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a b s t r a c t
This work was set to add value to timber sawdust through its functionalization with acetate groups 
for the sorption of cadmium ions and basic/acid dyes in aqueous solutions, as a cost-effective 
process. Straightforward etherification of the lignocellulosic matrix of sawdust with sodium 
chloroacetate yielded SATS material, which was characterized and successfully used as an excel-
lent adsorbent for efficient removal of cadmium ions, Bezaktiv Marine S-BL, Indigo Carmine from 
aqueous solutions. The as-prepared SATS demonstrated remarkable adsorption performance for all 
pollutants at pH 6 and the adsorption capacities of Cd2+, BM and IC were approximately 204, 200 
and 142.8 mg g−1. Thermodynamic parameters indicated the exothermic and spontaneous nature 
of the removal process. Satisfactory adsorption behavior including fast adsorption kinetics, high 
adsorption capacity, competitive ions and excellent properties of rapid adsorption/desorption rates 
remained during the repeated cycles demonstrated the large potential of SATS sorbent material 
for effluent treatment applications. Proposed adsorption mechanism indicated that ion-exchange 
is involved in Cd(II) removal, whereas electrostatic interaction and surface complexation may 
also contribute to the removal of dyes.
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1. Introduction

Contamination of water systems with heavy met-
als and synthetic chemicals is one of the most significant 
environmental concerns [1,2]. Heavy metal pollution 
of aquatic ecosystems is mainly due to the discharge of 
untreated metal-containing effluents into water bodies by 
industries such as batteries and electroplating [3]. Among 
heavy metals, cadmium has attracted great attention as its 
residual toxicity can significantly affect both environment 
and public health [4,5]. On the other hand, the contami-
nation of water systems by the increasing production and 

use of synthetic chemicals such as dyes by textile, leather 
and dyeing industries, poses a significant risk to human 
health and aquatic organisms [6–8]. Therefore, it is crucial 
to remove these pollutants from industrial effluents before 
they are released into the environment. 

Several treatment strategies are available for the 
removal of heavy metals and synthetic dyes in waste-
water, which include chemical precipitation [9], mem-
brane separation [10], oxidation [11], Fenton process [12]. 
Photodegradation is a well-known method for effective and 
fast removal of dyes from water. However, photo- catalytic 
degradation process often requires the aid of UV light 
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irradiation to enhance the photocatalytic activity and pro-
mote the degradation efficiency of dyes [13,14]. Although 
these processes have advantages, they often require com-
plex equipment and high operational costs. In addition, 
they lead often to partial removal, and may even generate 
secondary pollution. In this context, adsorption is consid-
ered as a promising alternative for its ease and simplic-
ity in the process design. Owing to their well-developed 
microporosity and surface chemistry, activated carbons are 
very effective in removing metal ions and organic pollut-
ants from water [15,16]. However, the removal process by 
means of activated carbon is costly. From this perspective, 
the use of industrial by-products and agricultural wastes 
as adsorbents has drawn great interest as they remove a 
wide variety of both mineral and organic pollutants and 
generates less toxic products than many other remediation 
methods [17–22]. Bio-based adsorbents such as egg shell 
[23] or biosorbents derived from agricultural wastes such 
as hazelnut shells [24], olive stones [25] and other cellulosic 
materials [26] have been thoroughly investigated in the 
removal of heavy metals and organic pollutants in water.

Lignocellulosic wastes have been successfully used 
as low-cost bioadsorbents owing to their wide availabil-
ity, biodegradability, low cost, low toxicity, regenerability, 
and lower sludge generation. Thanks to the large variety 
of functional groups available at their surface, lignocel-
lulosic wastes are able to bind with both heavy metal 
ions and organic pollutants [27,28]. Therefore, chemi-
cal modification of lignocellulosic wastes is an attrac-
tive approach that allows the synthesis of materials with 
desired functionalities designed for a significant enhance-
ment of the adsorption capacity. 

The purpose of this work was set to valorize a by- 
product of the timber industry by chemical modification. 
Taking into account the abundant surface hydroxyl groups 
on the lignocellulosic matrix of timber sawdust, etheri-
fication by means of sodium chloroacetate could be an 
effective method to introduce plenty of adsorption sites 
on the resulting etherified material. We hypothesized that 
the incorporation of linkers bearing negatively charged 
sodium acetate sites within the lignocellulosic matrix 
should provide an excellent sorption property, involving 
ion exchange and/or electrostatic interactions, especially for 
heavy metals and ionic organic dyes. 

