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Biodegradable cellulose
nanocrystals hydrogels for removal
of acid red 8 dye from aqueous
solutions

Radwa Mohamed Abdelaziz'*?, Azza El-Maghraby?, Wagih Abdel-Alim Sadik?,
Abdel-Ghaffar Maghraby El-Demerdash® & Eman Aly FadI*

Biodegradable cellulose nanocrystals hydrogels (CNCsH) were synthesized from cellulose nanocrystals
(CNCs) which were prepared from office wastepaper (OWP) by a chemical crosslinking method

using epicholorohydrin (ECH) as a cross-linker. CNCsH were tested for their swelling behavior and
biodegradability and the point of zero charge had been determined. The ability of CNCsH for removing
the Acid Red 8 (AR8) anionic dye from its aqueous solution was evaluated. The different parameters
affecting removal of the dye, such as pH, initial concentration of dye, content of CNCs, temperature
and adsorbent dosage were investigated. The optimum conditions for 68% removal efficiency were

pH =1, initial concentration of dye =10 ppm, contact time =105 min, CNCs content=5% and CNCsH
dosage=0.5 g at 30 °C. The adsorption isotherms, kinetics, and thermodynamic parameters have
been studied. The results showed an appropriate fit for Langmuir adsorption isotherm and pseudo-
second order kinetics model with an adsorption capacity of 17.12 mg/g. According to the obtained
values of thermodynamic parameters, the removal of Acid red 8 by CNCs hydrogels was exothermic
spontaneous process.

As a result of industrialization and urbanization, an enormous amount of industrial wastewater and domestic
sewage are produced causing an increase in water pollution. This increase not only causes dangerous diseases but
also creates deterioration in the ecosystem of water bodies leading to impeding economic development in the
long run'? Today, Water pollution by textile industries effluents has become one of the most serious environ-
mental problems as they release a wide variety of pollutants such as dyes, soap, enzymes, complex compounds,
and heavy metals®>*. Dyes are one of the main pollutants released from the textile industry, their degradation
products are carcinogenic and can pose serious health problems to humans including dysfunction of kidney,
eye irritation, and allergic disease. Moreover, dyes cause aesthetic pollution of the environment>”’. Because of
their high solubility and visibility in water bodies, they minimize the amount of sunlight penetrating the water,
resulting in a decrease in the photosynthesis process and a deficiency in the concentration of dissolved oxygen®®.
Dyes can classify according to their origin, solubility, or particle charge, but classifying based on their chemical
nature (acid (anionic), base (cationic), direct, disperses, reactive, sulfur, and vat dyes) is the renowned one'.
Anionic dyes, containing negatively charged sulfonic groups (SO;"H"), are utilized commonly in textile dyeing
industries. Techniques like membrane separation, electrocoagulation, advanced oxidation processes, adsorption,
and photochemical degradation are used for removing anionic dye from industrial effluent!!-'%. Treatment of
industrial wastewater by adsorption has been proven to be an efficient and low-cost technique amongst these
techniques'>'¢. Different types of adsorbents have been used to remove dyes, including activated carbon, bio-
adsorbent, nanoparticles, fly ash, and carbon nanotubes!”*%,

Even though various adsorbents, hydrogels, 3D networks of cross-linked polymer, are recognized as effec-
tive adsorbents owning to their high adsorption capacity, low cost, and easy operation'**. However, during the
past few decades, polysaccharide-based hydrogels have attracted significant interest attributing to their ability
to remove dyes from wastewater without generating secondary pollution because of their biodegradability?'.
Among numerous polysaccharide materials, cellulose is deemed as the most prevalent polysaccharide polymer
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in nature which could be isolated from agricultural and industrial wastes, such as wheat straw, rice husk, soy
hull and oil palm empty fruit bunches?. Cellulose consists of $-D-glucopyranose units linked together p-1,4-
glycosidic linkage. Hydroxyl groups, which exist along the backbone of cellulose molecules, act as active sites
for dye adsorption®.

Although wastepaper is considered a problematic waste, it can also be consider as an attractive cellulosic
resource for producing of cellulose because it is abundant with low cost*’. Cellulose molecules are aggregated
into microfibrils which are composed of both ordered, (crystalline phase) and disordered, called (amorphous
phase)?>%. Cellulose nanocrystals (CNCs), a crystalline rod—shaped particles, are traditionally obtained by
acid hydrolysis process which dissolve the amorphous parts in the cellulose fibrils, leaving the crystalline parts
freed””. Few papers reported the extraction of CNCs from office waste paper (OWP). Lei et al.*® have successively
prepared CNCs from OWP through cooperating the chemical agents and the mechanical forces by using deink-
ing agents and laboratory repulper, pursued by an acid hydrolysis. CNCs have recently achieved a considerable
interest because of their abundance, degradability and high specific surface area.

To date, preparation of hydrogels based on CNCs depend on physical or chemical incorporation of CNCs
within polymeric hydrogel networks®® such as polyacrylamide®’, alginate®” and carboxymethylated chitosan®. It
had been rarely reported CNCs alone as single-component gels due to its limited ability to entangle®.

The aim of this work is to prepare CNCs from office wastepaper and use it for preparing single component
CNCsH to be used for removing AR8 dye from its aqueous solutions. CNCsH was fabricated by chemically
crosslinking different concentration of the prepared CNCs using epicholorohydrin (ECH) as cross linker. The
extracted cellulose and the prepared CNCs and CNCs hydrogels were characterized with various characteriza-
tion tools. Factors affecting the adsorption of AR8 dye on hydrogel such as pH, contact time, hydrogel dosage,
dye initial concentration, CNCs content and temperature were studied. Isotherms, kinetics and thermodynamic
studies for the adsorption process were investigated. Moreover, swelling behavior, biodegradability and reusability
along with point of zero charge of the CNCsH were also investigated.

Materials and methods

Materials. Office wastepaper (OWP) was used as a raw material in this study. Sodium hydroxide (NaOH)
(98%), Sulfuric acid (H,SO,) (95-97%) and Hydrochloric acid (HCI) (36.5-38%) were supplied by Fischer sci-
entific Company (USA). Hydrogen peroxide (H,0,) (50%) and Urea (CH,N,O) were Purchased from Piochem
(Egypt). Ammonium sulphate ((NH,),SO,) (99%), zinc chloride (ZnCl,) (98%) and Dipotassium hydrogen
phosphate (K,HPO,) (98%) were received from EINasr company (Egypt). Acid red 8 (C,;H,,N,Na,0,S,) was
received from Chemajet company (Egypt). Epichlorohydrin (ECH) (C;H;CIO) (98.5%) was supplied by Loba-
chemie company (India). All chemicals were used as received without further treatment.

Methods. Extraction of cellulose from office wastepaper. 50 g of (OWP) were cut into small pieces by paper
shredder and immersed in hot water then filtered and kept at room temperature to dry. After drying, the sample
was grounded by high speed blender. The extraction process of cellulose takes place in three steps. The first step
includes treatment of grounded wastepaper with (12%) NaOH solution at 25 °C for 24 h to swell cellulose fib-
ers, as well as to remove the ink residual particles and hemicelluloses. The second step is to immerse the treated
cellulose for 2 h in (1.0 M) HCl solution at 80 °C to remove the lignin residuals. The third step is to immerse the
pretreated cellulose at 60 °C for 2h in a mixture of (20%) H,0, and (5%) NaOH. After each step, cycles of filtra-
tion and washing was carried for the mixture till the pH becomes neutral.

Preparation of cellulose nanocrystals. 5 g of the extracted cellulose were mixed with 50 ml of (47%) H,SO, and
stirred for 1 h at 45 °C. 100 ml of cold water was added to quench the acid hydrolysis process, followed by cen-
trifugation to separate the prepared CNCs. Several washing cycles were carried until neutral pH was obtained.

Preparation of cellulose nanocrystals hydrogel. In order to dissolve cellulose, a solution was prepared from
NaOH/urea/H,0 with the ratio 7:12:81 to be used as solvent®*. The desired amount of CNCs powder was dis-
persed in 100 ml of the prepared solvent and stirred for 30 min, followed by storing the CNCs solution at — 12 °C
for 15 h. Lastly, a translucent CNCs solution was obtained by stirring the frozen solution for 10 min at 25 °C.
The hydrogel was prepared by adding 6 ml ECH, as a crosslinking agent, drop wise to the CNCs solutions. The
resulting mixture, after complete ECH feeding, was stirred at 25 °C for 1h to obtain a homogenized solution,
then its transferred directly into 50 ml beaker and heated at 60 °C for 2 h. The prepared CNCsH were soaked
in water for 24 h in order to eliminate any remaining residues and then dried at 60 °C. A series of CNCsH were
obtained with various CNCs weight contents (4, 5, 6%). The resultant hydrogels were labelled as (4, 5 and 6%).

