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Nanocomposites for Nigrosine Dye Removal

Synthesis and characterization of alginate-polyacrylic acid/multiwalled

carbon nanotubes composite with efficient removal for nigrosine dye

Abstrat: The current study detailed the efficacy of a simply prepared alginate-
polyacrylic acid/functionalized multiwalled carbon nanotubes (Alg-PAA/f-
MWCNTSs) composite for adsorption of nigrosine dye (acid black Il) from
aqueous environments. Firstly, preparation of the Alg-PAA/f-MWCNTS
composite was achieved via gamma radiation-induced template
polymerization of AA onto the Alg/f-MWCNTSs surface. The maximum
grafting efficiency (GE%) of AA onto the surface of Alg/f-MWCNTSs was ~
82% under the optimized conditions: (2.5 wt% Alg, 30 wt% AA, 0.5 wt% f-
MWCNTSs, 0.6 wt% N,N'-methylenebisacrylamide (NMBA), and irradiation
dose ~ 20 kGy). The structural characteristics, thermal features as well as the
morphological appearance of the Alg-PAA/f-MWCNTSs composite were
validated using different analyses including FTIR, TGA, DTA, XRD and
SEM. Additionally, the composite exhibited uniform particle size distribution
(~ 150.7 nm), point of zero charge at pH = 6.28, and negative Zeta potentials
of a minimum at pH = 2. The adsorption batch experiments showed good
adsorption capacity for the nigrosine dye from their agueous media with
adsorption efficiency up to 83% using the batch technique at pH = 2.0 for 420
min. The adsorption of nigrosine dye onto Alg-PAA/f-MWCNTS is
favourable thermodynamically, obeying the Freundlich isotherm model and
controlled by a chemisorption mechanism. Additionally, the composite
showed a good regeneration ability up to five times with almost the same
removal % (~ 80%). The results demonstrated that the Alg-PAA/f-MWCNTSs
composite could be a promising candidate for the removal of nigrosine dye

from industrial agueous environments.

Keywords: biosorption; nigrosine; alginate-polyacrylic acid/multiwalled

carbon nanotubes; Kinetics; thermodynamics
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Introduction

Recently, synthetic dyes have been widely utilized in many processing industries (e.g.,
inks, textiles, cosmotics, rubbers, plastics, leather, papers, food, etc.).l 2 Dyes are
classified into anionic dyes, cationic dyes, and non-ionic ones of dispersed behaviours.E!
The majority of the dyes are of synthetic origin, possessing complex structures, which
make them more stable and less biodegradable. Because of their high solubility and
toxicity, dyes are an influential source of water pollutants even at low concentrations (<
1.0 ppm),®! which adversely affect the aquatic life and food web. Several studies have
offered the removal of dyes from wastewaters. Numerous physical methods have been
reported to reduce the hazard effects of the dye effluents such as reverse osmosis, ultra-
filtration, ion exchange, coagulation and flocculation, photo-degradation, and
adsorption.>"1  Furthermore, several chemical processes such as photosensitized
oxidation, adsorption, and photofenton’s reactions have also been applied for removing
dyes.B*] However the aforementioned methods are fairly effective in pollutants’
removal, most of them suffer from transforming the dyes solution into solid forms which
need further treatment. Among all methods, adsorption is considered as one of the
promising and effective ways for removing dyes from polluted waters, producing waters
of high quality. Adsorption principle has been successfully applied for the removal of
several dyes including methylene blue (MB), rhodamine B, methyl orange, congo red,
acid black 11, disperse violet 26, methyl red, and crystal violet (CV), from wastewaters
originating particularly from textile, cosmetic, leather, food, pharmaceutical, paint and
varnish, pulp, and paper industries.*2-26!

