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ABSTRACT

Cellulose linked with triethylenetetramine glutaraldehyde (CTG) compound was prepared from
the dissolved rice husk cellulose in ionic liquid (dimethylacetamide DMAA/LiCl) by treating with
p-toluenesulphonyl chloride followed by a substitution reaction with triethylenetetramine (TETA)
in the presence of sodium iodide and then condensed with glutaraldehyde. The prepared CTG
sample was characterized by FTIR, SEM and EDX analysis. The CTG was evaluated as a valuable
material for the adsorption of toxic chromium from an aquatic environment. The maximum adsorp-
tion capacity of toxic chromium was achieved at an acidic pH value (1.5). The Freundlich isotherm
model fitted to the experimental data slightly better than the Langmuir isotherm model, but both
models are highly better than Temkin isotherm model, which proposes that the adsorption mech-
anism is heterogeneous adsorption. The maximum adsorption capacity of Cr(VI) ions by CTG is
188.68 mg/g, as obtained from the Langmuir model. The adsorption process was found to follow the
kinetic model of pseudo-second-order with a rate constant ranging from 1.343 to 50.795 g/mg min.
The mass transfer was also studied using an intraparticle diffusion model, which revealed that as
the initial Cr(VI) ions concentration increased, the diffusion fraction within the particles increased.
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1. Introduction

It is an excellent purpose to develop different kinds of
adsorbent from highly available, low-cost, and naturally
biodegradable materials such as agriculture residue like
sugar bagasse, corn straw, rice straw, and rice husk [1,2]. It
causes a big problem known as “black clouds” due to the
intensive burning of these wastes, representing a severe
economic loss [3]. These wastes can be transformed to econ-
omy added value by converting them to activated carbon
and modified cellulose materials with many useful appli-
cations [4-10]. The physicochemical and thermal properties
of cellulose are affected by its isolation techniques such as
using acid hydrolysis or chemical swelling in ionic liquids
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[11,12], electron beam irradiation [13], steam explosion
treatment [14,15], the alkaline pulping process by sodium
hydroxide [16] and enzyme-assisted isolation [17,18].

One of the essential applications of cellulose derivatives
is the removal of pollutants from aquatic environments
and industrial wastewater [19-22]. Cellulose submitted
too many types of modifications before using for pollut-
ants removal to improve its adsorption efficiency, physico-
chemical properties, and mechanical properties [23,24]. The
bio-sorbent capacity of modified cellulose can be improved
by specific extra functionalization with N-rich functional
groups to increase its chelating ability [25,26].

Many toxic effluents of hazardous chemicals are
expelled every day into aquatic environments; oceans, seas,
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rivers, and lakes worldwide [27-36]. To overcome the water
deficiency problems in the future, recycling contaminated
waters becomes one of the essential methods to make it
suitable for reuse [37,38]. Great efforts were made to treat
wastewaters from different industrial processes, agricul-
ture, energetic plants, and domestic uses, especially those
containing toxic heavy metal ions [39-48]. Facile preparation
of amine-rich polyamidoamine gel for Cr(VI) ions removal
with high efficiency [49]. Functionalization of natural
peach gum polysaccharide with multiple amine groups to
remove toxic Cr(VI) ions from water has been reported [50].

Environmental contamination with various heavy metals
such as copper, cadmium, mercury, chromium, nickel, lead
and zinc commonly has pollution and toxicity problems to
the humans, animals, water, sediment, and air [47]. Pollution
with heavy metals is a significant environmental prob-
lem because heavy metals accumulate throughout the food
chain and have high toxic effects on the environment [48].

Hexavalent chromium [Cr(VI)] has environmentally
threats, and its removal from water has significant impor-
tance for human beings health [51,52]. According to World
Health Organization (WHO) guidelines, the safe permis-
sible limit Cr(VI) ions concentration in drinking water is
0.05 mg/L [53]. The sources that contaminate water with
Cr(VI) ions are mainly industrial processes such as pig-
ment, electroplating, leather processing, metal cleaning
and mining [5,54]. Many physical and chemical processes
have been used to remove and detoxify hexavalent chro-
mium from water. The adsorption method has many advan-
tages, by using inexpensive absorbents, low operating costs,
clean operating, and economically feasible to remove pol-
lutants from contaminated solution [55]. Cellulose as car-
bohydrate polymers is a more suitable starting material to
make a biocompatible, biodegradable, promising adsorbent,
low-cost and highly available adsorbent [56].

This paper concern with isolation of cellulose from
rice husk and convert it to an effective modified cellulose
by a good leaving group as tosyl group via reaction with
p-toluenesulfonyl chloride (TSCl) in presence of trieth-
ylenamine (TEA) as an organic base, then functionalization
of 6-tosylated cellulose with TETA followed by extra func-
tionalization with glutaraldehyde. The final product, 6-cel-
lulose-TETA-glutaraldehyde (CTG), was tested to adsorb
toxic chromium ions from its water solutions. The synthe-
sized CTG shows a comparable adsorption behavior to the
previously reported adsorbent materials.