Herein, we developed an efficient and simple proce-
dure to prepare a functionalized timber sawdust material 
(SATS) bearing sodium acetate groups for the removal 
of targeted pollutants. In view of the complex chemical 
composition of the timber sawdust, we first proceeded 
to an alkaline treatment of the material with aqueous 
sodium hydroxide solution to further enhance the reac-
tivity of hydroxyl groups. This processing also permits 
the removal of base soluble extractives and part of the 
lignin from the sawdust [29,30], and eventually facilitates 
the grafting of carboxylate groups onto the lignocellulosic 
matrix. Etherification of the alkali-treated timber sawdust 
(ATTS) with sodium chloroacetate was performed to yield 
the functionalized timber sawdust bearing sodium ace-
tate linkers (SATS). The as-prepared adsorbent material 
was characterized and then evaluated for its capacity to 
remove basic and acid dyes, Bezaktiv marine S-BL (BM) and 

indigo carmine (IC), respectively, and cadmium ions from 
water. The three pollutants were selected because of their 
wide use and presence in industrial wastewaters. Besides, 
there are no published studies on the removal of bezaktiv 
marine S-BL dye, which limits the comparison of our results 
with other work. A series of sorption experiments under 
different conditions, that is, effect of initial pH, kinetics, 
isotherms, ionic strength, and effect of temperature were 
conducted to investigate the adsorption behavior and per-
formance of the three pollutants. In addition, the role of 
functional acetate groups linked to the surface of SATS, 
in the sorption of Cd(II) and the dyes, was examined by 
esterification of acetate groups to identify a sorption mech-
anism. Finally, the regeneration and reusability of SATS 
has been carefully examined to ascertain its stability.

2. Materials and methods

2.1. Chemicals

Timber sawdust (TS) as received from a local carpenter 
was thoroughly washed with hot distilled water, then 
with acetone. The material was dried in an oven at 100°C 
until constant weight, and was sieved for a particle size of 
250 μm. Basic bifunctional dye Bezaktiv Marine S-BL was 
kindly provided by a textile company, Indigo carmine (IC) 
anionic dye and cadmium nitrate Cd(NO3)2·4H2O were pur-
chased from Prochima-Sigma, (Tlemcen, Algeria). All chem-
icals were of analytical grade and used as received without 
further purification. Stock solutions (1,000 mg L−1) of each 
pollutant were prepared by dissolving Bezaktiv marine 
S-BL, indigo carmine and Cd(NO3)2·4H2O in distilled water. 
Test solutions of desired concentrations were obtained by 
further dilution with distilled water. Dyes and Cd(II) solu-
tions of desired pH values were obtained by adjustment 
using either dilute HCl (0.1 N) or NaOH (0.1 N) solutions.

2.2. Synthesis of SATS 

SATS adsorbent containing sodium acetate groups 
was prepared by reaction of the ATTS with sodium chlo-
roacetate in toluene-pyridine mixture. First, the alkaline 
treatment of timber sawdust was conducted by immersing 
at once 50 g of TS in 500 mL of 20 wt.% sodium hydrox-
ide solution. The resulting mixture was stirred overnight 
at room temperature. The suspension was filtered and the 
solid was thoroughly washed with distilled water until neu-
tral pH was obtained. The solid was then re-suspended in 
300 mL of 1 M HCl aqueous solution and left to magnetic 
stirrer for 24 h. After filtration, the solid was washed several 
times with distilled water and then with acetone and finally 
dried in an electric drying oven at 80°C. The material was 
passed through a 250 μm sieve to afford 23 g of ATTS as a 
yellowish powder. To a suspension of ATTS (10 g) and pyri-
dine (30 mL) in toluene (200 mL) heated at 60°C was added 
at once sodium chloroacetate (15.3 g). The resulting mixture 
was left to stir overnight at 80°C. After cooling, the solid 
was filtered off, washed thoroughly with water to remove 
the unreacted sodium chloroacetate and then with acetone. 
The solid was dried to yield SATS (12.35 g) as a dark-brown 
solid, which was sieved to a particle size of 250 μm.
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2.3. Blocking of acetate groups on the surface of 
SATS by esterification

To a suspension of 1 g of SATS in 25 mL of dry acetone 
was added excess of iodomethane (10 mL) and the mixture 
was stirred for 4 h at 35°C. Excess CH3I and the solvent 
were evaporated and the residue was thoroughly washed 
with distilled water to remove sodium iodide by-product 
and then with acetone. The methyl acetate ester material 
(MATS) was dried and sieved to a particle size of 250 μm. 

2.4. Sorbent characterization

The pH corresponding to the point of zero charge for 
SATS and the methyl ester (MATS) was determined by 
the pH drift method [31]. The structure of SATS mate-
rial was determined by several characterization methods. 
The Fourier transform infrared (FTIR) spectra were col-
lected using a Nicolet Avatar 330. 13C cross polarization 
magic angle spinning nuclear magnetic resonance (CP/
MAS NMR) spectra were recorded on a Bruker 300 (Digital 
NMR Avance) spectrometer (Bruker, USA). UV-Visible 
absorption spectra of powder samples were recorded on 
a U-2900 Spectrophotometer. The powder X-ray diffracto-
grams (Philips X’Pert MPD diffractometer , Netherlands) 
of the samples were analyzed using CuKα radiation 
(λ = 1.5418 Å) at a scan rate of 0.2°/min with a 2θ scan range 
of 3.5°–70°. SEM images of the samples were collected 
using a HITACHI S-4800 SEM (Japan). The thermal stabil-
ity of the samples were analyzed via thermogravimetric 
analyses (TGA) using a NETZSCH STA 409 PC/PG simul-
taneous thermal analyzer (Germany) at a heating rate of 
10°C/min under nitrogen atmosphere.