Characterization

Chemical structure analysis. The chemical structure of OWP, extracted cellulose, prepared CNCs and
CNCsH were characterized by using Fourier Transform Infrared Spectroscopy (Spectrum BX 11 Infrared spec-
trometer FTIR LX 18-5255 Perkin Elmer).

Morphology analysis. Scanning electron microscopy (SEM "JL JSM 6360LA", Japan) was used for investi-
gating the morphology of OWP, extracted cellulose and prepared CNCsH. The particle shape and size of CNCs
were observed using the Transmission electron microscopy (TEM “JEOL 2100PLUS’, Japan).
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Crystallinity analysis. The crystallinity of extracted cellulose and prepared CNCs were studied by using
X-ray diffraction (XRD) patterns (X-ray 7000 Shimadzu-Japan). The degree of crystallinity (CI %) of the samples
was calculated using Seagal’s method® using Eq. (1).

crystalline — Iamorphous

CI (%) = ! x 100 (1)

Icrystalline

where I, yqpine = Intensity of crystalline peak and I, orphous = Intensity of non-crystalline peak.

Determination of pH of point of zero charge for the prepared CNCsH (pH pzc)

The pH of point of zero charge (pH,,.) of the hydrogel was determined according to the pH drift equilibrium
technique®. A stock solution of (0.01 M) NaCl was prepared and 50 ml portions were transferred into 10 separate
250 ml flasks. The pH of the solutions was altered between 1 and 10 by adding NaOH/HCI such that each flask
had a different pH value. A known amount of the hydrogel (0.1 g) was added to each solution. The solutions
were equilibrated for 48 h before measuring the final pH. A graph of final pH verses the initial pH was plotted
and the point of intersection is the point taken as pH,,. of the hydrogel.

Swelling studies

A pre-weighed 10 mg of the prepared CNCsH were placed in 100 ml of distilled water for two days at 25 °C.
The Weight of the swollen CNCsH was measured after the excess surface water was blotted with filter paper
superficially. The swelling ratio was determined using Eq. (2)*".

my — mg

Swelling ratio (%) = x 100 (2)

mo

where m, is the mass of the dried CNCsH and m, is the mass of the swollen the CNCsH.

Biodegradability test

The biodegradability of CNCsH were evaluated by immersing 0.25 g of the prepared hydrogels in 100 ml of soil
extraction solution for 10 days of incubation under room temperature. After10 days, the residue of the CNCsH
was filtered out and dried at 60 °C in the oven for 4 h. Equation (3) was used to determine the weight loss of the
CNCsH. The soil extract solution was prepared by immersing 250 g of soil in 250 ml of saline solution and the
mixture was mixed for 2 h, then it was filtered to separate the soil particles. The filtered solution (30 ml) and the
activation minerals (1.5 g of ammonium sulphate, 0.6 g of dipotassium hydrogen phosphate and 0.6 g of zinc
chloride) were added to 270 ml of distilled water3®.

Weight loss (%) = Mo 7 Mt x 100 (3)

0

where m, is the mass of dried CNCsH and m, is the mass of CNCsH after incubation.

Dye adsorption studies

The adsorption experiments of AR8 dye were carried out as follows: a stock solution of AR8 dye (1000 mg/L)
was prepared. Different doses of dried CNCsH (0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 g) were immersed in 100 mls of
ARS8 dye solutions, which had been prepared with initial concentrations ranging between 10 and 30 ppm. The
pH of the medium was adjusted by HCl and NaOH (1.0 M) to obtain final values (1, 2, 3, 5, 7 and 9). The adsorp-
tion process carried out in a shaking water bath at different temperatures (30, 40 and 50 °C), different shaking
rate (100, 150, and 200 rpm) and different CNCs weight contents hydrogels (4, 5 and 6%). For analysis, samples
were collected at different intervals. The concentration of the dye in the solution after the adsorption process
was measured at (508 nm) by the UV-visible spectrophotometer. The percent of AR8 removal was calculated
by Eq. (4), while the adsorption capacity was calculated by Eq. (5)*°.

Co —C
Dye removal (% ) = Co=Co) x 100 (4)
Co,—CpV
Adsorption capacity (g;) = % (5)

where C, is the initial concentration of AR8 (ppm), C, is the final concentration of AR8 dye time t (ppm), V is
the solution volume of AR8 (L), and W is the weight of the CNCsH (g), q, is the adsorption capacity (mg/g) at
time t. Isotherms, kinetics and thermodynamic studies for the adsorption process were also investigated.

Reusability study

The reusability study was investigated at 30 °C by keeping 5% CNCs content hydrogel (0.5 g) in contact with
ARS8 dye solution (C, = 10 ppm, V = 100 mL and pH = 1) for 105 minutes and under shaking speed of 150 rpm,
then AR8- loaded CNCsH was filtrated and washed with distilled water, after that it was placed in 250 mL coni-
cal flask containing NaOH (1 M) for 105 min under shaking speed of 150 rpm. Then after, a solution of HCI (1
M) was used to neutralize CNCsH. The hydrogel was then collected, rinsed with distilled water and reused for
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Figure 1. CNCsH preparation mechanism.

the dye adsorption as stated above. To study the reusability of CNCsH, the adsorption-desorption cycle was
conducted four times®.

Results and discussion

Mechanism of CNCs hydrogel preparation. Dissolution of CNCs in NaOH /Urea / H,O solvent and the
mechanism of CNCs crosslinking by cross linker ECH for preparation of hydrogel is shown in Fig. 1. In NaOH
/Urea aqueous solution, CNCs dissolve and exist in a sodium alkoxide form. Based on williamson etherification
and the alkali-catalyzed oxalkylation, the alkoxide anion attacks the epoxy group of ECH forming monoether.
A new epoxy group will yield from the rearrangement of chloride displacement. The new epoxy then will attack
another alkoxide anion. So that the crosslinking reaction occur®..

Characterization. Chemical structure analysis. FTIR spectra of OWP, extracted cellulose, and CNCs are
shown in Fig. 2 while in Fig. 3 spectra of CNCs and CNCsH are represented. The spectra of all samples showed
the following peaks. A broad peak in the region from 3443 to 3344 cm™ refers to the free O-H stretching vi-
bration of the hydroxyl groups in cellulose molecules, while the peaks existing at 2900 cm™ were due to C-H
stretching vibration. Besides, two other peaks around 1060 cm™ and 894 cm™ confirm the presence of C-O-C
pyranose ring stretching vibration and B-glycosidic linkage between glucose units, respectively***2. Peak 3443
cm™! has a higher intensity in the extracted cellulose spectrum than in the OWP spectrum, which is consistent
with Ferre and Vila’s conclusion that ink has an absorption band at 3380 cm™ which causes a drop in OH group
concentration®’. In OWP spectrum, a peak around 1700 cm™ refers to the stretching of C-O and a peak around
1505 cm™! attributes to C in-plane aromatic vibrations are characteristic to hemicellulose and lignin, respec-
tively. Their absence from extracted cellulose spectrum demonstrates the effectiveness of alkali and bleaching
treatment*. By comparing the intensity of the peak at 1429 cm™, known as “crystallinity band’, in the spec-
trum of CNCs with extracted cellulose spectrum, it was noticed that the CNCs has the higher crystallinity than
extracted cellulose implying that the acidic hydrolysis process successively dissolves the amorphous regions
in extracted cellulose and liberate CNCs. Compared with the CNCs spectrum, it was observed also that the
intensity of the peak at 1429 cm™! decreased in CNCsH ’s spectra, this may be because of the dissolution of the
CNC:s in the alkali solution during the hydrogel preparation. In contrast, the raise in the intensity of the peak at
1650 cm™ known as “absorbed water peak” in CNCsH’s spectra compared to that of CNCs spectrum indicate
that the CNCsH were more hydrophilic than CNCs, since the etherification reaction between ECH and CNCs
stopped the adjacent CNCs chains from building intermolecular hydrogen bonds, thereby hydrophilic sites was
introduced for water molecules to be absorbed**6.
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Figure 2. FTIR of (a) OWP, (b) Extracted cellulose and (c) CNCs.