2. Materials and methods
2.1. Materials and instrument

Sodium hydroxide scales, sodium hypochlorite, ace-
tic acid, hydrogen peroxide was purchased from ElNasr
Pharmacuitical Chemicals Co., Egypt. Dimethylacetamide
(DMAA), triethylamine (TEA), p-toluenesulfonyl chloride
(TSCI), ethanol, triethylenetetramine (TETA), dimethylsulf-
oxide (DMSO), dimethylformamide (DMF), glutaraldehyde,
acetonitrile, and potassium dichromate were supplied by
Sigma Aldrich, and was used without further purification.
Bruker VERTEX 70 spectrometer coupled to platinum ATR
unit instrument has been used for FTIR analysis in the range

of 4,000-400 cm™. The UV-visible double beam spectropho-
tometer (SPEKOL 1300-ANALYTIK JENA AG-Germany)
was used to analyse Cr(VI) ions concentration.

2.2. Isolation of rice husk cellulose

Cellulose was obtained from rice husk as stated nearly
by cooking treatments for removing lignin and hemicellu-
lose followed by bleaching process in two steps to increase
the cellulose content [9,11,12]. A dried rice husk (500 g) in
a round bottom flask (5 L) and 2% NaOH solution (4 L)
was heated in a water bath for 2 h at 70°C for two times
with new 2% NaOH solution (4 L). The reaction mixture
was filtered and washed with tap water to eliminate the
black lacquer. The resulting pulp was subjected to two
steps of bleaching; first, the pulp was treated with 8%
sodium hypochlorite (NaOClI) (4 L) at 70°C for 2 h, followed
by the second step as extra bleaching by 5% hydrogen
peroxide H,0, (4 L) at 70°C for 2 h. The mixture was fil-
tered off, repeatedly washed with tap water followed by
distilled water, and the resulting white pulp was oven-
dried at 50°C and powdered to be ready for the next step.

2.3. Chemical modification of rice husk cellulose
2.3.1. Preparation of tosylated rice husk cellulose

In a round bottom flask (1 L), 10 g of rice husk cel-
lulose was heated in 240 mL of DMAA solvent at 130°C.
Then 20 g lithium chloride was added to the reaction mix-
ture with stirring at 100°C, and stirring was continued to
have a bright-yellow viscous solution and complete disso-
lution of cellulose [47,57-59]. Then, reaction mixture was
cooled in an ice/water bath followed by adding a mixture
of TEA (77 mL) and DMAA (50 mL) drop wise with stir-
ring at 8°C, then add drop by drop a solution of p-tolue-
nesulfonyl chloride (52 g) in 110 mL of DMAA solvent
within 1 h with stirring. Complete the reaction for 24 h
at 10°C. After that, the flask was kept in the refrigerator
overnight. The darkling of the solution is an indication of
complete reaction. The reaction mixture was poured into
2.5 L ice-cold water. Then, filtered, washed with 5 L. water
followed by 0.5 L ethanol, and dried at 50°C in an oven.

2.3.2. Functionalization of tosylated rice husk
cellulose with TETA

Add a mixture of TETA (23 mL) and DMF (100 mL) to
10 g of tosylated rice husk cellulose and KI (8 g), and the mix-
ture was heated for 36 h at 60°C under stirring. The mixture
is poured into ice-water and filtered to give a dark brown
gummy material [47,57-59].

2.3.3. Extra functionalization of Cell-TETA by glutaraldehyde

10 g of the above dark brown gummy substance was
dissolved in 10 mL ethanol, then 20 mL glutraldehyde was
added, and the reaction mixture was stirred for 24 h at
100°C. The reaction mixture was cooled, filtered, washed
with distilled water, and then dried at 50°C [47,60]. The total
reaction is shown in Fig. 1.
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Fig. 1. Functionalization of cellulose to prepare cellulose-TETA-glutraldehyde (CTG).

2.4. Adsorption batch experiments
2.4.1. Preparation of Cr(VI) solution

By dissolving 2.828 g of potassium dichromate in
100 mL double distilled water and then completing the
volume to 1 L with double distilled water, a 1,000 mg/L
stock solution of Cr(VI) ions was prepared. Dilution of the
stock solution to the concentrations needed for standard
and batch experimental solutions yielded various Cr(VI)
ions solutions. 0.1 M HCI and NaOH solutions were used
to change the pH at the start and during the experiment
to the appropriate values. The concentration of Cr(VI) was
determined by a UV-visible spectrophotometric method
based on a complixation reaction (red-violet colored com-
plex) with 1,5-Diphenylcarbazide (G.R., E. Merck) [9]. The
concentration of the formed complex with red-violet color
was analyzed using spectrophotometer at a wavelength,
A, of 540 nm.

ma;

2.4.2. Effect of pH on Cr(VI) ions adsorption

Using 50 mg/L chromium ions and 2.0 g/L CTG at differ-
ent pH values (1.0-10.5), the effect of pH on the equilibrium
adsorption of Cr(VI) ions was investigated. At room tem-
perature (25°C + 2.0°C), the samples were shaken at a speed
of 200 rpm. After determining the remaining chromium ion
concentration and calculating the elimination percentage, the

minimum contact time needed to achieve equilibrium was
120 min [6].

