additional metal ions. From Fig. S2(b), it is evident that the 
KHg/M values for other metal ions were in the range of 4.2 × 103-–1.7 ×
104, suggesting the outstanding selectivity of Hg(II) over other metal 
ions [52]. 

CNF-S-S-CNF was also evaluated for removal of textile effluents, 
Safranin O (SO). SO being a cationic dye, the resultant strong electro-
static force of attraction between negatively charged adsorbent and 
positively charged dye is responsible for its adsorption on CNF-S-S-CNF. 
It was observed that CNF-S-S-CNF exhibited good selectivity for SO for 
broad concentration range, hence the parametric studies were accom-
plished for both, Hg(II) ions and SO dye. 

3.5.3. Effect of time and equilibrium 
The contact time between adsorbent and adsorbate is important in 

deciding the adsorption performance. The concentration changes in Hg 
(II) and SO w.r.t. time were evaluated at their maximum absorption 
wavelengths. Figure S3 (a and b), section S7 shows the UV graph for the 
adsorption of Hg(II) ions and SO dye on 100 mg of adsorbent (100 mg L-1 

solution of Hg(II) ions at pH-5.5 and for 5 mg L-1 solution of SO dye pH 
− 6.5). The studies were accomplished with time ranging from 0 to 120 
min. The equilibrium was attained within 8 min in the case of Hg(II) 
(concentration of 100 mg L-1) and 18 min for SO (concentration of 25 mg 
L-1). The percentage adsorption at equilibrium for Hg(II) and SO was 
estimated to be 99.3 % and 88.4 %, respectively. The adsorption curves 
make it quite apparent that the kinetics of adsorption is distinct and 
rapid. Within the initial 2 min on addition of CNF-S-S-CNF, adsorption of 
Hg(II) reached 93.7%, while for SO it was 71.1%. 

Similarly, the percentage adsorption of Hg(II) (adsorbent dosage of 
100 mg, Hg(II) concentration ranging from 100 to 500 mg L-1, pH-6) and 

Table 3 
Kinetic parameters for non-linear pseudo first order and pseudo second order models.   

NL-PFO  NL-PSO  

Pollutant Conc. 
(mgL-1) 

qe, exp 

(mg g− 1
) 

K1 

(min− 1) 
qe, cal. 

(mg g− 1)  
R2 R2

adj. K2 (g mg− 1 min− 1) qe, cal. 

(mg g− 1) 
R2 R2

adj. 

Hg(II) 10 9.97 0.80 9.4 0.9921 0.9955 0.19769 10.32 0.9955 0.9982 
100 99.30 0.42 96.09 0.9960 0.9961 0.00681 108.39 0.9977 0.9964 
200 181.86 0.22 145.49 0.9876 0.9834 0.00119 223.60 0.9953 0.9911 
400 348.6 0.18 305.28 0.988 0.984 3.9 × 10-4 463.45 0.9990 0.9780 
600 530.8 0.21 422.56 0.9755 0.9712 4.1 × 10-4 628.97 0.9990 0.9869 
800 735.9 0.27 669.32 0.9570 0.9476 4.6 × 10-4 810.79 0.9887 0.9757 
1000 828.0 0.31 767.32 0.9345 0.9288 5.1 × 10-4 877.23 0.9975 0.9916 

SO 5 4.42 0.53 4.29 0.9841 0.9781 0.22654 4.60 0.9962 0.9832 
10 8.65 0.42 8.34 0.9855 0.9654 0.07746 9.14 0.9976 0.9721 
15 12.78 0.38 12.22 0.9851 0.9763 0.0463 13.51 0.9979 0.9812 
20 16.75 0.31 16.42 0.9872 0.9785 0.0252 18.54 0.9977 0.9851 
30 21.48 0.35 22.47 0.9888 0.654 0.02423 23.36 0.9988 0.9835  
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SO (adsorbent dosage of 100 mg, SO dye concentration 5–25 mg L-1, pH- 
7), respectively was determined within the time interval of 0–120 min. 
The adsorption curves make it fairly clear that the kinetics can be 
divided into two distinct phases. Initially, the quick adsorption phase 
occurred within 2 min for Hg(II) and 3 min for SO. In this phase, about 
55–97.3 % adsorption was found for metal ions concentration ranging 
from 500 to 100 mg L-1 and 55.8–71.8 % for SO with concentration 
varying from 25 to 5 mg L-1, respectively (Fig. 5(c and d)). The faster 
phase significantly contributes to the equilibrium adsorption and the 
second, slower phase, during which the adsorption is largely insignifi-
cant lasts from 2 to 15 min for Hg(II) ions and 3 to 18 min for SO dye. In 
the beginning stage of the process, the concentration gradient is 