Morphology analysis. Figure 4 shows the SEM images of OWP and extracted cellulose, as well as the TEM

image of CNCs. OWP (Fig. 4a) had a diameter of approximately 28-20 um and a rough surface. The diameter
of cellulose (Fig. 4b) became in the range of 9.8-5.7 um after alkali and bleaching treatment, demonstrating the
efficacy of pretreatment processes in eliminating lignin and hemicellulose*. In Fig. 4c, the diameter of CNCs
has dropped drastically from micrometer to nanometer scale, and they exhibit a rod-like structure with particles
ranging in width from 18 to 22 nm and length from 120 to 140 nm*’. SEM images of CNCsH which were pre-
pared with different CNCs content were shown in Fig. 5. CNCsH display porous inner structure, with a decrease

in pore size when CNCs concentration increased that may be the result for formation of more crosslinks which
create a narrow pores network structure?!.

Crystallinity analysis. XRD patterns of the extracted cellulose and the prepared CNCs (Fig. 6) showed signifi-

cant peaks around 20 =15° 22°, and 34° which were assigned to the crystalline planes of (110), (200), and (004),
respectively in the crystal structure of cellulose type I allomorph. This result suggested that the crystal integrity
of cellulose had been maintained and hydrolysis reaction only had a minor impact on the polymorphism of cel-
lulose I for CNCs sample. The degree of crystallinity (CI) was calculated from Eq. (1) for all the samples, where
I. = intensity of peak 26 = 22° and I, = intensity of peak 26 =15°. The CI increased progressively from (63.7%)
for the extracted cellulose to (78%) for the CNCs. The reason for this increase may be because of dissolving of

amorphous regions and releasing of crystalline regions during the a acid hydrolysis process, beside the structural
changes in alignment to produce a high ordered crystals*”*,
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Figure 3. FTIR of (a) CNCs, (b) 4% CNCsH, (c) 5% CNCsH and (d) 6% CNCsH.

Figure 4. SEM images of (a) OWP and (b) extracted cellulose and (¢) TEM image of CNCs.
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Figure 5. SEM images of the CNCs hydrogels prepared with different CNCs content (a) 4% CNCsH, (b) 5%
CNCsH and (c) 6% CNCsH.
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Figure 6. X-ray diffraction patterns of (a) OWP, (b) extracted cellulose and (c) prepared CNCs.

Determination of pH of point of zero charge for the prepared CNCsH (pH pzc). The change of
the initial and final pHs of the CNCsH in NaCl solution was presented in Fig. 7. The pH,,,. for the CNCsH, is
the point at which adsorbent’s surface is neutrally charged (ApH =0), was found to be 5.4. Consequently, the
CNCsH surface is positively charged at any pH lower that pH,,,. which assumes an increase in the electrostatic
attraction between the anionic dye and the hydrogel surface with the decrease in pH, but it became negatively
charged at any pH more than pH,,. which decreases the adsorption of negatively charged AR8 dye anions due
to electrostatic repulsion force.

Swelling studies. Figure 8a illustrates the effect of CNCs content on the swelling capacity of the CNCsH.
The swelling ratio was increased with the increase in the CNCs concentration from 4 to 5% from 1800 to 2770%.
Then, it was decreased to 1340% with a further increase in CNCs concentration up to 6%. The initial raise in
swelling values can be because of the increase in hydrophilicity of CNCsH due to the availability of OH groups,
meanwhile the further decrease in swelling ratio can be a result of the decrease in pore size due to the increase
of concentration of CNCs that restrict the entry of additional water molecules into its network which was clearly
observed in the SEM images*»™.

Biodegradability test. After 10 days of incubation, the weight loss of the CNCs hydrogels was calculated
as shown in Fig. 8b indicates that the increase of the content of CNCs, produces a hydrogel more resistant to the
attack of microorganisms as the weight loss decreased from 97 to 40% and reaching 35% as the content of CNCs
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Figure 8. (a) Swelling behavior and (b) biodegradability study of CNCsH.

increased from 4 to 5% and 6%, respectively. This may be due to the increase in the crosslinking and the decrease
in the pore size, which prevent the imbibition of more soil microorganisms in the swollen hydrogel network®'.

Adsorption studies.  Adsorption mechanism. The mechanism of ARS8 dye adsorption process on CNCsH
proceeded in two steps as shown in Fig. 9, first AR8 dye which is sulfonate dye(D-SO;Na) dissociated into ani-
onic ions (D-SO;7) and sodium cation (Na*) and at pH = 1 aqueous solution, OH groups of the prepared CNCsH
are protonated. Secondly, electrostatic attraction take place between the protonated OH group in CNCsH and
the anionic ion of the dye*’. The different factors affecting the removal of the AR8 dye by CNCsH were investi-
gated and presented in Fig. 10.

Effect of pH AR8 Adsorption. The pH,,. of the CNCsH, at which the surface of the hydrogel has zero potential
charge, was found to be at pH 5.4. At any pH below this value the surface of the hydrogel will have a positive
charge, whilst at pH above this the surface will have a negative charge. The effect of pH on the adsorption of AR8
dye by CNCsH was presented in Fig. 10a. It was found that the increase in pH value from 1 to 9 of ARS8 solution
decreases the removal percentage from 54.6 to 7.4 %. The maximum adsorption occurred at pH 1 where the
removal percentage reached 54.6 %. Since ARS8 dye is an anionic dye, at acidic pH, the electrostatic attraction
force was enhanced between the dye and the CNCsH surface due to the protonation of the OH groups. But, in
alkaline conditions, less adsorption of ARS8 ions was carried out, this can be due to the presence of excess OH"
ions which prevent the protonation of OH groups and cause destabilization of the ARS8 ions*.

Effect of initial dye concentration on AR8 adsorption. The initial concentration of the AR8 dye solution (10, 20
and 30 ppm) showed a significant effect on the adsorption process as illustrated in Fig. 10b. The maximum dye
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Figure 9. Adsorption of AR8 dye on CNCsH mechanism.

removal was found to be at 10 ppm, with a maximum removal percentage of 54.6%. Conversely, a decrease in
the removal percentage reaching 45.1 and 37.6 % was noticed as the initial concentration of dye increased from
20 to 30 ppm, respectively. This can be related to the low ratio of available active sites at hydrogel surface to dye
concentration, causing adsorption sites saturation of the hydrogel surface. This in turn indicated a possible for-
mation of a monolayer of dye molecules at the interface with the hydrogel®>. Moreover, when the concentration
of dye increases, there will be electrostatic repulsion between dye molecules which causes competition between
dye molecules for the limited CNCsH’s active sites, consequently the dye removal (%) decreased with increasing
initial dye concentrations™.

Effect of hydrogel dosage on AR8 adsorption. By studying the effect of CNCsH dosages on the adsorption
process, Fig. 10c, it was found that the removal percentage raised from 56 to 68% as the dosage of the CNCs
hydrogel increased from 0.1 to 0.5 g and started to decrease from 68 to 65.6% as the dosage increased from 0.5 to
0.7g, respectively. The results indicate that the CNCsH dosage of 0.5 g is the optimum value for a maximum dye
removal. The increase in removal percentage by increasing the dose can be due to availability of more adsorp-
tion sites as a result of increasing the hydrogel surface area while the decrease in the removal percentage may
attributed to overlapping or aggregation of the hydrogel surface which lead to an increase diffusion path length™.

Effect of shaking speed on ARS8 adsorption. The effect of shaking speed on the adsorption percentage of AR8
dye was elucidated in Fig. 10d. Increasing the shaking speed from 100 to 150 rpm improved the removal per-
centage from 44.4 to 68% as it enhanced the diffusion of dye molecules towards the surface of the hydrogel by
promoting the formation of the external boundary film. Nevertheless, the increase in the shaking speed to 200
rpm reduced the removal percentage to 59%. This may be a result of the excessive contact between the hydrogel
surface and dye molecules which caused attrition of the hydrogel and damage its outer surface®®.

Effect of temperature on ARS8 adsorption. To study the effect of temperature on the adsorption, the tests were
performed at three different temperatures (30, 40, 50 °C). As presented in Fig. 10e, the removal percentage
remained constant at 68% when the temperature was increased from 30 to 40 °C. This shows that the removal
percentage wasn't influenced by the increase of temperature from 30 to 40 °C. However, when the temperature
rose from 40 to 50 °C the removal percentage decreased to 62%. The increase in temperature led to increasing
the mobility of AR8 dye molecules which cause escape of the dye molecules from solid to liquid phase result-
ing breakage of bonds between the them and active sites of CNCsH and also cause shrinking of CNCsH that
pose a decrease in the swelling capacity of CNCsH?’. This behavior confirms that the adsorption of dyes had an
exothermic nature.