2.5. Adsorption experiments 

A series of adsorption experiments were conducted 
by preparing solutions of Cd(II) and dyes compounds 
in distilled water at different initial concentrations rang-
ing from 20 to 800 mg/L. Equilibrium studies for a single 
metal or dye systems were conducted by agitating 25 mg 
of adsorbent (SATS) with 25 mL of pollutant solution of 
desired concentration in 100 mL stoppered conical flask up 
to equilibrium time. SATS sorbent concentrations were 1 g/L 
for all pollutants. All studies were conducted at room tem-
perature on a stirring plate adjusted to a 100 rpm stirring 
rate for 60 min. To observe pH effect, the adsorption experi-
ments were carried out at the pH range of 2–10, adjusted by 
adding aliquots of 0.1 M NaOH and/or HCl prior to adding 
SATS into the solution. The highest adsorption performance 
was observed at pH 6 for cadmium as well as for indigo 
carmine and bezaktiv marine. Thus, the solution pH of 6 
was chosen for all other adsorption experiments. After equi-
librium, solutions were collected and separated through a 
0.2 μm syringe filter, and the aqueous concentrations of 
dyes compounds were analyzed using a JASCO V-730 
UV–visible spectrophotometer (France) at a specific wave-
length of 601 and 610 nm for BM and IC, respectively. The 
residual concentrations of Cd(II) were analyzed by flame 
atomic absorption spectrophotometer (Pye Unicam SP9 
model, UK) equipped with air–acetylene flame at 228.8 nm. 

The sorbed concentrations of metal ions and dyes at 
equilibrium were calculated using the following equation:

q
C C V

we
i e=
−( ) ×

 (1)

where qe is the amount (mg g−1) of pollutant sorbed, Ci and 
Ce are the initial and equilibrium pollutant concentrations 
(mg L−1) in solution, respectively, V is the adsorbate volume 
(L) and w is the sorbent weight (g). 

The kinetic experiments were also performed at pH 6 
with similar equipment and conditions. The sorbent mass 
was 25 mg, and the volume of the pollutant solution was 
25 mL (20 mg L−1) in this series of tests. Over the experi-
ment, the solution samples were collected at different time 
intervals of 2–60 min. At predetermined times (i.e., at 2, 
4, 6, 8, 10, 15, 20, 25, 30, 40, 50 and 60 min), the samples 
were withdrawn and were analyzed for the residual pol-
lutant concentration. The influence of temperature on the 
removal process was studied at three different temperatures 
(25°C, 35°C and 45°C) with SATS suspensions in Cd(II), 
BM and IC solutions (20 mg L−1). The suspensions were 
stirred during 60 min, and then the pollutants concentra-
tions were analyzed. The influence of ionic strength on the 
sorption process was monitored with SATS suspensions in 
BM and IC solutions (20 mg L−1) by varying the concentra-
tion of sodium chloride from 0 to 5 mol L–1. The mixtures 
were stirred for 60 min and then were drawn for dye con-
centration analysis. All measurements were performed in 
duplicate, yielding an experimental error of less than 2%.

2.6. Desorption and reusability of SATS

400 mg of SATS was dispersed into 400 mL of Cd(II), BM 
and IC (20 mg L−1, pH 6). After 60 min of contact time, the 
exhausted SATS materials were washed with distilled water, 
air dried, and then suspended either in 400 mL of aqueous 1 
M NaCl solution for Cd2+, or 1 M NaOH for BM or in 50 mL 
of EtOH/H+ solution for IC. The mixtures were thoroughly 
stirred during 60 min for Cd(II) and 15 min for BM and 
IC-loaded SATS. Afterward they were centrifuged for adsor-
bate determination in the supernatant. The collected adsor-
bent was used in the next adsorption–desorption cycle after 
being thoroughly washed with distilled water and air dried.

3. Results and discussion

3.1. Characterization of SATS adsorbent

FTIR spectra of the precursor ATTS and the function-
alized SATS material are shown in Fig. 1. Compared with 
the precursor ATTS sample, SATS spectrum showed a dis-
tinctive intense absorption band at 1,752 cm–1 correspond-
ing to the stretching vibration of C=O bonds of carboxyl-
ate groups. This gives a clear evidence for the occurrence 
of etherification reaction of hydroxyl groups of timber 
sawdust with sodium chloroacetate. The large absorp-
tion band at 3,399 cm−1 can be assigned to the stretching 
band of both carboxylate and alcohol groups. The band 
at 2,910 cm−1 is characteristic of C–H stretching of the 
methylene group of the lignocellulosic material [32]. The 
absorption band at 1,623 cm–1 may be attributed to the 
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C=C stretching of the aromatic rings of the lignin frac-
tion. The strong absorption band observed at 1,043 cm–1 
is characteristic of C–O–C bond stretching of ether groups. 