2.4.3. Effect of CTG dose, isotherm and kinetics studies

The impact of CTG adsorbent dose on the chromium
ions equilibrium uptake was measured by shaking differ-
ent weights of CTG (0.05-0.25 g) and 100 mL of various
Cr(VI) ions concentrations (25-150 mg/L) separately, imply-
ing that every Cr(VI) ions concentration was measured by
shaking with all the above weights of CTG to the equi-
librium uptake. The concentration of Cr(VI) ions in the
reaction mixture was measured at different contact times,
and the percentage of removal with time was calculated.
After shaking the flasks for 120 minutes, the reaction mix-
ture was analysed to determine the residual chromium
concentration at equilibrium; only the mean values were
recorded after all trials were replicated, and the overall
observed deviation was less than 5% [6].

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. FTIR spectra of modified cellulose

Fig. 2 shows the FTIR spectra of rice husk cellulose, the
result of each stage of modification, as well as unloaded and
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Fig. 2. FTIR of rice husk cellulose, Cell-TS, Cell-TETA, CTG, and CTG-Cr compounds.

loaded modified cellulose with Cr(VI) ions. The OH groups
in rice husk cellulose have a band at 3,331 cm™, the CH,OH
has a band at 2,889 cm™, and the C-O-C of the glucose ring
in cellulose has bands at 898, 1,025 and 1,157 cm™. The first
product, cellulose tosylate, has three bands at 1,353, 1,173
and 816 cm™ due to the OH groups, 2,883 cm™ due to the
CH,OH, and bands at 1,043, 973 cm™ due to the C-O-C. The
tosyl group is defined by three bands at 1,353, 1,173 and
816 cm™ [24,61,62].

The bands at 3,268 cm™ in the FTIR of Cell-TETA could
be attributed to OH groups, while the bands at 2,938 and
2,877 cm™ could be attributed to the C-H (CH,, CH,) bond

elongation, which is typical of materials with saturated car-
bons or sp’. The C=N bond is represented by the band at
1,650 cm™ stretching frequency. The C-O-H bond bending
is responsible for the band at 1,425 cm™; this band is also
overlooked for the CH, bands [63]. The peak at 1,528, 1,440,
1,390 and 1,310 cm™ are due to the NH groups. The FTIR
analysis of CTG shows peak at 3,316 cm™ for OH, 3,055 cm™
for NH groups and peaks at 2,937 and 2868 cm™ are due to
the CH, groups. A new peak at 1713 cm™ is related to CHO
group, and the peak at 1,656 cm™ is corresponding to C=N
and C=0 groups. FTIR analysis of CTG-Cr shows changes
in the positions of the peaks. The peak at 3,336 cm™ for OH
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groups, the peaks of NH many shifted and disappeared due
to the complex formation with the Cr. The peak at 1,713 cm™
due to CHO disappeared due to the complex formation
with Cr(VI). As well as the peak intensity at 1,651 cm™
decreased due to the complex formation. The asymmetric
stretching vibrations of the C-O-C group have a peak at
1,021 cm™. Since hexavalent chromium is a strong oxidising
agent, it oxidises and is reduced to Cr(III). The existence of
Cr is confirmed by the adsorbent’s green color after load-
ing Cr(III). Maxcy et al. [64] proposed a similar method
for the adsorption of Cr(VI) by thiourea.

3.1.2. SEM and EDX analyses

The morphology of the CTG surface before and after
the Cr(VI) ions adsorption process was studied using scan-
ning electron microscopy (SEM) (Fig. 3). The images in
Fig. 3 show that the surface morphology changes after
adsorption of chromium ions because the pores in Fig. 3a
were fully filled with chromium ions, as seen in Fig. 3b.

Fig. 4a shows the EDX plot of CTG samples before and
after the Cr(VI) ions removal process, respectively. Fig. 4b
further proved the presence of chromium ions on the CTG
samples surface. The presence of chlorine on the surface of
CTG sample after Cr(VI) ions adsorption may be attributed
to the pH adjustment using HCI. The EDX analysis showed
12.30% of the nitrogen that confirmed the chemical
modification of cellulose with TETA (Table 1).

3.2. Kinetic studies

The following measures may be used to deduce the
Cr(VI) adsorption mechanism: (i) Electrostatic driving
forces caused negatively charged chromium species (e.g.,
HCrO%) to migrate to positively charged adsorbent surface

100 pm
Quanta

sites (e.g., quaternary amine groups). (ii) At acidic condi-
tions, Cr(VI) is reduced to Cr(III) on the surface of the adsor-
bent by neighboring electron-donor groups. The formed
Cr(IIl) ions can then bind to anionic groups (such as car-
boxyl and hydroxyl groups) and make complexes with the
amine and aldehyde groups on the adsorbent surface.