significantly high and there are a lot of easily accessible binding sites, 
however, as time proceeds, both of these factors decline and the process 
slows down as equilibrium is reached. 

3.5.4. Effect of pH of medium 
The pH of the system not only affects the existence of different ionic 

forms of Hg(II) species but also influences the surface properties of the 
adsorbent. From Fig. 5 (e and f), it is evident that CNF-S-S-CNF has low 
removal capacity for Hg(II) ions at lower pH values i.e. in the range 1–3 
(i.e. 55%-70%), however as pH increased from 4 to 7, CNF-S-S-CNF 
exhibited a higher adsorption capacity (84%-98%). The adsorption 
decreased when pH was further increased from 8 to 12 (<70%). This can 

Fig. 4. Two dimensional (2D) and three dimensional (3D) response surfaces for Hg(II) and SO dye, respectively.  
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be explained as under different pH conditions, mercury exists in 
different ionic forms including Hg(II), Hg (OH)+, Hg (OH) etc. in the 
aqueous system. At low pH i.e. pH < 4, Hg (II) ions exist, however, they 
compete with ions which have smaller size and mobility, for adsorption 
leading to their smaller adsorption percentage. At moderate pH i.e pH 
4–6, most of the mercury is present as Hg(II) ions and small traces of Hg 
(OH)2, which has strong electrostatic forces of attraction towards 
negatively charged adsorbent. CNF-S-S-CNF has a net zero-point charge 

at pH 4.6 (isoelectronic point), thus it exhibits an overall positive charge 
below pH-4.6 and negative charge above this pH. Between pH 4 to 6, 
negatively charged CNF-S-S-CNF displayed a strong electrostatic force of 
attraction towards positively charged Hg(II), increasing the adsorption. 
This result is in agreement with the previous reported disulfide and thiol 
functionalized lanthanide coordination polymers [53]. On the other 
hand, between pH 6–7, mercury is present in the form Hg(OH)+, Hg 
(OH)3+ and traces of Hg(OH)2 which hinder the adsorption. However, 

Fig. 4. (continued). 
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due to the strong negative charge on the surface of CNF-S-S-CNF, a slight 
decrease is observed in percentage removal capacity. After this i.e. pH 8, 
mercury exists as Hg(OH)2 which gets precipitated in an alkaline me-
dium, decreasing the Hg(II) removal [54]. 

A similar trend was observed for the adsorption of SO dye on CNF-S- 
S-CNF surface. At low pH, the competition between H+ and SO cationic 

dye, as well as repulsion with the positively charged surface of CNF-S-S- 
CNF, resulted in smaller adsorption percentage of SO, however, as the 
pH increased above 4, the CNF-S-S-CNF has a net negative surface 
charge which ensues strong electrostatic forces of attraction towards the 
cationic dye. Hence, adsorption increases as pH increases beyond pH 4 
and up to pH 8. Further increase in pH above 8, causes a slight decrease 

Fig. 4. (continued). 

M. Kaur et al.                                                                                                                                                                                                                                   



Separation and Purification Technology 322 (2023) 124275

14

in adsorption. It might be due to the interference that arises between 
negatively charged adsorbent and hydroxyl ions in the alkali medium 
[55]. 