FTIR spectrum of Cd(II)-sorbed SATS showed that the 
peak expected at 1,752 cm−1 had slightly shifted to 1,750 cm−1, 
due to Cd2+ sorption (Fig. 1). This shift may be attributed 
to the exchange of counter ions associated with acetate 
anions, suggesting that negatively charged carboxyl groups 
are predominant contributors in metal ion uptake. On the 
other hand, dyes-SATS FTIR spectra were clearly different 
from the SATS FTIR spectrum. The characteristic carbonyl 
group absorbance peak at 1,752 cm−1 disappeared in dyes-
SATS spectra due to strong binding affinities of dyes for 
carboxyl groups. The carbonyl stretching peak has prob-
ably shifted to a lower wavelength after the sorption of 
dyes, indicating the reduction of electron density around 
the oxygen atom due to the formation of H bonds with 
organic dyes molecules. In addition, the peak at 3,399 cm−1 
identified as the stretching vibration of O–H was shifted to 
3,315 and 3,327 cm−1 after adsorption of BM and IC, respec-
tively. Moreover, the absorption band weakened completely, 
which indicates the interaction of –OH with BM and IC 
dyes. These results indicated synergistic effects between 

electrostatic attraction and hydrogen bonding between 
the surface of SATS material and dyes molecules.

Moreover, as shown in Fig. 2a, MAS 13C NMR spectra 
of ATTS and SATS materials also confirm the grafting of 
acetate groups onto the lignocellulosic matrix of timber 
sawdust. 

The spectrum of the lignocellulosic ATTS material 
shows signals from 61.6 to 104.5 ppm attributable to the 
six carbon atoms of the glucose unit of cellulose. The spec-
trum also revealed weak signals appearing at 135–145 ppm, 
which can be assigned to aromatic rings of the residual lig-
nin subsequent to the alkaline treatment of sawdust. On 
the other hand, after etherification, the spectrum of SATS 
displays two extra peaks characteristic of acetate func-
tional groups at 174 and 64.5 ppm, which correspond to 
the carbonyl carbon atoms C=O (carboxylic acid) and CH2 
(methylene), respectively. In addition, the basic character 
of SATS revealed by the pHPZC value (8.5) along with the 
total number of acetate groups (3.73 mEq g−1) determined 
by titration, provide unequivocal evidence that the etheri-
fication reaction has indeed taken place.

The UV-Vis absorption spectra of SATS before and after 
adsorption of BM and IC dyes are shown in Fig. 2b. All the 
spectra revealed well resolved characteristic absorption 
peaks of the functional lignocellulosic material for all the 
samples. The main absorption peak located at 232 nm for 
SATS can be assigned to UV chromophore functional groups 
of the cellulosic material whereas the peak at 412 nm is 
undoubtedly attributed to unsaturated functional groups 
of lignin including conjugated carbonyl groups, aromatic 
rings and carbon–carbon double bonds. However, in dyes-
SATS samples, the absorption peak at 232 nm is blue-shifted 
to 211 nm on BM and IC sorption. In addition, as the sorp-
tion of dye occurs onto SATS, the absorption peak shifted 
towards higher wavelengths (up to 629 nm). The peaks in 
the absorption spectra do not correspond to the true wave-
lengths of the dyes, which are about 601 and 610 nm for 
BM and IC, respectively. To sum up, these results revealed 
that the acetate linkers are the main functional groups in 
SATS material that are likely to participate in dyes binding.

The powder X-ray diffraction patterns of ATTS and 
SATS are shown in Fig. 3. Prior to etherification with 
sodium chloroacetate, the X-ray scattering diagram of 
ATTS showed one main diffraction ray for 2θ value of 20.9°, 
which is due to presence of crystalline cellulose in the tim-
ber sawdust sample [33]. Nevertheless, after functionaliza-
tion with acetate linkers, the ray of the crystal lattice was 
shifted to 2θ value of 22.3° and narrowed. A second new 
ray, weaker in intensity and located at 2θ value of 16° gives 
an evidence of the grafting of acetate functional groups 
onto the lignocellulosic matrix. 

TGA curves of ATTS and SATS materials are shown 
in Fig. 4. The initial gradual weight loss of both ATTS 
and SATS materials decreased by 12% at approximately 
100°C indicated the moisture evaporation. After 100°C, 
the weight remained constant until the initial tempera-
ture of combustion was reached. The combustion pro-
files of the samples indicated a slightly higher thermal 
stability for SATS than the alkali-treated timber sawdust 
(ATTS). The initial temperature of ATTS combustion was 
201°C. However, the effect of acetate functionalization was 
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apparent for SATS whose initial temperature of combustion 
was at 210°C. During this stage, both ATTS and SATS were 
almost totally burnt out due to the destruction of the crys-
talline structure and oxidative thermal degradation. The 
degradation of hemicelluloses partially overlaps with cel-
lulose degradation in the timber sawdust, and lignin degra-
dation occurs within the temperature range of 200°C–700°C 
[34]. The maximum weight loss of the samples occurred 
at 308°C, due to the thermal degradation of cellulose. The 
weight loss stopped at higher combustion temperature, and 
some residual carbon materials remained for ATTS and 
SATS samples. 