3.2.1. Effect of pH on Cr(VI) ions uptake

Most contaminants are removed by adsorption, and
the pH parameter is the most important factor in this pro-
cess. At different pH values (1.0-10.5), the optimum pH
value for Cr(VI) ions adsorption by CTG was investigated.
Fig. 5 shows the relationship between Cr(VI) ions removal
and pH values. This demonstrates that the lowest uptake
value was observed at pH 8.4 and the highest percentage of
removal occurred at pH 1.0, and that it decreased dramati-
cally as the pH value increased. However, no further removal
occurred at pH < 1. Changes in the pH of the solution may
affect the protonation degree of the hydroxyl and amine
groups linked with the surface charge of the CTG adsorbent.

On the other hand, changes in the pH of a solution can
affect the forms of Cr(VI) ions in water [49, 50]. In solu-
tion, the most dominant Cr(VI) ions species are HCrO,,
Cr,0f, Cr,0% and Cr,0%, which might be found at opti-
mum sorption pH 1.0 and adsorbed mainly by electrostat-
ically nature and complex formation with CHO, C=N and
NH. Hydronium ions surround the adsorbent surface to
form a positive charged CTG surface (CTG-H") at very low
pH values, increasing the attractive forces between Cr(VI)
ions and CTG-H' binding sites. The overall surface charge
on CTG became negative as the pH increased, reducing the
adsorption of negative charged Cr(VI) ions. It is also rec-
ognized that when there are a high concentration of Cr(VI)
ions, the Cr,OZ ions precipitate at higher pH values [65]. It’s
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Fig. 3. (a) SEM of CTG before Cr(VI) ions adsorption and (b) SEM of CTG after Cr(VI) ions adsorption.
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Fig. 4. (a) EDX plot of CTG before Cr(VI) ions adsorption and (b) EDX plot of CTG after Cr(VI) ions adsorption.

worth noting that chromium'’s composition and valiancy are
pH-dependent, so the adsorption mechanism is also affected
by its form.

3.2.2. Initial Cr(VI) ions concentration and contact time

effects

The high initial concentration of Cr(VI) ions increased
the biological absorption rate due to the high concentration,
as it plays an important role in overcoming the mass transfer
resistance of the metal ions between the aqueous and solid
stages. Fig. 6a shows the percentage removal of Cr(VI) at
pH 1.0 as a function of rising contact time using CTG. With
increasing time and CTG concentrations, the percentage of
Cr(VI) ions removed increased. The adsorption rate of Cr(VI)
ions onto CTG was found to be sluggish after 65% of Cr(VI)
ions were adsorbed in the time range of 5-20 min. This
was possibly caused by repulsion between the negatively

0.80 1.00 1.20 1.40

(a)

1.60 1.80 2.00 2.20 2.40 2.60 keV

CTG-Cr
Cr
-
4.80 5.40 kaV

adsorbed Cr(VI) ions on the surface of the CTG and the
available Cr(VI) anionic ions in the solution or electrostatic
barrier, as well as the slow pore diffusion of Cr(VI) ions in
the bulk of the CTG. Because of the presence of a strongly
acidic solution (pH 1.0), electrostatic reactions would
have the most significant on the adsorption. Adsorption
is regulated by the attraction and repulsion between the
charged surface of CTG and the negative chromium ions.
Using different doses of CTG, Fig. 6b shows the rela-
tionship between quantities of Cr(VI) ions adsorbed at
equilibrium (g,) and their initial concentration. When the
maximum Cr(VI) ions adsorption onto CTG was extended,
the equilibrium was found to be nearly 120 min. In addi-
tion, in Fig. 6a and b, the effect of initial Cr(VI) ions con-
centration on adsorption ability into CTG is shown, with
percentage removal of Cr(VI) ions estimated at 120 min of
contact time for five different initial chromium concentra-
tions. The percentage of removed Cr(VI) ions decreased as
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Table 1

Results of EDX analysis of CTG prior and after chromium ions adsorption process

Elements CTG before adsorption % CTG after adsorption %
Carbon 54.38 53.31
Oxygen 29.26 21.29
Nitrogen 12.3 11.22
Sulfur 224 2.08
Chlorine 1.82 8.96
Chromium 0.00 3.14
100 - the Langmuir and Freundlich models are the most com-
90 | monly known surface absorption models. Langmuir,
Freundlich, and Temkin isotherm models were used to ana-
80 1 lyze the results. The most suitable isotherm was determined
e 70 4 by linear regression, and the parameters of the isotherms
T 60 - were calculated using the intercept and linear slope of the
E 50 4 various isotherm models.
o The maximum adsorption capacity conforming to
g A0 complete monolayer coverage on the CTG was calcu-
S 30 1 lated using the Langmuir isotherm model since the satu-
20 rated monolayer isotherm can be defined by the non-linear
10 - equation of Langmuir Eq. (1) [6,66].
0 Rl L R RN R AR RN AR AR AR R ] C
0 1 2 3 4 5 6 7 8 9 10 1 q,= % (1)
pH value 1+K,C,

Fig. 5. pH effect investigation on chromium ions (75 mg/L)
adsorption onto CTG (2.50 g/L) at 25°C + 2°C.

the initial concentration of Cr(VI) ions increased, imply-
ing that electrostatic interactions mediate the adsorption
mechanism.