3.5.5. Effect of adsorbent and adsorbate concentration 
The increase in initial metal ions concentration significantly in-

creases the adsorption rates as it provides the necessary driving force to 

overcome the mass transfer resistance. To establish the optimum con-
centration of Hg(II) and SO and their maximum uptake capacity, ex-
periments were performed with varying adsorbate concentrations (Fig. 5 
(g and h)). The Hg(II) concentration was varied from 100 to 500 mg L-1 

(CNF-S-S-CNF dosage 100 mg in 100 mL, pH 5.5) while SO was varied 
between 5 and 25 mg L-1 (CNF-S-S-CNF dosage 100 mg in 100 mL, pH 
6.5). At low Hg(II) ion concentration i.e. 100 mg L-1, 99.3% removal was 

Fig. 4. (continued). 
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achieved in 8 min observed on the surface of CNF-S-S-CNF due to the 
presence of abundant active sites., as shown in Fig. 5(g) and 5(h). 
However, as the concentration of Hg(II) ions increases to 500 mg L-1, the 
percentage of adsorption at equilibrium decreased to 85.16% as the 
active sites available for adsorption get saturated. This can be elucidated 
as at low metal ion concentration, the ratio of metal ions to the surface 
active sites of CNF-S-S-CNF is large and thus the percentage adsorption 
is independent of metal ion concentration. However, as Hg(II) 

concentration increases, the accessible active sites become less as 
compared to existing metal ions leading to decrease in adsorption [56]. 
It is worthwhile to note that very few studies have reported such high 
concentrations of metal ions. The same tr end was observed for SO, 
where the percentage adsorption decreased from 88.4% to 81.92% as 
the concentration increased from 5 to 25 mg L-1. Along with adsorbate 
concentration, the adsorbent dosage is an important factor to avoid 
excess consumption of adsorbent. The surface area accessible for the 

Fig. 5. (a) Point of zero charge, (b) Selectivity of CNF-S-S-CNF towards metal ions, Effect of parameters on adsorption of Hg(II) and SO (c and d) time, (e and f) pH, (g 
and h) initial adsorbate concentration (i and j) adsorbent concentration (with initial Hg(II) concentration of 500 mg L-1, pH 6.5 for SO, initial SO concentration of 25 
mg L-1 and pH 6.5). 
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adsorption process increases as the amount of adsorbent increases which 
leads to increased number of potentially active sites. The impact of CNF- 
S-S-CNF concentration on Hg(II) and SO was studied with adsorbent 
amount ranging from 20 to 100 mg per 100 mL solution for fixed con-
centration of Hg(II) (500 mg L-1 and pH 5.5) and SO (25 mg L-1 and pH 
6.5). As evident from Fig. 5 (i and j), the adsorption percentage 
increased from 72.7% to 99.3% for Hg(II), while for SO it increased from 
60.8% to 81.9% when the adsorbent dosage increased from 20 mg to 
100 mg per 100 mL. 

The parametric studies indicate that the experimental results were in 
accord with the RSM studies, validating the model results. For further 
kinetics studies, the 100 mL of adsorbate solution of different concen-
trations ranging (10–1000 mg L-1 for Hg(II) ions and 5–30 mg L-1 for SO 
dye) were studied with optimum adsorbent dose of 100 mg and pH-5.5 
for Hg(II) and pH-6.5 for SO dye. 

3.6. Adsorption kinetics 

To ensure the rapidness and efficacy of CNF-S-S-CNF to remove Hg 
(II) and SO, the linear and non-linear PFO and PSO kinetics were studied 
in a wide concentration range of 10 to 1000 mg L-1 for Hg(II) ions and 5 
to 30 mg L-1 for SO dye. The linear and non-linear kinetic model fittings 
have been presented in Fig. 6, for both Hg(II) and SO, while the kinetic 
parameters for linear and non-linear kinetic models are given in Table 2 
and Table 3, respectively. For PSO, the theoretical value of adsorption 

capacity (qe,cal = 1150.7 mg g− 1 for linear PSO, qe,cal = 877.23 mg g− 1 

for NL-PSO) and experimental value at equilibrium (qe, exp = 828.5 mg 
g− 1) are closer as compared to PFO model (qe,cal = 515.03 mg g− 1 for 
linear PFO and qe,cal = 767.32 mg g− 1 for NL-PFO model) (Table 1). For 
SO, the experimental value (qe,exp = 21.48 mg g− 1) is closer to linear 
PSO model (qe,cal = 21.00 mg g− 1) as compared to NL-PSO (qe,cal =