SEM images of ATTS and SATS samples are shown in 
Fig. 5. Micrographs of ATTS and SATS samples (Figs. 5a 
and c) show a broad variety of jagged and irregular parti-
cles of different size and shape, which are characteristic 

of sawdust. Fig. 5b shows a rather smooth surface for the 
ATTS sample with no apparent pores or cracks. Although 
the etherification of the alkali-treated sawdust did not pro-
duce a significant change in its surface morphology, nev-
ertheless the surface of the SATS sample became slightly 
uneven after functionalization with acetate linkers (Fig. 5d). 
The confirmation of Cd2+, BM and IC adsorption onto SATS 
material was performed by surface morphology study car-
ried out by SEM (Figs. 5e–g). The images show the stuffing of 
pollutants onto the surface of SATS adsorbent.

3.2. Removal of cadmium ions, bezaktiv marine and 
indigo carmine using SATS

The sorption capacity of SATS material was investi-
gated using cadmium ions (Cd2+) and bezaktiv marine 
(BM) as model cationic pollutants that have seemingly high 
affinity with the basic acetate functional groups linked to 
the surface of the adsorbent. Moreover, in spite of its basic 
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character, the sorbent material was also evaluated for its 
capacity to remove an anionic dye, that is, indigo carmine (IC).

First, the influence of the solution pH on adsorption 
capacity of SATS was investigated within a wide pH range 
(2–10). As shown in Fig. 6a, the pH has nearly no effect 
on the adsorption of cadmium ions and bezaktiv marine 
when the pH increased from 6 to 10. However, a decrease 
in adsorption performance was observed at pH 2 and pH 
2–4 for BM and Cd(II), respectively. This is indubitably 
inherent to the higher concentrations of competing pro-
tons in water with cationic pollutants for sorption onto the 
basic acetate sites of the adsorbent. Nevertheless, low pH 
values influence greatly the sorption capacity for cadmium 
ions than for cationic BM dye. Fig. 6a shows that Cd2+ and 
BM uptake increases strongly with the increase of pH, 
since at higher pH values, more sodium acetate groups are 
available for metal binding and competition for the active 
sites between H+ and Cd2+ or BM dye decreases due to the 
lower proton concentration. Summing up, the adsorption 
performance for Cd2+, BM and IC is quite steady over the 
pH range of 6–10 and the removal rate is substantially high 
(98%) for cadmium ions and even quantitative for bezak-
tiv marine (100%). On the other hand, the indigo carmine 
sorption onto SATS adsorbent sharply decreased as the 
pH increased from 6 to 10. Beyond pH 6 and taking into 
account the pHPZC value of SATS (8.5), it was expected that 
IC dye would be less adsorbed due to the highest electro-
static repulsive interactions between the anionic dye mol-
ecules and the negatively charged surface of the adsor-
bent. However, at a very low pH (2–4), the concentration 
of H+ in the bulk solution would be high and the acetate, 
hydroxyl groups of SATS would be protonated, thus 
enhancing the electrostatic attraction between adsorbent  
and IC.

The above results suggest that high adsorption per-
formance was observed at pH 6 for the three investigated 
pollutants. Thus, all the subsequent adsorption experiments 
were carried out at pH 6. The Cd(II), BM and IC adsorption 

isotherms for SATS (Fig. 6b) are characterized by a reg-
ular shape with a steep initial slope. The great affinity of 
the adsorbent for all three pollutants is suggested by the 
quantitative uptake at low adsorbate concentrations.

The experimental data were fitted to both Langmuir 
and Freundlich isotherm models. The Langmuir isotherm 
model suggests the homogeneous monolayer adsorption 
of adsorbate on independent binding sites of the sorbent 
surface, and is written as Eqs. (2) and (3):

q
q bC
bCe

e

e

m=
+1

 (non-linear form) (2)

C
q

C
q q b

e

e

e

m m

= +
1  (linear form) (3)

where qe (mg g−1) indicates the sorption capacity at equilib-
rium, qm represents the maximum sorption capacity of the 
adsorbent, Ce is the adsorbate concentration at equilibrium 
(mg L−1) and b represents the Langmuir affinity constant 
(L mg−1).

On the other hand, the adsorption data were also fitted 
to the Freundlich model, which describes the adsorption 
of adsorbate over a reversible multilayer adsorption on 
heterogeneous surface, and is given by Eqs. (4) and (5):

q K Ce F e
n=

1  (non-linear form) (4)

log log logq K
n

Ce F e= +
1  (linear form) (5)

where KF is a Freundlich constant representing the rela-
tive adsorption capacity of the adsorbent, and n is related 
to adsorption intensity. 