3.2.3. Adsorption of metals as a feature of adsorbent dose

The effect of CTG dosage on the adsorption of Cr(VI)
ions from aqueous solutions was investigated using five
different adsorbent concentrations and five different ini-
tial chromium concentrations. CTG’s specific surface
area, which can be defined as the portion of the total area
available for Cr(VI) ions adsorption, is proportional to
the amount of Cr(VI) ions adsorbed. CTG concentrations
ranged from 0.5 to 2.5 g/L at pH 1.0, with initial chromium
concentrations ranging from 25 to 150 mg/L. For a given
initial Cr(VI) ions concentration, the equilibrium concen-
tration (C) of Cr(VI) ions decreases as CTG concentra-
tion increases, as shown in Fig. 6¢c. This is because higher
adsorbent doses result in more adsorbent surface area and
pore volume usable for adsorption.

3.2.4. Isotherm data analysis

Isotherm analysis is critical for determining an equa-
tion that correctly reflects adsorption results and can design
adsorption columns. Adsorption isotherms may also be used
to explain how a solute interacts with adsorbents, which
helps optimize adsorbent usage. For dissolved structures,

where C, represents the equilibrium concentration (mg/L),
g, represents the sum of metal ion adsorbed (mg/g), Q,
represents a full monolayer (mg/g), and K, represents an
adsorption equilibrium constant (L/mg) that is related to the
apparent energy of adsorption. Eq. (1) can be transformed
into Eq. (2) by linearizing it [67,68]. The most general linear
form of the Langmuir model is Eq. (2), and the results for
the adsorption of Cr(VI) onto CTG obtained from this form
of the Langmuir model are shown in Fig. 7a and Table 2.

= +—xC @)

The chromium ion adsorption onto CTG did not obey
the Langmuir isotherm model, according to the results
in Table 2. The low correlation coefficients values for all
initial chromium concentrations tested demonstrated
the Langmuir isotherm models’ less applicability to the
adsorption of Cr(VI) ions onto CTG (Table 2). The exper-
imental g, of Cr(VI) ions adsorption on different doses of
CTG (0.5-2.5 g/L) is compared to the measured Langmuir
equilibrium isotherms g, obtained from Langmuir model
data in Table 3. Since the predicted g, values agree with
the experimental g, values, the Langmuir isotherm model
can be applied to the adsorption of Cr(VI) ions onto CTG,
as shown in Table 3. The maximum monolayer capacity
(Q,) of the Langmuir isotherm was 188.68 mg/g.

Based on adsorption heterogeneous energetic distri-
bution of active sites, the Freundlich model was chosen to
estimate the adsorption strength of Cr(VI) ions onto the CTG
surface. It can be calculated using the non-linear Eq. (3) and
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Fig. 6. (a) The impact of contact time on the adsorption of various initial chromium concentrations onto CTG (2.5 g/L) at pH 1.0.
(b) The relationship between the initial concentration of Cr(VI) ions and the sum of Cr(VI) ions adsorbed at equilibrium (g,).
(c) The relation between equilibrium concentration (C)) of Cr(VI) ions and its initial concentration.

assumes a logarithmic decrease in sorption enthalpy as the
fraction of occupied sites increases [6,69].

7. = K,C" ®
where K, (mg/g) and n, respectively, represent the adsorp-
tion capacity and adsorption intensity of Cr(VI) ions on the
CTG. Eq. (3) can be linearized in logarithmic form Eq. (4),
and the Freundlich constants can be determined from the
linear plot of log(q,) against log(C).

log|,)=log (K, )+ 1og(C.) @

Fig. 7b shows the linear Freundlich isotherm plots for the
adsorption of Cr(VI) ions onto CTG. The Freundlich model
is somewhat more applicable to CTG than the Langmuir iso-
therm model, according to the correlation coefficients stated
in Tables 2 and 4. The CTG correlation coefficient indicates

that the experimental results which match the Freundlich
model well. At 25°C, the n values (1.17-2.27) are higher than
1.0, suggesting that CTG preferentially adsorbs Cr(VI) ions.
Furthermore, the magnitude of K, ranged from 20.52 to 22.82,
indicating high adsorptive potential and fast Cr(VI) absorp-
tion by CTG from an aqueous solution [6,55].

Temkin isotherm model was used to investigate the
effects of indirect adsorbent-adsorbent interaction, which
stated that due to adsorbent-adsorbent interaction, the
adsorption heat of all molecules on the adsorbed surface layer
would decrease linearly with coverage. As a result, Temkin
adsorption model, which agrees that the fall in adsorption
temperature is linear rather than logarithmic, as seen in the
Freundlich equation, can be used to calculate the adsorp-
tion potentials of the adsorption process. Temkin isothermal
method is commonly used in Eq. (5) [70-72].

RT
q,= 71n(ATc£) (5)
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Fig. 7. (a) Langmuir, (b) Freundlich, and (c) Temkin equilibrium isotherm models for the adsorption of Cr(VI) ions (25-150 mg/L) at

room temperature (25°C + 2°C) onto CTG (0.5-2.5 g/L) at pH 1.