23.36 mg g− 1), and values of error functions (table S5) conform to PSO 
model. Moreover, the value of correlation coefficient, R2≈0.9958 for Hg 
(II) implies that the NL-PSO model and R2≈0.9997 for SO implies that 
linear PSO model is better in representing the Hg(II) and SO adsorption 
on CNF-S-S-CNF. While comparing error functions, χ2, RSS and RSME 
(table S5) for linear and non-linear models, it was found that adsorption 
of Hg(II) fitted better in NL-PSO, while SO exhibited a better fit in PSO 
kinetics. Considering the results, it can be inferred that chemisorption is 
the governing mechanism and adsorption proceeds by a chemical re-
action between CNF-S-S-CNF and Hg(II) as well SO through sharing of 
electrons and monolayer adsorption take place on the surface of the 
adsorbent. 

To further understand the adsorption mechanism and the factors 
influencing the adsorption kinetics, the experimental data were also 
fitted into Elovich and Weber-Morris intra-particle diffusion models 
(Section S8). The graphs and kinetic parameters have been presented in 
Figure S4 and Table S6, respectively in supplementary data file. It can be 
concluded that NL-PSO model best delineates the adsorption of Hg(II) 
and SO on CNF-S-S-CNF and adsorption is via electrostatic interactions. 

Fig. 5. (continued). 
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Neither film diffusion nor intra-particle diffusion are solely the rate 
limiting steps, but the external mass transfer and surface adsorption also 
play a significant role. 

3.7. Adsorption isotherm 

The linear experimental fit for Langmuir and Freundlich isotherm 
have been plotted in Fig. 7 and the isotherm parameters are given in 
Table 4. The figures clearly indicate that the non-Langmuir isotherm 
gives a better fit than Freundlich isotherm for both, Hg(II) and SO for the 
experimental data with R2 values of 0.9999 and 0.9989, respectively. 
When compared with non-linear models, the values of error function 
conform to non-linear Langmuir model for Hg(II) ions and linear 
Langmuir model for SO dye. The results evidently confirm chemisorp-
tion of Hg(II) on CNF-S-S-CNF and it is evident that the adsorption of Hg 
(II) and SO is via monolayer adsorption and both the pollutants are 
adhered to the adsorbent surface on evenly distributed active sites, 
which was confirmed by XPS results. As is evident that Freundlich 
isotherm does not provide a good fit for the experimental data. It is also 
confirmed by experimental Freundlich constant “KF” and adsorption 
intensity “n” values, which are 82.5, 2.27 for Hg(II) ions and 6.51, 1.67 
for SO dye, respectively, clearly indicating towards unfavourable 
multilayer adsorption. The favourable and unfavourable adsorption of 
Hg(II) ions and SO was further evaluated by the Separation factor (Rs), 
given by equation (22) 

Rs =
1

1 + KLC0
(22) 

Where, KL (L mg− 1) is the Langmuir constant and Co is the initial 
pollutant concentration. The lower the value of separation factor, more 
favourable is the adsorption. There can be four possible cases, if Rs = 0, 
it means irreversible adsorption, 0 < Rs < 1 indicates favourable 
adsorption, Rs = 1 is for linear adsorption and Rs > 1 signifies unfav-
ourable adsorption. Since the value is lying closer to 0, it indicates 
favourable adsorption. 

3.8. Xps analysis and adsorption mechanism 

From kinetic data and adsorption isotherm, it was evident that 
adsorption of Hg(II) and SO on CNF-S-S-CNF occurred via chemisorp-
tion. The wide scan XPS spectra (Fig. 8), was analysed to further confirm 
the mechanism of adsorption. From XPS spectra, the appearance of two 
new peaks of Hg4f and N1s confirms the adsorption of Hg(II) and SO 
dye. The high resolution spectra of Hg(II) ions revealed two peaks at 
100.87 eV and 105.65 eV [44]. The mechanism is governed by Hard and 
Soft Acids and Bases (HSAB) rule and electrostatic force of attraction at 
different pH values. According to the HSAB rule, “hard acids prefer to 
coordinate with hard bases and soft acids with soft base”. Since Hg(II) 
and sulphide are soft acids and soft base, respectively, Hg(II) ions have 
strong attraction towards disulphide group [57,58]. Shifts in the peaks 
towards high binding energy and increase in intensity of XPS spectra of 
S2p (S2p3/2 162.2 eV, I = 4.6 × 103 cps) and 163.3 eV (S2p1/2, 163.3 eV, 
I = 4.1 × 103 cps) to 163.0 eV (I = 8.7 × 103 cps) and 164.1 eV (I = 8.1 
× 103 cps), respectively confirm strong electrostatic force of interaction 
between Hg(II) ions and disulphide bonds. 