The linear plots of Langmuir and Freundlich iso-
therm equations are shown in Figs. 6c and d, respectively. 

Fig. 5. SEM images of ATTS (a,b), SATS (c,d) and Cd2+, BM and IC loaded SATS (e,f,g).
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Correlation coefficients (R2) indicated that the experimen-
tal data for Cd(II), BM and IC dyes are better described 
by the Langmuir adsorption isotherm rather than the 
Freundlich model (Table 1). In fact, the correlation of data 
with the linear expression of Langmuir equation gave 
straight lines over the whole concentration range with 
excellent correlation coefficients. Based on the Langmuir 
model, SATS material showed a higher adsorption capac-
ity for all the three pollutants and maximum adsorption 
capacities found are in the order of 204.08, 142.85, and 
200 mg g−1 for Cd(II), IC and BM dyes, respectively. These 
results reflect the homogeneous nature of the surface of 
the functionalized lignocellulosic adsorbent, making the 
acetate functional groups on SATS material more available 
as active sorption sites. Compared with other sorbent mate-
rials, SATS showed better sorption capacities for cadmium 
ions and indigo carmine. Table 2 reports some sorption 
capacities of different adsorbents for Cd2+ and IC dye. 

The adsorption capacities of the different adsor-
bents for cadmium ions and IC dye ranged between 21.6 
and 200 mg g−1 and 32.8 and 213.2 mg g−1, respectively. 

The values found in the present work are quite similar 
to the highest values obtained with succinylated olive 
stone wastes for Cd2+ [38], and with a quaternized hyper-
branched polymer for IC dye [42]. Besides, SATS sorbent 
showed fastest equilibrium time (teq) among other materi-
als we have compared (Table 2). These results showed that 
the synthesized SATS sorbent has potential applicability in 
the removal of heavy metals and dyes from water.

3.3. Adsorption kinetics

For initial Cd(II) and BM, IC dyes concentrations of 
20 mg L−1 at initial pH 6 as a function of contact time, the 
adsorption kinetics for SATS is shown in Fig. 7a. Within 
2 min of contact time, up to 95.45% of cationic BM dye was 
adsorbed onto SATS material, whereas 91.15% of Cd2+ was 
sequestered by SATS from the solution, during the same 
time interval. As shown in Fig. 7a, the results revealed that 
BM dye removal process reaches equilibrium in 20 min 
while that of cadmium ions require 30 min. Similarly, the 
rate of anionic IC dye uptake onto SATS is notably high 
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that maximum dye (93.19%) was sorbed from the solution 
within 2 min of contact time. Overall, 96% of the ultimate 
adsorption of IC occurs within 30 min of contact time. 

The fast adsorption rate of SATS is probably due to the 
availability of sufficient reactive adsorption sites and also 
indicates that the removal process is very likely driven by 

strong ionic interactions between negatively charged ace-
tate groups anchored at the surface of the material and 
cadmium ions and cationic BM dye in solution. These 
results suggest that the determinant stage in the adsorp-
tion mechanism is a chemical sorption via ion exchange 
between the adsorbent and adsorbate. 

Table 1
Adsorption parameters for the sorption of Cd(II), BM and IC dyes onto SATS

Pollutants Langmuir isotherm constants Freundlich isotherm constants

qm (mg g−1) b (L mg−1) R2 KF (L g−1) 1/n R2

BM 200 4.31 1 166.83 0.033 0.645
IC 142.85 0.148 0.999 90.19 0.060 0.956
Cd(II) 204.08 0.089 0.999 26.52 0.460 0.978

Table 2
Comparison of Cd2+ and IC dye sorption capacities using different sorbent materials

Adsorbent Pollutant pH teq (h) qm (mg g−1) Ref

Switchgrass biochar Cd2+ 5 24 34 [35]
Sludge biosorbent Cd2+ 6 1 100 [36]
Water hyacinth biosorbent Cd2+ 6.5 216 21.6 [4]
Marine macroalgae Pelvetia Cd2+ 4.5 24 140 [19]
Succinylated cellulose Cd2+ 6.2 1 178.6 [37]
Succinylated olive stones wastes Cd2+ 4 1 200 [38]
SATS Cd2+ 6 1 204.08 This work
Fe-zeolitic tuff IC 6.5 40 32.83 [39]
Sewage sludge carbon IC 6.5 40 92.83 [39]
LDH nanoparticles IC 9.5. na 55.5 [40]
Ocimum gratissimum leave IC 2 2 77.52 [41]
Hyperbranched polymer IC 6.5 3 213.22 [42]
SATS IC 6 1 142.85 This work
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The experimental kinetic data were well fitted to the 
pseudo-second-order kinetic model. The linear form of 
pseudo-second-order model is expressed by Eq. (6): 

t
q k q q

t
t e e

= +
1 1

2
2  (6)

where qe and qt represent the adsorbed metal ions and 
dye compounds on SATS adsorbent (mg g−1) at equilib-
rium and time t, respectively, and k2 (g mg−1 min−1) is the 
rate constant. The plots of t/qt vs. t (Fig. 7b) gave straight 
lines with excellent correlation coefficients (Table 3), which 
confirm the applicability of the pseudo-second order equa-
tion. Moreover, the calculated qe values from the model 
are in full agreement with the experimental values (qe,exp).