Effect of different CNCs content on AR8 adsorption. CNCsH’s containing different CNCs concentrations were
compared regarding their adsorption properties. As represented in Fig. 10f, with the raise of CNCs concentra-
tion from 4 to 5%, the removal percentage of AR8 dye increased from 65 to 68%, respectively. But when the
CNCs concentration reaches 6 %, the removal percentage decreased to 66%. The reason was as CNCs concentra-
tion increased, the pore size of the prepared hydrogel decreased, which made a negative effect on the diffusion of
ARS8 dye ions into the CNCsH interior surface which consequently impeded the adsorption process™.

Adsorption isotherm studies. Adsorption isotherm is essentially used to describe how adsorbate interact with
adsorbents and it is the key to optimize the use of adsorbents. The adsorption isotherms were investigated for
providing information about the adsorption behavior, the possible adsorption mechanism and adsorption
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Figure 10. Effects of different factors on the removal percentage of AR8 onto the CNCs hydrogel. (a)
Effect of pH on the removal percentage of AR8 dye (Initial concentration of AR8dye=10 ppm, dose=0.1g,
temp =30 °C, shaking speed =150 rpm and CNCs content=5%). (b) Effect of initial concentration of AR8dye
on the removal percentage of AR8 dye (pH=1, dose=0.1 g, temp =30 °C, shaking speed =150 rpm and CNCs
content=5%). (c) Effect of dose of hydrogel on the removal percentage of AR8 dye (Initial concentration of
AR8dye =10 ppm, temp =30 °C, shaking speed =150 rpm, pH =1 and CNCs content =5%). (d) Effect of shaking
speed of hydrogel on the removal percentage of ARS8 dye (Initial concentration of AR8dye =10 ppm, dose=0.5g,
temp =30 °C, pH=1 and CNCs content=5%). (e) Effect of temperature of hydrogel on the removal percentage
of ARS8 dye (initial concentration of AR8dye =10 ppm, shaking speed =150 rpm, dose=0.5 g, pH=land
CNCs content=5%). (f) Effect of CNCs content of hydrogel on the removal percentage of ARS8 dye (Initial
concentration of AR8dye =10 ppm, shaking speed =150 rpm, dose=0.5 g, pH=1 and temp =30 °C).
capacity. Three models, involving Langmuir, Freundlich and Tempkin models, were employed to describe the
isothermal behavior of the adsorptlon process®*-!. Three mathematical models are explained in the supplement
data S1. The plotting of the qe vs C,, Log q. vs Log C. and q, vs In C, are represented in Fig. 11. All the parameters
of the studied isothermal médels are calculated and summarized in Table 1. By analyzing Table 1 and according
to the correlation coefficients (R?) values, the experimental results indicated better consistency with Langmuir
model as compared to the other two isotherms. The R;value was below 1 which indicates that the adsorption was
a favorable process. This means that CNCsH surface is primarily composed of homogenous adsorption sites. It
also described the monolayer sorption where each AR8 molecule was adsorbed at different localized adsorption
sites®. The maximum adsorption capacity (Q,) (17.12 mg/ g) obtained from Langmuir equation approaches the
maximum capacity obtained from the experimental data (11.24 mg/g).
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Figure 11. kinetics models (a) Langmuir model, (b) Freundlich model and (c) Tempkin model.

Model Langmuir Freundlich Tempkin
Parameter | Q,., |K. R, |R? 1/n¢ K R? B A R?
17.12 0.1024 | 0.25 [0.9998 |0.3375 |1.437 |0.8377 |13.267 |2.375 |0.9806

Table 1. The different parameters of isotherm models for AR8 removal from solution by CNCsH.

Adsorption kinetics studies. Kinetics studies of AR8 dye adsorption on CNCsH can reveal the adsorption
mechanism as well as the rate-controlling steps for the adsorption process. Pseudo first order and pseudo second
order kinetic models were used to evaluate the experimental data to determine the adsorption mechanism®-%,
The two models were explained in supplement data S1. Moreover, intra-particle diffusion model was also studied
in order to investigate the controlling diffusion mechanism® and it is explained in details in the supplement data
S1. The calculated parameters of the models were summarized in Table 2.

The pseudo second order model had R? values closer to unity and the values of the theoretical equilibrium
adsorption capacity (q.,) computed from the pseudo-second-order model were more fitted with the experimental
values of equilibrium adsorption capacity (qe.exp)- S0, this prove the superior fit of the AR8 dye adsorption process
to the pseudo second order model, confirming that the overall rate is driven by the electrostatic attraction®’. As
represented in Fig. 12, the plots of g; vs. t 2 didn’t pass through the origin and multi-linear including three linear
segments of ARS8 dye adsorption was observed. The graph reflects that the intra-particle diffusion is involved in
the adsorption process but it isn't the rate-limiting step and the adsorption of AR8 on CNCsH is governed by
another controlling factors. Usually, the first sharper step attributed to the transport of dye molecules from the
aqueous solution to the outer surface of the adsorbent by diffusion through the boundary layer. The second step
reflects a decrease in the rate of adsorption. While the third step is the diffusion of the dye molecules into the
interior small pores of the CNCsH and at this stage, equilibrium was achieved. Value of (C) provide information
about the thickness of the boundary layer, the larger is the values the greater is boundary layer diffusion effect.
As represented in Table 2, the C value raised with the increase of initial concentration of AR8 which indicate that
the increase in initial concentration of dye induce the boundary layer diffusion effect®®.

Thermodynamic studies. For further evaluation of the feasibility and the effectiveness of temperature on the
dye adsorption by CNCsH, thermodynamic parameters including free energy change (AG®), enthalpy change
(AH°®) and entropy change (AS°) were evaluated by the thermodynamic formulas expressed in following Egs. (6,
7,8 and 9)°77°,

Scientific Reports |

(2022) 12:6424 | https://doi.org/10.1038/s41598-022-10087-1 nature portfolio



www.nature.com/scientificreports/

Pseudo first order

Pseudo second order

Dye system Qeexp (mg/g) | K, (min?) | g, (mg/g) | R K, (g/mg. min) | q,, (mg/g) |R?

1. Different concentrations W=0.1 g, shaking speed =150 rpm, pH =1, CNCs content =5% and temperature=30 °C
C,=10mgL™! 5.46 0.058 3.27 0.9301 | 0.04 5.6 0.9986
C,=20mg L™ 9.02 0.023 3.23 0.8841 | 0.0289 8.5 0.9995
C,=30mg L! 11.28 0.024 3.14 0.9343 | 0.03 11.2 0.9998
2. Sorbent dosage Shaking speed =150 rpm, C,=10 mg L' ,pH =1, CNCs content=5% and temperature =30 °C

w,=0.1g 5.46 0.058 3.27 0.9301 |0.038 5.7 0.9986
w,=02g 2.81 0.067 1.63 0.9309 |0.0756 3 0.9987
w,=03g 1.99 0.063 1.17 0.9739 |0.15 2.06 0.9999
w,=04g 1.61 0.066 1.38 0.9584 | 0.1856 1.67 0.9998
w,=05g 1.36 0.067 2.06 0.931 0.29 1.4 0.9999
w,=0.6g 1.08 0.069 6.18 0.919 0.947 1.09 0.9999
w,=0.7g 0.94 0.059 17.8 0.8065 |2 0.94 1
3.rpm W=0.5 g, C,=10 mgL!, pH=1, CNCs content=>5% and temperature =30 °C

rpm =100 0.89 0.032 5.09 0.8219 | 1.049 0.52 0.9997
rpm =150 1.36 0.067 2.055 0.931 0.79 1.19 0.9999
rpm =200 1.18 0.048 26.94 0.5236 | 1.265 14 0.9999
4. Temperature W =0.5 g, shaking speed =150 rpm, C,=10 mg L™!, CNCs content=5% and pH=1

T=30°C 1.36 0.067 2.06 0.931 0.569 14 0.9999
T=40°C 1.36 0.032 47.56 0.4595 | 3.367 1.36 1
T=50°C 1.24 0.045 25.8 0.714 2.352 1.25 1
Intra-particle diffusion model Kine C R?