The Temkin isotherm Eq. (5) can be derived to the
following Eq. (6).

q,=B,In(A;)+B,In(C,) (6)

where B, = (RT)/b and A, (L/g) are the constants of Temkin
model, which can be measured using a plot of g, against
In(C). Also, T and R, respectively, are the absolute tem-
perature in Kelvin and the universal gas constant (8.314
J/mol K). The b is a constant related to the heat of adsorp-
tion [73,74]. Fig. 7c depicts the Temkin isotherm linear
plots for the adsorption results. Because of the low correla-
tion coefficients, the Temkin isotherm cannot be applied to
the adsorption of Cr(VI) ions onto CTG (Table 2).

3.2.5. Kinetic and mass transfer investigation

Batch experiments with various chromium concentra-
tions and CTG doses were performed to determine the rate of
chromium adsorption by CTG at pH 1.0. To comprehend the
dynamics of the adsorption reaction, kinetic adsorption data
can be examined. The kinetics of Cr(VI) ions adsorption on
CTG are crucial in determining the best-operating conditions

Table 2

Data obtained from the isotherm models analysis of the
adsorption of Cr(VI) (25-150 mg/L) onto CTG (0.5 g/L) at room
temperature

CTG (g/L)  Isotherm parameter 0.5 (g/L)
Isotherm
Q, (mg/g) 188.68
Langmuir K, (L/mg) 0.004
R? 0.947
n 1.236
Freundlich K, (mg/g) 1.316
R? 0.987
A, (L/g) 0.096
Temkin B, (mg/L) 22.792
R? 0.709

for the full-scale batch operation. It’s also useful for estimat-
ing the adsorption rate and providing crucial information for
process design and modelling. The pseudo first-order model
is used to investigate the chromium removal mechanism
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Table 3

The experimental g, data of Cr(VI) ions adsorption on different doses of CTG (0. 5-2.5 g/L.) were compared to Langmuir equilibrium

isotherms (g,)
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CTG (g/L) 0.5g/L 1.0g/L 1.5g/L 2.0g/L 2.5¢g/L
Cr(VI) (mg/L)
qg,(exp.) q,(cal) gq,(exp.) gq,(cal) g, (exp.) gq,(cal) gq,(exp.) g, (cal) g, (exp.) g, (cal)
25 11.63 11.64 12.25 12.19 11.17 11.50 9.47 9.04 7.89 7.58
50 19.08 20.90 18.37 18.57 16.99 16.88 16.12 16.77 14.66 14.87
75 29.18 29.40 28.03 29.49 25.87 26.82 22.86 22.51 20.41 20.13
100 31.43 30.84 31.77 31.93 28.27 27.90 26.33 26.02 24.22 24.42
150 63.78 63.64 56.05 56.85 47.35 47.71  40.94 40.77 37.31 37.90
Table 4

Comparison between Freundlich equilibrium isotherms (g,) and the experimental g, data of Cr(VI) ions adsorption on various doses

of CTG (0.5-2.5 g/L)

CTG (g/L) 0.5 1.0 15 2.0 25
Cr(VI) (mg/L) q,(exp.) g,(cal) q,(exp.) gq,(cal) g, (exp) g, (cal) gq,(exp.) gq,(cal) g, (exp.) g, (cal)
25 11.63 1073 1225 1094 1117 10.14 947 8.87 7.89 8.80
50 19.08 2115 1837 2258  16.99 2162  16.12 18.56 14.66 15.31
75 29.18 29.07  28.03 2837 2587 2529  22.86 23.29 20.41 22.75
100 31.43 3529 3177 3334 2827 3091 26.33 27.64 24.22 25.58
150 63.78 5850  56.05 52.83  47.35 4643  40.94 39.54 37.31 38.28

from aqueous medium through CTG [75], pseudo second
order [76], intraparticle diffusion [77,78] and Elovich [6,76]
kinetic models. Correlation coefficients were used to express
the consistency between experimental results and model
expected values (R? close or equal to 1). When the R? value
of the Cr(VI) ions adsorption kinetics model is relatively
higher, it is more applicable. The kinetic data were ana-
lyzed using the pseudo first-order kinetic model [75], which
was the first to characterize the adsorption rate in terms of
adsorption power. It is generally detailed in equation (7).

dq,

0t @)

=K (9. -4,
where g, and g, (mg/g), respectively, are the adsorption
capacity at equilibrium and at time t. K, (min™) is the rate
constant of pseudo-first-order adsorption. Eq. (7) was inte-
grated to linear Eq. (8).

log (qe - qf) =log (%) — K, x2.303t 8)

Plotting of log(q, — q,) against (t) provides a linear rela-
tionship, the K| and predicted g, can be determined, respec-
tively, from the plot slope and intercept (Fig. 8a). The
rate differential must be proportional to the strict surface
adsorption’s first concentration power. The relationship
between the initial chromium concentration and the rate of
adsorption, on the other hand, will not be linear if pore dif-
fusion is the rate limit of the adsorption process. Even when
the R? is relatively large, the pseudo-first kinetic model
does not suit the experimental data well. The experimen-
tal g, values do not match the measured g, values obtained

from the pseudo-first kinetic model (Table 5) [6]. This
demonstrates that a first-order reaction cannot adequately
explain the adsorption of Cr(VI) ions onto CTG.