CNF-S-S-CNF has ZPC at pH of 4.6. Below pH-4.6, the adsorbent 
surface has a net positive charge and above a net negative charge. As pH 
of the solution reached 5.5, the α-hydrogen in CNF-S-S-CNF gets 
deprotonated to form enolate ions ensuing Hg(II) ion adsorption, which 
is confirmed through high resolution XPS of C1s of CNF-S-S-CNF taken 
after mercury adsorption [59]. The XPS spectra showed a new high 
intense peak of C = C at 284.2 eV (Intensity, I = 2.1 × 104 cps), con-
firming the formation of double bond after deprotonation [60]. The 
enolate ions show electrostatic attraction towards Hg(II) ions, which 
results in decreased intensity of outer electrons and increase in binding 
energy of inner electrons of O-C-O to 287.9 eV (I = 1.1 × 104 cps) from 

Fig. 6. Linear (a-c) pseudo-first order model, (d-f) pseudo second order model, 
Non-linear (g-h) pseudo first order model (i-j) pseudo-second order kinetic 
model (pH-6 for Hg(II) ions and pH-7 for SO dye, adsorbent dose of 100 mg). 
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287.5 eV (I = 4.2 × 104 cps) as for CNF-S-S-CNF. The shift in the peaks 
and increase in intensity of C-S from 285.0 eV (I = 6.5 × 104 cps) to 
285.2 eV (I = 1.2 × 104 cps) further reveals the involvement of disul-
phide in Hg(II) adsorption [61]. In the deconvoluted O1s spectra, O1s 
peak becomes broader and of higher intensity as compared to that CNF- 
S-S-CNF. After Hg(II) adsorption, a new peak of O-C-O at 532.9 eV (I =

3.9 × 104 cps) appeared in XPS spectra of CNF-S-S-CNF, confirming the 
conversion of O-C = O bond into O-C-O-. No change in the binding en-
ergy of C-O–H peak prior and post adsorption of Hg(II), confirmed that 
C-O–H of anhydroglucose units of cellulose are not involved in Hg(II) 
adsorption. The binding energy of O-C = O and O–H shifts to 531.7 eV (I 
= 3.4 × 104 cps) from 532.1 eV (I = 3.0 × 104 cps) and 530.7 eV (I = 1.8 

Fig. 7. Linear (a, b) Langmuir isotherm fit (c-d) Freundlich isotherm, Non-linear fit (e-f) Langmuir isotherm (g-h) Freundlich isotherm for Hg(II) ions and SO.  
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× 104 cps) from 530.5 eV (I = 7.7 × 104 cps), respectively after Hg(II) 
adsorption [62]. 

On the other hand, SO being a cationic dye, the resultant strong 
electrostatic force of attraction between negatively charged adsorbent 
and positively charged dye is responsible for its adsorption on CNF-S-S- 
CNF. A new peak of N2s appeared on the surface of CNF-S-S-CNF spectra 
after SO dye adsorption confirmed the adsorption of SO on the adsor-
bent. In the high resolution spectra of N2s, a new peak at 398.9 eV (I =
2.2 × 103 cps) corresponds to N-O bond formation between positive 
charge nitrogen atom of SO and enolate ions of CNF-S-S-CNF. The other 
three peaks at 398.4 eV (I = 1.9 × 103 cps), 399.6 eV (I = 1.9 × 103 cps), 
400.49 eV (I = 1.7 × 103 cps) are attributed to the N–H, C = N and C-N 
bonds in SO [63]. Similarly, the binding energy of C-S, C–C, C-O, O-C-O 
and O = C-O in C1s spectra shifts from 285.0 eV, 284.0 eV, 286 eV, 