Initial dye concentration (ppm)

10 0.1775 3.6098 0.88

20 0.3586 5.2316 0.8757

30 0.3338 7.7321 0.8841

Table 2. Parameters of kinetic models for AR8 removal by CNCsH.
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Intra-particle diffusion plots for adsorption at different initial concentration of AR8 on CNCsH.
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Figure 13. Thermodynamics studies of ARS8 dye.

AH? (Enthalpy) (kJ/mol) —-10.632
AS° (Entropy) (J/mol K) —28.45
T°C
30°C -193
AG® (Gibbs free energy) (kJ/mol)
40°C - 195
50°C -19.8

Table 3. Thermodynamic parameters of AR8 dye adsorption on CNCsH.

where k. is the thermodynamic constant, C,4, is AR8 adsorbate amount (mg/g), C, is the concept of ARS8 in the
solution at equilibrium (mg/L), R is the universal gas constant (8.314 J/mol. K), and T is the absolute tempera-
ture (K). AG® is the Gibbs free energy change (kJ/mol), AS® is the entropy change kJ/mol. K), and AH® is the
enthalpy change (kJ/mol). The values of AS° and AH® were determined based on the intercept and the slope of
the plot of (Ln K,) against 1/T illustrated in (Fig. 13). All the values were presented in the Table 3. The negative
values of AG® denoted spontaneous adsorption process. While the negative value of AS° indicated the decrease
of randomness at the hydrogel/dye interface during the adsorption process. Besides that, the negative value of
AH° confirms the exothermic nature of the adsorption of AR8 on the CNCsH. Generally, the values of AH®
gave an indication about the adsorption mechanism. For physical adsorption, the AH® is in the range 2-20 kJ/
mol, while for chemisorption the AH° is in the range of 80-200 kJ/mol. The low value of AH® (10.632 kJ/mol)
proved that the interaction between the AR8 dye and CNCsH was weak and the adsorption is a more complex
physicochemical process same result was observed by Stanciu et al.”%.

Reusability study. Figure 14 demonstrates AR8 dye removal percentage on CNCsH after four adsorption-
desorption cycles. The dye removal percentage dropped from 68 to 35% after fourth cycles. This is most probably
due to degradation of polymer chains which caused by numerous alkali treatment cycles®.

Comparison with nanocrystals based hydrogels. The CNCs-based hydrogel was primarily utilized
to remove cationic dyes such methylene blue (MB)**7%”*> and heavy metals including. The use of CNCs-based
hydrogels to remove anionic dye has been reported in a few papers, the hydrogels were basically prepared by
physically or chemically incorporate CNCs or modified CNCs in polymeric network. On the other hand, no
research has been done on the creation of CNCs single component hydrogels and their ability to remove anionic
dye. Table 4 summarize the maximum adsorption removal efficiencies of same CNCs based hydrogels. Although
the maximum adsorption effectiveness of CNCsH is moderate, it can be improved with subsequent modifica-
tions.

Conclusion

The Biodegradable CNCs hydrogel were successfully fabricated by chemical crosslinking of CNCs, which were
prepared from the waste office paper extracted cellulose, in presence of ECH as crosslinking agent. FTIR analysis
confirmed the CNCs chemical structure and the crosslinking process. XRD analysis indicated a typical cellulose
crystal lattice of type (I) with high crystallinity of (78%). TEM image exhibited that the prepared CNCs were
in the range of 18-22 nm in width and from 120 to 140 nm with shape of a rod like structure. The percentage
of swelling ratio of the hydrogel increased from 1800 to 2770 % as the concentration of CNCs increased from
4 to 5% as a result of increase of the active function groups but the swelling decreased to 1340 % when the
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Figure 14. Reusability study of CNCsH for adsorption of ARS8 dye.

Hydrogel Dye q. (mg/g) References
2-(dimethylamino) ethyl methacrylate /(amine- and alkyl-modified) nanocrystalline Methyl orange 1.64 for pH 1 "
cellulose 0.95 for pH 10
Congo red 869.1
Dialdehyde nanocellulose/amphoteric polyvinylamine Acid red GR 1469.7 S

Reactive light yellow | 1250.9

Graphene oxide modified cellulose nanocrystal/poly (N-isopropyl acrylamide) IPN

73
hydrogel Congo red 728.8

Cellulose nanocrystals hydrogel Acid red 8 11.24 This study

Table 4. Comparison of adsorption capacity of some CNCs based hydrogels.

concentration of CNCs raised to 6% due to decrease in pore size which clearly appeared in SEM images. It was
found from biodegradability test that the weight loss of the hydrogels decreased from 97 to 40 % and reaching
35% as the content of CNCs increased from 4% to 5% and 6%, respectively that may be due to the decrease in pore
size of the hydrogel. The experimental data of the dye adsorption was better fitted to the pseudo second-order
and Langmuir isotherm models, indicating that the adsorption of AR8 dye onto the hydrogels was spontaneous,
exothermal monolayer adsorption through a physicochemical process with maximum calculated adsorption
capacity of (17.12 mg/ g), which is considered close enough to the experimental value of (11.24 mg/g). Finally,
this research study had confirmed that CNCs can prepared using simple and low cost method and CNCsH can
be used as a low cost and environmentally friendly adsorbent for the removal of AR8 dye from aqueous solution.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 12 January 2022; Accepted: 21 March 2022
Published online: 19 April 2022

References

1. Owa, E. Water pollution: Sources, effects, control and management. Mediterr. ]. Soc. Sci. 4, 65-65. https://doi.org/10.5901/mjss.
2013.v4n8p65 (2013).

2. Rahdar, S. et al. Removal of sulfonated azo reactive red 198 from water by CeO2 nanoparticles. Environ. Nanotechnol. Monit.
Manag. 14, 100384. https://doi.org/10.1016/j.enmm.2020.100384 (2020).

3. Mia, R. et al. Review on various types of pollution problem in textile dyeing and printing industries of Bangladesh and recom-
mandation for mitigation. J. Text. Eng. Fashion Technol. 5, 220-226. https://doi.org/10.15406/jtett.2019.05.00205 (2019).

4. Bilinska, L. & Gmurek, M. Novel trends in AOPs for textile wastewater treatment: Enhanced dye by-products removal by catalytic
and synergistic actions. Water Resour. Ind. 26, 160. https://doi.org/10.1016/j.wri.2021.100160 (2021).

5. Mani, S. & Bharagava, R. N. in Recent advances in environmental management 47-69 (CRC Press. https://doi.org/10.1201/97813
51011259 (2018).

6. Shabaan, O. A, Jahin, H. S. & Mohamed, G. G. Removal of anionic and cationic dyes from wastewater by adsorption using multiwall
carbon nanotubes. Arab. J. Chem. 13, 4797-4810. https://doi.org/10.1016/j.arabjc.2020.01.010 (2020).

7. Al-Musawi, T. ], Rajiv, P,, Mengelizadeh, N., Mohammed, I. A. & Balarak, D. Development of sonophotocatalytic process for
degradation of acid orange 7 dye by using titanium dioxide nanoparticles/graphene oxide nanocomposite as a catalyst. J. Environ.
Manage. 292, 112777 https://doi.org/10.1016/j.jenvman.2021.112777 (2021).

Scientific Reports |

(2022) 12:6424 | https://doi.org/10.1038/s41598-022-10087-1 nature portfolio


https://doi.org/10.5901/mjss.2013.v4n8p65
https://doi.org/10.5901/mjss.2013.v4n8p65
https://doi.org/10.1016/j.enmm.2020.100384
https://doi.org/10.15406/jteft.2019.05.00205
https://doi.org/10.1016/j.wri.2021.100160
https://doi.org/10.1201/9781351011259
https://doi.org/10.1201/9781351011259
https://doi.org/10.1016/j.arabjc.2020.01.010
https://doi.org/10.1016/j.jenvman.2021.112777

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Abidi, N. et al. Removal of anionic dye from textile industries’ effluents by using Tunisian clays as adsorbents. Zeta potential and

streaming-induced potential measurements. Comptes Rendus Chimie 22, 113-125. https://doi.org/10.1016/j.crci.2018.10.006 (2019).

. Tara, N,, Siddiqui, S. L, Rathi, G., Chaudhry, S. A. & Asiri, A. M. Nano-engineered adsorbent for the removal of dyes from water:

A review. Curr. Anal. Chem. 16, 14-40. https://doi.org/10.2174/1573411015666190117124344 (2020).