The pseudo second-order model proposed by Ho
et al. [76] was used to analyze the adsorption kinetic results,
as shown in Eq. (9).

dt - Z(qe_qt) )

where K, (g/mg min) is known as the adsorption second-
order rate constant. Integrating Eq. (9) gave linearized
Eq. (10).

Lot Loy

q, Kg 4,

(10)

This model was used to calculate the initial adsorption
rate (h) by using Eq. (11):
h=K,q? (11)

If the t/q, vs. t plot indicates a linear relationship, this
model can be used. The intercept and slope of these plots
(Fig. 8b) were used to measure K, and g, values, which
showed strong agreement between experimental and mea-
sured g, values at various Cr(VI) ions and CTG concentra-
tions with R? > 0.999 (Table 5). The pseudo second-order
kinetic model was found to be valid for the adsorption
of Cr(VI) ions onto CTG for all Cr(VI) ions and adsor-
bent concentrations tested. Furthermore, the h values
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Fig. 8. (a) Pseudo-first-order kinetics, (b) pseudo-second-order kinetics, (c) intraparticle diffusion kinetics, and (d) Elovich
kinetics for Cr(VI) ions (25-150 mg/L) adsorption at room temperature (25°C + 2°C) onto CTG (2.5 g/L) at pH 1.0.

play no part, whereas the K, values decrease as the initial
Cr(VI) ions concentration rises for all CTG doses.

Solute molecules migrate from the solution medium
to the surface of the solid adsorbate, followed by solute
molecules diffusing into the interior of its pores, which is
expected to be a slow process. Hence, this stage is called a
rate-determining step in the multi-phase adsorption pro-
cess. The intraparticle diffusion model is an external mass
transfer explained by the following equation [77-79].

q, =K, t”+C (12)

dif
where K, (mg g min-9) is the intraparticle diffusion rate
constant, and C is the intercept. The plot of (g,) vs. (%)
shows a multi-linearity relationship, suggesting that the
adsorption mechanism is multi-phased (Fig. 8c). The inter-
cept is C, and the rate constant K, is determined directly
from the line’s slope (Table 6). Since the resistance to exter-
nal mass transfer increases as the intercept increases, the

value of C provides information about the thickness of the
boundary layer. The R? values in Table 6 range from 0.688
to 0.990, indicating that the rate-limiting stage for some of
the data analyzed is the intra-particle diffusion phase when
the R? values approach unity. The plots’ linearity revealed
that intraparticle diffusion inside the particles played a
significant role in the chromium adsorption by the adsor-
bent materials. K, (intra-particle diffusion rate constants)
ranged from 0.02 to 7.69 mg/g min®. The adsorption of
chromium by CTG has low linearity in Fig. 8¢, indicating
both surface adsorption and intra-particle diffusion are
involved in the rate-limiting step. However, there is still
no conclusive evidence on which of the two measures was
the rate-limiting step. If intraparticle diffusion is the sole
rate-limiting stage, the g, vs. (1*°) plots must move through
the origin, which is not the case in this study [77,78]. It can
be assumed that during the Cr-CTG reactions, external
adsorption with less diffusion inside the particles oper-
ated in tandem with an increase in the diffusion fraction
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For different initial chromium and CTG, the first- and second-order adsorption rate constants, as well as measured and experimental
g, values, were compared.

Parameter First-order kinetic model Second-order kinetic model

CTG Cr(VI) q, (exp.) K, x10° q, (calc.) R? K, x10° g, (calc.) h R?

(/L) (mg/L) (mg/g) (min™) (mg/g) (g/mg min) (mg/g) (mg/g min)

0.5 25 11.633 -2.533 16.081 0.948 5.874 12.207 948.46 0.989
50 19.082 -2.533 34.770 0.846 2.661 19.930 1279.74 0.998
75 29.184 -2.073 47.468 0.829 2.769 30.646 2773.07 0.999
100 31.429 -2.303 65.842 0.859 1.343 31.037 1842.25 0.994
150 63.776 -0.691 65.645 0.864 8.998 63.516 37452.50 1.000

1.0 25 12.245 -5.297 7.045 0.974 10.978 12.804 1799.76 0.999
50 18.367 -1.612 16.862 0.933 10.391 18.657 3616.94 0.997
75 28.027 -1.842 22.872 0.773 12.263 28.571 10010.31 1.000
100 31.769 -2.303 37.566 0.832 3.023 31.113 3314.63 0.993
150 56.054 -2.533 41.937 0.854 3.937 56.471 13003.58 0.999

1.5 25 11.173 -19.35 3.834 0.994 20.997 11.534 2793.30 1.000
50 16.99 -3.224 10.299 0.789 12.623 16.966 4074.42 1.000
75 25.867 -5.988 18.327 0.779 4.170 25.548 3164.58 0.997
100 28.265 -1.382 20.893 0.957 11.113 28.563 9066.49 0.999
150 47.347 -2.994 30.290 0.885 5.8612 47.781 13947.23 1.000