287.5 eV and 288.0 eV to 285.1 eV, 284.4 eV, 285.9 eV, 287.8 eV, 288.1 
eV, respectively. A new peak at 284.1 eV corresponds to C = C bond in 
CNF-S-S-CNF after SO adsorption [25,64]. In the high resolution spectra 
of O1s, a new peak for O-C-O appeared at 533.2 eV (I = 9.4 × 103 cps) 
revealed the formation of enolate ion at high pH. The binding energy of 
O–H, O-C = O and C-O–H increased from 530.5 eV (I = 7.7 × 103 cps), 
532.2 eV (I = 3.0 × 104 cps) and 532.4 eV (I = 3.1 × 104 cps) to 530.9 eV 
(I = 5.288 × 104 cps), 532.5 eV (I = 2.3 × 104 cps) and 532.8 eV (I = 2.3 
× 104 cps), respectively. However, in the S2p spectra, the binding en-
ergy shifts from 162.2 eV (I = 4.6 × 103 cps) to 163.3 eV (I = 3.4 × 102 

cps) for S2p3/2 and 163.3 eV (I = 3.3 × 103 cps) to 164.0 eV (I = 3.3 ×
104 cps) for S2p1/2 orbital, respectively confirming that both disulphide 
bond has strong electrostatic force of interaction with SO. The decrease 
in intensity in spectra of CNF-S-S-CNF after dye adsorption might be due 

Table 4 
Isotherm parameters for various kinetic models for Hg(II) metal ions.   

Langmuir model  

Pollutants qm (lin) (mg 
g− 1)  

qm (non-lin)(mg 
g− 1) 

KLlin 

(L mg− 1) 
KL non-lin 

(L mg− 1) 
R2

lin R2
non-lin R2

adjlin R2
adj non- 

lin 

χ2
lin χ2

non- 

lin 

RSSlin RSSnon- 

lin 

Hg 
(II) 

1000 761.63 0.02 0.05 0.7609 0.9999 0.7549 0.9724 29.58 5.78 344 132.74 

SO 25.84 26.02 0.41 0.42 0.9989 0.9888 0.9731 0.9654 0.73 1.46 8.72 9.08 
Freundlich model 
Pollutants nlin nnon-lin KF 

((mg g− 1)(L 
mg− 1)1/n) 

KF 

((mg g− 1)(L 
mg− 1)1/n) 

R2
lin R2

non-lin R2
adjlin R2

adj non- 

lin 

χ2
lin χ2

non- 

lin 

RSSlin RSSnon- 

lin 

Hg(II) 2.3 0.3 82.5 139.7 0.9494 0.9774 0.9387 0.9667 1.87 1650 3.01 9.90 
SO 1.7 0.4 6.5 8.5 0.9034 0.8566 0.7632 0.8454 2.87 6.00 0.25 18.01  

Fig. 8. XPS spectra for CNF-S-S-CNF after uptake of Hg(II) ions and SO dye.  
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to diffusion of functional groups because of adsorbed SO on the adsor-
bent. The peak at 167.7 eV may be due to conversion of few sulphur 
atoms in disulphide bond into sulfonyl group. The EDX spectra of CNF-S- 
S-CNF before and after the adsorption Hg(II) and SO given in Fig. 2 (e) 
also substantiates the XPS results. 

The adsorption mechanism via electrostatic interactions between the 

disulphide linkages of CNF-S-S-CNF and Hg(II) ions and SO dye, 
respectively have been elucidated in Fig. 9(I). As evident from the Fig. 9 
(a) and also established from reported literature, the strong soft–soft 
interactions between soft acid, Hg(II) and the soft base sulphur of CNF-S- 
S-CNF are responsible for the adsorption of Hg(II) ions on the surface of 
CNF-S-S-CNF. The presence of the ester groups along with disulphide 

Fig. 9. (I) Adsorption mechanism (a) CNF-S-S-CNF and Hg(II) ions and (b) CNF-S-S-CNF and SO dye, (II) Reusability of CNF-S-S-CNF for Hg(II) and SO dye.  
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linkages in CNF-S-S-CNF further facilitates the adsorption process 
through enolate ion formation at pH > 4.6. The enolate ion oxygen 
shows a strong electrostatic force of interaction with positive mercury 
ions. Similarly, strong electrostatic force of attraction between exists 
between cationic dye (acidic dye) and negatively charged CNF-S-S-CNF 
which are responsible for adsorption of SO on the surface of adsorbent, 
as shown in Fig. 9(b). 