Yagub, M. T., Sen, T. K., Afroze, S. & Ang, H. M. Dye and its removal from aqueous solution by adsorption: A review. Adv. Coll.
Interface. Sci. 209, 172-184. https://doi.org/10.1016/j.cis.2014.04.002 (2014).

Beulah, S. S. & Muthukumaran, K. Methodologies of Removal of dyes from wastewater: A review. Int. Res. J. Pure Appl. Chem.
68-78. doi:https://doi.org/10.9734/irjpac/2020/v21i1130225 (2020).

Sillanpéda, M., Mahvi, A. H., Balarak, D. & Khatibi, A. D. Adsorption of Acid orange 7 dyes from aqueous solution using Polypyr-
role/nanosilica composite: Experimental and modelling. Int. J. Environ. Anal. Chem. 1-18. https://doi.org/10.1080/03067319.2020.
1855338 (2021).

Al-Musawi, T. J., McKay, G., Rajiv, P, Mengelizadeh, N. & Balarak, D. Efficient sonophotocatalytic degradation of acid blue 113
dye using a hybrid nanocomposite of CoFe204 nanoparticles loaded on multi-walled carbon nanotubes. J. Photochem. Photobiol.,
A 424, 113617. https://doi.org/10.1016/j.jphotochem.2021.113617 (2022).

Ahmadj, S. et al. Praseodymium-doped cadmium tungstate (CdWO4) nanoparticles for dye degradation with sonocatalytic process.
Polyhedron 190, 114792. https://doi.org/10.1016/j.poly.2020.114792 (2020).

Chikri, R., Elhadiri, N. & Benchanaa, M. Efficiency of sawdust as low-cost adsorbent for dyes removal. J. Chem. 2020. https://doi.
org/10.1155/2020/8813420. (2020).

Pandey, S., Do, J. Y., Kim, J. & Kang, M. Fast and highly efficient removal of dye from aqueous solution using natural locust bean
gum based hydrogels as adsorbent. Int. J. Biol. Macromol. 143, 60-75. https://doi.org/10.1016/j.ijbiomac.2019.12.002 (2020).
Dutta, S., Gupta, B., Srivastava, S. K. & Gupta, A. K. Recent advances on the removal of dyes from wastewater using various
adsorbents: A critical review. Mater. Adv. https://doi.org/10.1039/D1MA00354B (2021).

Osagie, C. et al. Dyes adsorption from aqueous media through the nanotechnology: A review. J. Market. Res. 14, 2195-2218. https://
doi.org/10.1016/j.jmrt.2021.07.085 (2021).

Hu, X.-S., Liang, R. & Sun, G. Super-adsorbent hydrogel for removal of methylene blue dye from aqueous solution. J. Mater. Chem.
A 6,17612-17624. https://doi.org/10.1039/c8ta04722g (2018).

Omer, A. M., Sadik, W.A.-A., El-Demerdash, A.-G.M. & Hassan, H. S. Formulation of pH-sensitive aminated chitosan-gelatin
crosslinked hydrogel for oral drug delivery. J. Saudi Chem. Soc. 25, 101384. https://doi.org/10.1016/j.jscs.2021.101384 (2021).
Cai, J. et al. Polysaccharide-based hydrogels derived from cellulose: The architecture change from nanofibers to hydrogels for a
putative dual function in dye wastewater treatment. J. Agric. Food Chem. 68, 9725-9732. https://doi.org/10.1021/acs.jafc.0c03054
(2020).

Das, A. M., Hazarika, M. P, Goswami, M., Yadav, A. & Khound, P. Extraction of cellulose from agricultural waste using Montmo-
rillonite K-10/LiOH and its conversion to renewable energy: biofuel by using Myrothecium gramineum. Carbohyd. Polym. 141,
20-27. https://doi.org/10.1016/j.carbpol.2015.12.070 (2016).

Yati, I, Kizil, S. & Bulbul Sonmez, H. Cellulose-based hydrogels for water treatment. Cellulose-Based Superabsorbent Hydrogels.
Springer International Publishing, 1-24. https://doi.org/10.1007/978-3-319-76573-0_33-1 (2018).

Aquino, C. R. et al. in MATEC Web of Conferences. 04013 (EDP Sciences).

Hussin, E. N. N. M., Attan, N. & Wahab, R. A. Extraction and characterization of nanocellulose from raw oil palm leaves (Elaeis
guineensis). Arab. J. Sci. Eng. 45, 175-186. https://doi.org/10.1007/s13369-019-04131-y (2020).

Kargarzadeh, H., Ioelovich, M., Ahmad, I, Thomas, S. & Dufresne, A. Methods for extraction of nanocellulose from various
sources. Handb. Nanocell. Cell. Nanocompos. 1, 1-51. https://doi.org/10.1002/9783527689972.ch1 (2017).

Jasmania, L. & Thielemans, W. Preparation of nanocellulose and its potential application. Int. J. Nanomater. Nanotechnol. Nanomed.
4, 014-021. https://doi.org/10.1016/j.carbpol.2017.04.033 (2018).

Lei, W. et al. Cellulose nanocrystals obtained from office waste paper and their potential application in PET packing materials.
Carbohyd. Polym. 181, 376-385. https://doi.org/10.1016/j.carbpol.2017.10.059 (2018).

Phanthong, P. et al. Nanocellulose: Extraction and application. Carbon Resour. Convers. 1, 32-43. https://doi.org/10.1016/j.crcon.
2018.05.004 (2018).

De France, K. J., Hoare, T. & Cranston, E. D. Review of hydrogels and aerogels containing nanocellulose. Chem. Mater. 29,
4609-4631. https://doi.org/10.1021/acs.chemmater.7b00531 (2017).

Zhou, C., Wu, Q,, Lei, T. & Negulescu, I. I. Adsorption kinetic and equilibrium studies for methylene blue dye by partially hydro-
lyzed polyacrylamide/cellulose nanocrystal nanocomposite hydrogels. Chem. Eng. J. 251, 17-24. https://doi.org/10.1016/j.cej.2014.
04.034 (2014).

Mohammed, N., Grishkewich, N., Berry, R. M. & Tam, K. C. Cellulose nanocrystal-alginate hydrogel beads as novel adsorbents
for organic dyes in aqueous solutions. Cellulose 22, 3725-3738. https://doi.org/10.1007/s10570-015-07437-3 (2015).

Yang, H., Sheikhi, A. & Van De Ven, T. G. Reusable green aerogels from cross-linked hairy nanocrystalline cellulose and modified
chitosan for dye removal. Langmuir 32, 11771-11779. https://doi.org/10.1021/acs.langmuir.6b03084 (2016).

Qin, X,, Lu, A. & Zhang, L. Gelation behavior of cellulose in NaOH/urea aqueous system via cross-linking. Cellulose 20, 1669-1677.
https://doi.org/10.1007/510570-013-9961-z (2013).

Segal, L., Creely, . J., Martin, A. Jr. & Conrad, C. An empirical method for estimating the degree of crystallinity of native cellulose
using the X-ray diffractometer. Text. Res. J. 29, 786-794. https://doi.org/10.1177/004051755902901003 (1959).

Soleymani, M., Akbari, A. & Mahdavinia, G. R. Magnetic PVA/laponite RD hydrogel nanocomposites for adsorption of model
protein BSA. Polym. Bull. 76, 2321-2340. https://doi.org/10.1007/s00289-018-2480-1 (2019).

Shivakumara, L. R. & Demappa, T. Synthesis and swelling behavior of sodium alginate/poly (vinyl alcohol) hydrogels. Turk. J.
Pharmaceut. Sci. 16, 252. https://doi.org/10.4274/tjps.92408 (2019).

Teow, Y. H., Kam, L. M. & Mohammad, A. W. Synthesis of cellulose hydrogel for copper (II) ions adsorption. J. Environ. Chem.
Eng. 6, 4588-4597. https://doi.org/10.1016/j.jece.2018.07.010 (2018).

Ghanei, M., Rashidi, A., Tayebi, H.-A. & Yazdanshenas, M. E. Removal of acid blue 25 from aqueous media by magnetic-SBA-15/
CPAA super adsorbent: Adsorption isotherm, kinetic, and thermodynamic studies. J. Chem. Eng. Data 63, 3592-3605. https://
doi.org/10.1021/acs.jced.8b00474.s001 (2018).