2.0 25 9.469 -11.29 1.261 0.753 50.795 9.653 4733.10 1.000
50 16.122 -5.527 6.696 0.821 11.772 16.667 3270.13 1.000
75 22.857 -3.915 10.404 0.474 10.237 23.148 5485.29 0.997
100 26.327 -2.533 14.093 0.756 14.244 26.738 10183.30 1.000
150 40.939 -1.612 19.797 0.922 10.959 41.494 18868.68 1.000

2.5 25 7.891 -5.758 0.620 0.765 160.666 7.949 10151.94 1.000
50 14.66 —6.448 3.682 0.915 19.956 15.038 4512.88 1.000
75 20.408 -2.994 5.905 0.696 25.636 20.704 10989.02 1.000
100 24.218 -2.303 10.221 0.968 14.536 24.631 8818.79 0.999
150 37.313 -2.073 14.581 0.803 8.638 37.736 12300.56 0.999

within the particles as the initial Cr(VI) ions concentration
increased.

Another rate equation dependent on adsorption power
is the Elovich kinetic equation, commonly expressed as
Eq. (13) [80-83].

d
% = exp(—Bq,) (13)

where a is the initial adsorption rate (mg/g min), and 3 is
desorption constant (g/mg) throughout any trial of adsorp-
tion. It is shortened by supposing that af, >> t and by
applying the limit conditions. Eq. (13) can be linearized to
Eq. (14).

q,= %ln(ocﬁ) + %ln(t) (14)

A plot of (q,) against In(t) should give a linear correla-
tion with a slope of (1/B) and an intercept of 1/p In(ap) if
Cr(VI) ions adsorption by CTG follows the Elovich model
(Fig. 8d). The constants can thus be calculated using the

straight-line intercept and slope (Table 6). For most ini-
tial Cr(IV) ions concentrations at various adsorbent doses,
the R? obtained from the Elovich model was significantly
higher than those obtained from a pseudo-first-order
model.

4. Conclusions

A modified cellulose-TETA-glutraldehyde (CTG)
has been established as an efficient adsorbent to extract
Cr(VI) ions from its solution after chemical modification of
cellulose isolated from rice husk with triethylenetetramine
and glutraldehyde. The pH of the adsorption process is
essential, and the ideal pH was 1.0. Langmuir, Freundlich,
and Temkin isotherms were used to model adsorption stud-
ies. For the removal of Cr(VI) ions, an excellent adsorption
capacity of 188.68 mg/g was observed. Furthermore, the
Freundlich model was found to be the best-fitting model
for the adsorption of Cr(VI) ions by CTG in isotherm
equilibrium studies. Pseudo-second order kinetics is the
most applicable model in adsorbent kinetic studies. The
proposed modified adsorbents are efficient, environmen-
tally friendly, and can reduce the massive amount of toxic
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Table 6
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Using different initial Cr(VI) ions concentrations and CTG doses, the parameters obtained from intraparticle diffusion and

the Elovich kinetics model

CTG dose Cr(VI) Intraparticle diffusion Elovich
(8/L) (mg/L) K, (mg/g min®?) C (mg/g) R? B (g/mg) a (mg/g min) R?
25 0.5506 5.8364 0.9370 0.59 11.22 0.884
50 1.3389 6.0944 0.945 0.23 3.42 0.975
0.5 75 1.5668 13.6810 0.919 0.20 13.9944 0.966
100 2.3565 8.5506 0.950 0.13 4.62 0.963
150 0.6849 56.9920 0.961 0.45 6.9 x 101 0.983
25 0.3972 8.1268 0.987 0.795 163.703 0.974
50 0.3963 13.8570 0.901 0.787 13,671.2 0.911
1.0 75 0.5441 22.7350 0.871 0.557 104,408 0.933
100 1.2889 17.6580 0.920 0.239 54.909 0.952
150 1.2132 43.460 0.939 0.261 64,909.6 0.924
25 0.2807 8.4463 0.938 1.095 1,810.82 0.976
50 0.4960 12.3440 0.911 0.619 641.494 0.950
1.5 75 1.1171 14.790 0.854 0.277 42.5244 0.874
100 0.4146 23.760 0.949 0.763 2 x 107 0.932
150 1.0504 37.2110 0.929 0.293 35,366.3 0.965
25 0.1599 8.0029 0.812 1.879 327,532 0.884
50 0.4897 11.2810 0.866 0.617 315.424 0.931
2.0 75 0.5720 16.8770 0.681 0.514 1,977.5 0.774
100 0.4317 22.0230 0.854 0.702 1,361,627 0.914
150 0.5058 35.7910 0.977 0.618 1.3 x10° 0.982
25 0.0492 7.4318 0.854 6.158 2.3 x10" 0.914
50 0.2753 11.9320 0.957 1.132 126,219 0.969
2.5 75 0.2725 17.8080 0.787 1.107 6 x 107 0.850
100 0.2995 20.9830 0.941 1.079 1.4 x10° 0.886
150 0.4251 32.3450 0.792 0.772 2 x 10" 0.723

chromium ions released into the aquatic environment due
to waste discharges. It was revealed that an adsorbent devel-
oped from modified rice husk cellulose (CTG) was effective
in removing Cr(VI) ions from water.
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