3.4. Thermodynamic parameters

The removal of BM, IC and Cd2+ by SATS sorbent was 
studied in the temperature range (298–318 K) to deter-
mine the thermodynamic parameters, and the results are 
summarized in Table 4. The pollutants uptake decreased by 
increasing the temperature, indicating an exothermic pro-
cess. The thermodynamic parameters ΔG°, ΔH° and ΔS° were 
calculated by using the following equation [43]:

logK G
RT

S
R

H
RT

= − = −
° ° °∆ ∆ ∆  (7)

where T is the temperature (K), R is the ideal gas con-
stant (8.314 J mol–1 K–1) and K is the equilibrium constant 
(L mg–1). The van’t Hoff plot of lnK vs. 1/T gave straight 
lines. The calculated slope and intercept from the plot 
were used to determine ΔH° and ΔS°, respectively (Table 4). 

The negative value of ΔG° (–41.7 to –23.8 kJ mol−1) at each 
temperature implies a favorable and spontaneous adsorp-
tion process and confirms the affinity of SATS material for 

cadmium ions, BM and IC dyes. Furthermore, the nega-
tive values of ΔH° indicate that the adsorption is exother-
mic and also suggest that the sorption process is a physical 
adsorption. The obtained values of ΔH° for Cd(II) and BM 
are of the order of −62.7 and −32.6 kJ mol–1, respectively. This 
suggests that the adsorption process is a physical adsorp-
tion enhanced by chemical interactions between both 
Cd(II) and BM and acetate linkers through ion exchange 
[44]. In addition, the negative values of ΔS° revealed the 
decreased randomness at the solid/solution interface solu-
tion for the adsorption of Cd(II) and BM dye. The affinity 
of SATS adsorbent toward IC dye is also confirmed by the 
positive value of ΔS° (62.21 J K–1 mol–1), which indicates 
an increase in the degree of freedom of the adsorbed IC 
molecules and suggests the increased randomness at the 
solid/solution interface with some structural changes in 
the adsorbate and the adsorbent. Similar results have been 
recently reported by Hevira et al. [45] for the biosorp-
tion of indigo carmine by Terminalia catappa shell, and by 
Sirajudheen et al. [46] for the removal of indigo carmine by 
La(III) supported carboxymethylcellulose-clay composite. 

3.5. Effect of ionic strength on sorption of BM and IC dyes

The influence of ionic strength on adsorption perfor-
mance of SATS was performed by addition of NaCl to dye 
solutions since textile wastewaters usually contain inorganic 
salts to improve the dyeing process. The adsorption selec-
tivity for BM and IC dyes was assessed in the presence of 
1–5 mol L–1 sodium chloride solutions, as shown in Fig. 8. 
At 1 M NaCl solution, SATS selectively and totally removed 
BM (100%) and up to 96% of IC from the solution. As can be 
seen, the increase of ionic strength in solution (up to 5 mol L–1) 
has a negligible effect on the adsorption performance of 
SATS. The removal rate decreased from 100% to 99.62% and 
from 96% to 84% for BM and IC dyes, respectively. These 
results demonstrate that the presence of salt has no substan-
tial effect on the adsorption of BM and IC dyes onto SATS, 
thus lowering its adsorption capacity by only 0.4%–12%. 

3.6. Desorption and reusability

Regeneration of the adsorbent makes it economic since 
reusing the material would reduce the costs associated 
with its processing and synthesis. To confirm the recy-
clability and stability of SATS, repeated cycles of adsorp-
tion–regeneration tests were carried out. In each cycle, 
the experimental conditions for the adsorption step were 
kept the same. After each adsorption step, SATS material 
was regenerated by washing with aqueous solutions of 

Table 3
Kinetic data of Cd(II), BM and IC adsorption onto SATS fitted to 
the pseudo-second order model

Pollutant qe,exp qe,calc k2 R2

(mg g–1) (mg g–1) (g mg–1 min–1)

BM 20.00 20.10 0.192 0.999
IC 19.23 19.29 0.254 0.999
Cd2+ 19.08 19.20 0.159 0.999

Table 4
Thermodynamic parameters for Cd(II), BM and IC sorption onto SATS

Pollutants ΔH° ΔS° ΔG° (kJ mol–1)