Sadik, W.A.-A., El-Demerdash, A.-G.M., Abbas, R. & Gabre, H. A. Fast synthesis of an eco-friendly starch-grafted poly (N,
N-dimethyl acrylamide) hydrogel for the removal of Acid Red 8 dye from aqueous solutions. Polym. Bull. 77, 4445-4468. https://
doi.org/10.1007/500289-019-02958-x (2020).

Chang, C., Zhang, L., Zhou, J., Zhang, L. & Kennedy, J. E. Structure and properties of hydrogels prepared from cellulose in NaOH/
urea aqueous solutions. Carbohyd. Polym. 82, 122-127. https://doi.org/10.1016/j.carbpol.2010.04.033 (2010).

Wang, Z., Yao, Z., Zhou, J. & Zhang, Y. Reuse of waste cotton cloth for the extraction of cellulose nanocrystals. Carbohyd. Polym.
157, 945-952. https://doi.org/10.1016/j.carbpol.2016.10.044 (2017).

Ferrer, N. & Vila, A. Fourier transform infrared spectroscopy applied to ink characterization of one-penny postage stamps printed
1841-1880. Anal. Chim. Acta 555, 161-166. https://doi.org/10.1016/j.aca.2005.08.080 (2006).

Guan, Y. et al. Preparation of cellulose nanocrystals from deinked waste newspaper and their usage for papermaking. Carbohydrate
Polym. Technol. Appl. 2, 100107. https://doi.org/10.1016/j.carpta.2021.100107 (2021).

Scientific Reports |

(2022) 12:6424 | https://doi.org/10.1038/s41598-022-10087-1 nature portfolio


https://doi.org/10.1016/j.crci.2018.10.006
https://doi.org/10.2174/1573411015666190117124344
https://doi.org/10.1016/j.cis.2014.04.002
https://doi.org/10.9734/irjpac/2020/v21i1130225
https://doi.org/10.1080/03067319.2020.1855338
https://doi.org/10.1080/03067319.2020.1855338
https://doi.org/10.1016/j.jphotochem.2021.113617
https://doi.org/10.1016/j.poly.2020.114792
https://doi.org/10.1155/2020/8813420
https://doi.org/10.1155/2020/8813420
https://doi.org/10.1016/j.ijbiomac.2019.12.002
https://doi.org/10.1039/D1MA00354B
https://doi.org/10.1016/j.jmrt.2021.07.085
https://doi.org/10.1016/j.jmrt.2021.07.085
https://doi.org/10.1039/c8ta04722g
https://doi.org/10.1016/j.jscs.2021.101384
https://doi.org/10.1021/acs.jafc.0c03054
https://doi.org/10.1016/j.carbpol.2015.12.070
https://doi.org/10.1007/978-3-319-76573-0_33-1
https://doi.org/10.1007/s13369-019-04131-y
https://doi.org/10.1002/9783527689972.ch1
https://doi.org/10.1016/j.carbpol.2017.04.033
https://doi.org/10.1016/j.carbpol.2017.10.059
https://doi.org/10.1016/j.crcon.2018.05.004
https://doi.org/10.1016/j.crcon.2018.05.004
https://doi.org/10.1021/acs.chemmater.7b00531
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1007/s10570-015-07437-3
https://doi.org/10.1021/acs.langmuir.6b03084
https://doi.org/10.1007/s10570-013-9961-z
https://doi.org/10.1177/004051755902901003
https://doi.org/10.1007/s00289-018-2480-1
https://doi.org/10.4274/tjps.92408
https://doi.org/10.1016/j.jece.2018.07.010
https://doi.org/10.1021/acs.jced.8b00474.s001
https://doi.org/10.1021/acs.jced.8b00474.s001
https://doi.org/10.1007/s00289-019-02958-x
https://doi.org/10.1007/s00289-019-02958-x
https://doi.org/10.1016/j.carbpol.2010.04.033
https://doi.org/10.1016/j.carbpol.2016.10.044
https://doi.org/10.1016/j.aca.2005.08.080
https://doi.org/10.1016/j.carpta.2021.100107

www.nature.com/scientificreports/

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Navarra, M. A. et al. Synthesis and characterization of cellulose-based hydrogels to be used as gel electrolytes. Membranes 5,
810-823. https://doi.org/10.3390/membranes5040810 (2015).

Sofla, M. R. K., Brown, R., Tsuzuki, T. & Rainey, T. A comparison of cellulose nanocrystals and cellulose nanofibres extracted from
bagasse using acid and ball milling methods. Adv. Nat. Sci Nanosci. Nanotechnol. 7, 035004. https://doi.org/10.1088/2043-6262/7/
3/035004 (2016).

Nang An, V. et al. Extraction of high crystalline nanocellulose from biorenewable sources of vietnamese agricultural wastes. J.
Polym. Environ. 28. https://doi.org/10.1007/s10924-020-01695-x (2020).

Johar, N., Ahmad, I. & Dufresne, A. Extraction, preparation and characterization of cellulose fibres and nanocrystals from rice
husk. Ind. Crops Prod. 37, 93-99. https://doi.org/10.1016/j.indcrop.2011.12.016 (2012).

Yacob, N. & Hashim, K. Morphological effect on swelling behaviour of hydrogel. AIP Conference Proceedings. 153-159. https://
doi.org/10.1063/1.4866123 (2014).

Pourjavadi, A., Harzandi, A. & Hosseinzadeh, H. Modified carrageenan. 6. Crosslinked graft copolymer of methacrylic acid and
kappa-carrageenan as a novel superabsorbent hydrogel with low salt-and high pH-sensitivity. Macromol. Res. 13, 483-490. https://
doi.org/10.1007/bf03218485 (2005).

Abd El-Mohdy, H. & Ghanem, S. Biodegradability, antimicrobial activity and properties of PVA/PVP hydrogels prepared by
y-irradiation. J. Polym. Res. 16, 1-10. https://doi.org/10.1007/510965-008-9196-0. (2009).

Kono, H. Preparation and characterization of amphoteric cellulose hydrogels as adsorbents for the anionic dyes in aqueous solu-
tions. Gels 1, 94-116. https://doi.org/10.3390/gels1010094 (2015).

Yadav, S. et al. Cationic dye removal using novel magnetic/activated charcoal/p-cyclodextrin/alginate polymer nanocomposite.
Nanomaterials 10, 170. https://doi.org/10.3390/nan010010170 (2020).

Huang, R,, Yang, B., Liu, Q. & Gong, N. Adsorption of a model anionic dye on protonated crosslinked chitosan. Desalin. Water
Treat. 52, 7693-7700. https://doi.org/10.1080/19443994.2013.833139 (2014).

Garg, V. K, Amita, M., Kumar, R. & Gupta, R. Basic dye (methylene blue) removal from simulated wastewater by adsorption using
Indian Rosewood sawdust: A timber industry waste. Dyes Pigm. 63, 243-250. https://doi.org/10.1016/j.dyepig.2004.03.005 (2004).
Daud, Z. et al. Chitosan beads as an adsorbent for the removal of colour from natural rubber wastewater. Int. J. Integr. Eng. 10.
https://doi.org/10.30880/ijie.2018.10.09.017 (2018).

Al-Kadhi, N. S. The kinetic and thermodynamic study of the adsorption Lissamine Green B dye by micro-particle of wild plants
from aqueous solutions. Egypt. J. Aquat. Res. 45,231-238. https://doi.org/10.1016/j.jar.2019.05.004 (2019).

Foo, K. Y. & Hameed, B. H. Insights into the modeling of adsorption isotherm systems. Chem. Eng. J. 156, 2-10. https://doi.org/
10.1016/j.cej.2009.09.013 (2010).

Dada, A, Olalekan, A., Olatunya, A. & Dada, O. Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherms studies of
equilibrium sorption of Zn2+ unto phosphoric acid modified rice husk. IOSR J. Appl. Chem. 3, 38-45. https://doi.org/10.9790/
5736-0313845 (2012).

Kuang, Y., Zhang, X. & Zhou, S. Adsorption of methylene blue in water onto activated carbon by surfactant modification. Water
12, 587. https://doi.org/10.3390/w12020587 (2020).

Hameed, B., Tan, I. & Ahmad, A. Adsorption isotherm, kinetic modeling and mechanism of 2, 4, 6-trichlorophenol on coconut
husk-based activated carbon. Chem. Eng. J. 144, 235-244. https://doi.org/10.1016/j.cej.2008.01.028 (2008).

Allen, S.]., Gan, Q., Matthews, R. & Johnson, P. A. Comparison of optimised isotherm models for basic dye adsorption by kudzu.
Biores. Technol. 88, 143-152. https://doi.org/10.1016/s0960-8524(02)00281-x (2003).