3.9. Regeneration and reusability 

In general, regeneration ability and structural stability are the main 
determinants of an adsorbent’s practical applicability. Strong acids like 
HCl are extensively employed for regeneration. However, due to strong 
interaction between the disulphide linkages and Hg(II), a lower acid 
(H+) content fetches poor regeneration whereas higher acid concen-
tration weakens the adsorbent structure. Consequently, using single acid 
is not appropriate for regeneration of CNF-S-S-CNF. Thus, 0.1% thiourea 
in conjunction with 0.1 M HCl was used for regeneration. As evident in 
Fig. 9(II), eight adsorption-regeneration cycles, the Hg(II) adsorption 
stayed above 96% and for SO adsorption it was above 80%. It can be thus 
concluded that CNF-S-S-CNF exhibits unusual potential in wastewater 
remediation owing to its exceptional stability and adsorption capacity 
after repeated cycles. 

3.10. Comparison of CNF-S-S-CNF with different nanomaterials and its 
practical usage 

The comparison of maximum adsorption capacity, equilibrium time, 
rate constant with various adsorbents for the removal of Hg(II) and SO 
reported in the literature has been presented in table S7 and table S8, 
respectively, while the use of CNF-S-S-CNF for adsorption of metal ions 
in real water analysis is given in section S9. It is evident that the per-
formance of CNF-S-S-CNF is better than the reported materials in liter-
ature both in terms of adsorption capacity & rate constant. Thus, CNF-S- 
S-CNF presents a robust platform for ultra-rapid and highly efficient 
removal of Hg(II) and SO dye. 

4. Conclusion 

CNFs derived from hemp bast fibers were successfully grafted with 
DTPA to introduce disulphide bonds on its backbone to develop highly 
efficient adsorbents. The presence of disulphide groups (-S-S-) group 
having twice the number of sulphur atoms as compared to sulphide 
yielded ultra-rapid removal of Hg(II) ions with 100% removal within 5 s, 
not reported hitherto. FTIR, FE-SEM, TEM, TGA, XRD and XPS were used 
to characterize the CNF-S-S-CNF, which confirmed the regeneration of 
DTPA grafted CNFs, however with much lower aspect ratio as compared 
to PCFs. The pH, time, adsorbent dosage and initial concentration of 
both pollutants, Hg(II) and SO had paramount effect on adsorption on 
the surface of CNF-S-S-CNF and hence optimized using RSM with BBD 
approach. The RSM results were in close concurrence with experimental 
results. For Hg(II) ions, the maximum adsorption capacity was achieved 
at pH- 5.5, adsorbent dosage of 100 mg and contact time of 9.50 min, 
while for SO, the optimal conditions were, pH-6.5, CNF-S-S-CNF dosage 
60 mg, and contact time of 9.50 min. Exceptional selectivity for Hg(II) 
can be attributed to the high Kd value of 5 × 105 mL g− 1 in the presence 
of interfering metal ions. Even at very high concentration of Hg(II) ions 
i.e. 1000 mg L-1, the equilibrium was achieved quickly within 15 min, 
exhibiting 82.8% removal, attributed to the porous network and hy-
drophilic character of CNFs. Such high concentration of Hg(II) ions has 
seldom been reported. The experimental data for Hg(II) ions fitted well 
into NL-PSO kinetic model, while adsorption of SO followed linear PSO 
kinetic model, which was in conformity with he reported results. 
Concurrence with Langmuir isotherm model and XPS studies established 
strong soft–soft interactions between soft acid, Hg(II) and the soft base 
sulphur of CNF-S-S-CNF along with the presence of ester linkages 

through enolate ion formation, further enhancing the electrostatic in-
teractions. Regeneration of CNF-S-S-CNF with 0.1% thiourea and 0.1 M 
HCl for 8 cycles retained 96% efficacy for Hg(II) ions and 80% for SO 
dye, corroborating their outstanding potential in waste-water 
remediation. 
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