(kJ mol–1) (J K–1 mol–1) 298 K 308 K 318 K

BM ‒32.658 ‒21.680 ‒26.197 ‒25.980 ‒25.763
IC ‒22.553 62.216 ‒41.093 ‒41.715 ‒42.337
Cd(II) ‒62.707 ‒122.198 ‒26.291 ‒25.070 ‒23.848
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sodium chloride (1 M), sodium hydroxide (1 M) and acid-
ified ethanol for desorption of cadmium ions, BM and IC 
dyes, respectively. Total desorption was achieved by vig-
orous stirring during 15 min for both dyes and 60 min for 
cadmium ions. Fig. 9a shows that at the end of the third 
repeated cycle, SATS material constantly retains its sorp-
tion efficiency and allows obtaining a removal rate of 
98%, 94% and 87% for bezaktiv marine, cadmium ions and 
indigo carmine, respectively. Thus, these results demon-
strated that after three repeated cycles there was a slight 
decrease in the adsorption capacity of SATS, suggesting 
that the sorbent has excellent regenerability over extended  
periods of use.

3.7. Adsorption mechanism

Adsorption mechanisms between SATS adsorbent and 
Cd(II), cationic BM dye and anionic IC dye may include 
ion exchange, weak coulombic attractions, and electro-
static interactions. The rapid sorption process, reaching 
equilibrium within 2–20 min of contact time, indicates the 
involvement of ion exchange process via weak intermo-
lecular forces between the functional acetate groups and 
ionic species. Therefore, the sequestration of cadmium ions 
and bezaktiv marine takes place by the release of sodium 
ions, initially bound to the sodium acetate groups pres-
ent at the surface of SATS, which indicates that the bind-
ing mechanism is an ion exchange process. Moreover, the 
sorbed amount of Cd2+ (1.82 mmol g−1) onto SATS was 
in good agreement with sodium acetate groups content 
(3.73 mmol g−1), which indicates an ion exchange process 
with a stoichiometric ratio 2:1 between monovalent Na+ and 
divalent Cd2+. Similarly, the desorption experiments demon-
strated that either sodium chloride or sodium hydroxide 

aqueous solutions were able to desorb entirely cadmium 
ions and bezaktiv marine from the exhausted SATS quite 
rapidly. In order to ascertain the major contribution of func-
tional acetate groups linked to the lignocellulosic matrix of 
SATS, during the sorption of Cd(II) and the dyes, the ter-
mini carboxylate groups were blocked by esterification of 
SATS with iodomethane. As shown in Fig. 9b, the esterified 
material MATS exhibited a drastic decrease in its sorption 
efficiency for all the three pollutants compared with its pre-
cursor SATS. Indeed, the methyl ester MATS shows an equi-
librium uptake capacity of 23% for Cd2+, 30% for BM and 
10% for IC, values which are far lower than those obtained 
with the un-esterified SATS. These results clearly demon-
strate that acetate groups present at the surface of SATS are 
determinant in the sorption process. The lower sorption 
capacities obtained for Cd2+ and BM with MATS suggest the 
presence of acidic functional groups even after esterifica-
tion as confirmed by the pHPZC value (4.42). Therefore, the 
surface of MATS is negatively charged during the sorption 
experiments set at pH 6, so the removal of these positively 
charged species is promoted via weak electrostatic inter-
actions. On the other hand, the exceptionally low removal 
rate of IC is undoubtedly due to highest electrostatic 
repulsive interactions between the anionic dye molecules 
and the negatively charged surface of the MATS adsorbent.

In contrast, the removal of anionic IC dye by SATS is 
definitely governed by a mechanism other than that of ion 
exchange since desorption assays have shown that sodium 
ions (NaOH or NaCl) were not so effective in desorb-
ing IC-loaded SATS. The sorption study was carried out 
at pH 6, so SATS adsorbent has an overall positive charge 
(pHPZC = 8.5), and therefore electrostatic attraction is very 
likely to be the dominant adsorption mechanism between 
SATS and the anionic IC dye.
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4. Conclusions

Novel sodium acetate functionalized lignocellulosic 
adsorbent SATS derived from a low value by-product of 
the timber industry was synthesized and evaluated for the 
removal of cadmium ions and basic/acid dyes in water. 
Based on the equilibrium adsorption studies, it was found 
that SATS exhibited higher adsorption capacity for all the 
three pollutants compared with other sorbent materials as 
well as faster equilibrium time. The adsorption data fit-
ted well to the Langmuir model and sorption kinetic was 
found to follow the pseudo-second order model. The cal-
culated thermodynamic parameters indicated the exother-
mic and spontaneous nature of the removal process. SATS 
showed high selectivity for the dyes in the presence of 
inorganic salts in water. The dominant adsorption mecha-
nism is likely to be governed by ion exchange between the 
sodium acetate linkers anchored at the surface of the adsor-
bent and cationic species BM and Cd(II), whereas anionic 
IC removal process may occur via electrostatic interactions 
between dye molecules and the positively charged surface 
of SATS material. The adsorbent also showed high perfor-
mance over repeated use without deterioration in sorption 
effectiveness. The results from this study show that SATS 
material could be a promising adsorbent for removing metal 
ions and cationic/anionic dyes in water and wastewater.
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