Aly, Z., Graulet, A., Scales, N. & Hanley, T. Removal of aluminium from aqueous solutions using PAN-based adsorbents: Char-
acterisation, kinetics, equilibrium and thermodynamic studies. Environ. Sci. Pollut. Res. 21, 3972-3986. https://doi.org/10.1007/
s11356-013-2305-6 (2014).

NA, T. Magnetic peanut hulls for methylene blue dye removal: isotherm and kinetic study. Global NEST 18, 25-37. https://doi.
0rg/10.30955/gnj.001730 (2015).

Qiu, H. et al. Critical review in adsorption kinetic models. J. Zhejiang Univ. Sci. A 10, 716-724. https://doi.org/10.1631/jzus.a0820
524 (2009).

Al-Musawi, T. ], Mengelizadeh, N., Al Rawi, O. & Balarak, D. Capacity and modeling of acid blue 113 dye adsorption onto chitosan
magnetized by Fe203 nanoparticles. J. Polym. Environ. 30, 344-359. https://doi.org/10.1007/s10924-021-02200-8 (2022).
El-Maghraby, A. & Taha, N. A. Equilibrium and kinetic studies for the removal of cationic dye using banana pith. Adv. Environ.
Res. Int. ] 3,217-230. https://doi.org/10.12989/aer.2014.3.3.217 (2014).

Balarak, D., Abasizadeh, H., Yang, J.-K., Shim, M. J. & Lee, S.-M. Biosorption of Acid Orange 7 (AO7) dye by canola waste: Equi-
librium, kinetic and thermodynamics studies. Desalin. Water Treat 190, 331-339. https://doi.org/10.1007/s40710-021-00505-3
(2020).

Balarak, D., Zafariyan, M., Igwegbe, C. A., Onyechi, K. K. & Ighalo, J. O. Adsorption of acid blue 92 dye from aqueous solutions
by single-walled carbon nanotubes: Isothermal, kinetic, and thermodynamic studies. Environ. Process. 8, 869-888. https://doi.org/
10.1007/s40710-021-00505-3 (2021).

Kumar, P. S. et al. Adsorption behavior of nickel (II) onto cashew nut shell: Equilibrium, thermodynamics, kinetics, mechanism
and process design. Chem. Eng. J. 167, 122-131. https://doi.org/10.1016/j.cej.2010.12.010 (2011).

Stanciu, M. C. & Nichifor, M. Adsorption of anionic dyes on a cationic amphiphilic dextran hydrogel: Equilibrium, kinetic, and
thermodynamic studies. Colloid Polym. Sci. 297, 45-57. https://doi.org/10.1007/s00396-018-4439-z (2019).

Mohammed, N., Grishkewich, N., Waeijen, H. A., Berry, R. M. & Tam, K. C. Continuous flow adsorption of methylene blue by
cellulose nanocrystal-alginate hydrogel beads in fixed bed columns. Carbohyd. Polym. 136, 1194-1202. https://doi.org/10.1016/j.
carbpol.2015.09.099 (2016).

Zhang, L. et al. A graphene oxide modified cellulose nanocrystal/PNIPAAm IPN hydrogel for the adsorption of Congo red and
methylene blue. New J. Chem. 45, 16679-16688. https://doi.org/10.1039/DINJ01969D (2021).

Safavi-Mirmahalleh, S.-A., Salami-Kalajahi, M. & Roghani-Mamagqani, H. Adsorption kinetics of methyl orange from water
by pH-sensitive poly (2-(dimethylamino) ethyl methacrylate)/nanocrystalline cellulose hydrogels. Environ. Sci. Pollut. Res. 27,
28091-28103. https://doi.org/10.1007/s11356-020-09127-y (2020).

Jin, L., Sun, Q., Xu, Q. & Xu, Y. Adsorptive removal of anionic dyes from aqueous solutions using microgel based on nanocellulose
and polyvinylamine. Biores. Technol. 197, 348-355. https://doi.org/10.1016/j.biortech.2015.08.093 (2015).

Author contributions

A.E.M. and W.A.-A.S. conceived the experiments, R.M.A. write the first draft of the manuscript and conducted
the experiments, A.-G.M.E.-D. and E.AF. analyzed the results. All authors commented on previous versions of
the manuscript. All authors read and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Scientific Reports|  (2022)12:6424 | https://doi.org/10.1038/s41598-022-10087-1 nature portfolio


https://doi.org/10.3390/membranes5040810
https://doi.org/10.1088/2043-6262/7/3/035004
https://doi.org/10.1088/2043-6262/7/3/035004
https://doi.org/10.1007/s10924-020-01695-x
https://doi.org/10.1016/j.indcrop.2011.12.016
https://doi.org/10.1063/1.4866123
https://doi.org/10.1063/1.4866123
https://doi.org/10.1007/bf03218485
https://doi.org/10.1007/bf03218485
https://doi.org/10.1007/s10965-008-9196-0
https://doi.org/10.3390/gels1010094
https://doi.org/10.3390/nano10010170
https://doi.org/10.1080/19443994.2013.833139
https://doi.org/10.1016/j.dyepig.2004.03.005
https://doi.org/10.30880/ijie.2018.10.09.017
https://doi.org/10.1016/j.ejar.2019.05.004
https://doi.org/10.1016/j.cej.2009.09.013
https://doi.org/10.1016/j.cej.2009.09.013
https://doi.org/10.9790/5736-0313845
https://doi.org/10.9790/5736-0313845
https://doi.org/10.3390/w12020587
https://doi.org/10.1016/j.cej.2008.01.028
https://doi.org/10.1016/s0960-8524(02)00281-x
https://doi.org/10.1007/s11356-013-2305-6
https://doi.org/10.1007/s11356-013-2305-6
https://doi.org/10.30955/gnj.001730
https://doi.org/10.30955/gnj.001730
https://doi.org/10.1631/jzus.a0820524
https://doi.org/10.1631/jzus.a0820524
https://doi.org/10.1007/s10924-021-02200-8
https://doi.org/10.12989/aer.2014.3.3.217
https://doi.org/10.1007/s40710-021-00505-3
https://doi.org/10.1007/s40710-021-00505-3
https://doi.org/10.1007/s40710-021-00505-3
https://doi.org/10.1016/j.cej.2010.12.010
https://doi.org/10.1007/s00396-018-4439-z
https://doi.org/10.1016/j.carbpol.2015.09.099
https://doi.org/10.1016/j.carbpol.2015.09.099
https://doi.org/10.1039/D1NJ01969D
https://doi.org/10.1007/s11356-020-09127-y
https://doi.org/10.1016/j.biortech.2015.08.093

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-10087-1.

Correspondence and requests for materials should be addressed to R.M.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:6424 | https://doi.org/10.1038/s41598-022-10087-1 nature portfolio


https://doi.org/10.1038/s41598-022-10087-1
https://doi.org/10.1038/s41598-022-10087-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biodegradable cellulose nanocrystals hydrogels for removal of acid red 8 dye from aqueous solutions
	Materials and methods
	Materials. 
	Methods. 
	Extraction of cellulose from office wastepaper. 
	Preparation of cellulose nanocrystals. 
	Preparation of cellulose nanocrystals hydrogel. 


	Characterization
	Chemical structure analysis. 
	Morphology analysis. 
	Crystallinity analysis. 

	Determination of pH of point of zero charge for the prepared CNCsH (pH PZC)
	Swelling studies
	Biodegradability test
	Dye adsorption studies
	Reusability study
	Results and discussion
	Mechanism of CNCs hydrogel preparation. 
	Characterization. 
	Chemical structure analysis. 
	Morphology analysis. 
	Crystallinity analysis. 

	Determination of pH of point of zero charge for the prepared CNCsH (pH PZC). 
	Swelling studies. 
	Biodegradability test. 
	Adsorption studies. 
	Adsorption mechanism. 
	Effect of pH AR8 Adsorption. 
	Effect of initial dye concentration on AR8 adsorption. 
	Effect of hydrogel dosage on AR8 adsorption. 
	Effect of shaking speed on AR8 adsorption. 
	Effect of temperature on AR8 adsorption. 
	Effect of different CNCs content on AR8 adsorption. 

	Adsorption isotherm studies. 
	Adsorption kinetics studies. 
	Thermodynamic studies. 

	Reusability study. 
	Comparison with nanocrystals based hydrogels. 

	Conclusion
	References