Many studies highlighted the use of bio-sorbents (e.g., starch, alginate, chitin, chitosan,
etc.) for removing dyes from wastewaters as eco-friendly, cost-effective, and

commercially available adsorbents. Biopolymers are distinguished of being naturally
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abundant, biodegradable, biocompatible, and exhibiting versatile chemical structures
associated with the presence of various active functional groups, which contribute
effectively towards the removal of dyes.[*”] Unfortunately, biopolymers have been limited
in various applications due to their weak mechanical properties, or gel formation.
Additionally, natural polymers are not sufficient to remove the dyes from highly complex
dye-containing wastewaters contaminated with different types of pollutants. To overcome
limitations, the biopolymers should be subjected to a modification process, involving
chemical or physical strategy, to increase their efficiency in removing dyes from complex
wastewaters.[*®! Radiation-induced graft polymerization offers a convenient method for
modifying polymers, introducing new characteristics while preserving the original ones.
Various radiation sources, such as electron beams, UV, and y-radiation, can be employed
for this process.[*®! When ionizing radiation interacts with matter, particularly through the
atomic shell's electrons, it generates reactive species, predominantly free radicals, leading
to ionization or excitation.?°! The advantages of radiation-induced graft polymerization
include its simplicity, the ability to control graft content and reaction parameters, and
compatibility with commercially available polymer substrates. Additionally, this method
avoids the use of potentially hazardous materials such as catalysts, additives, initiators,
or organic solvents.[?! 22 Poly(ethersulfone) membranes underwent surface modification
through a straightforward one-step process. The membranes were immersed in aqueous
solutions containing diverse low-molecular-weight molecules with varied hydrophilic
functionalities, followed by electron beam treatment.[?®] Gamma irradiation crosslinking
was also applied to prepare polyacrylic acid-polyvinyl alcohol-polyethylene oxide
[P(AAC/PVA/PEQ)] hydrogel membranes. This process creates a three-dimensional

network structure, or hydrogel, by creating chemical links between polymer chains.[?4
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Alginate, a naturally occurring anionic polymer, has been extensively researched and
applied in various biomedical contexts due to its attributes of low toxicity,
biocompatibility, and cost-effectivenessi?®.. On the other hand, multi-walled carbon
nanotubes (MWCNTSs) have garnered a significant attention as additives, given their
unique capabilities in adsorption, catalysis, thermal conductivity, mechanical strength,
and electrical conductivity.?! The process of functionalizing MWCNTSs enhances their
reactivity, solubility, and opens new avenues for chemical modification. Moreover, the
introduced functional groups serve as anchor points, facilitating the bonding of two
entities and enabling further derivatization through chemical interactions with additional
functional groups.®?”! Thus, alginate-based composites have been extensively researched
for the removal of synthetic dyes from aqueous solution. Benhouria et al. (2015)
developed bentonite-alginate beads to eliminate methylene blue, achieving a maximum
monolayer adsorption capacity of 756.97 mg/g at 30°C after six regeneration cycles.[®]
Fan et al. (2013) synthesized graphene oxide/sodium alginate/polyacrylamide
(GO/SA/PAM) composite hydrogels, which effectively adsorb cationic and anionic dyes
from wastewater.?®! Sui et al. (2012) studied ionic dye adsorption on calcium alginate
and multi-walled carbon nanotube (CA/MWCNT) composite fibers, finding MWCNTSs
increased the adsorption capacity and improved the removal rate.% Wang, Wang, and
Wang (2013) developed NaAlg-g-p(AA-co-St)/organo-1/S nanocomposite absorbents to
eliminate MB, achieving a fast adsorption capacity of 1843.46 mg/g.%

Nigrosine dye (acid black I1) is an anionic azo dye, a mixture of black dyes (i.e., Cl 50415,
and solvent black 5), synthesized by heating a mixture of aniline, nitrobenzene, and
aniline hydrochloride in presence of copper or iron as a catalyst. The sulfonated form of
nigrosine dye is more soluble in water and often used for dying textiles, leather, and as

marker-pen inks as well as in the biology field for negative staining bacteria.[** 32 The
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choice of nigrosine acid black 11 as the model dye is related that it is a traditional water-
soluble dye, in addition to being used as a common analytical reagent. Consequently, a
significant amount of nigrosine dye as wastewater is discharged into aquatic
environments from laboratories, factories, etc. The current study is one of rare work that
focused on the removal of a traditional nigrosine dye from an aqueous solution using a
simply designed Alg-PAA/f-MWCNTSs composite. Firstly, the composite was prepared
through the gamma radiation-induced polymerization of AA onto the Alg/f-MWCNT
surface, followed by the structural validation of the composite using FTIR, SEM, TGA,
XRD and DTA. Then, the factors affecting the nigrosine removal via the adsorption
process (e.g., pH, time, nigrosine concentration, and temperature) were examined using
batch methods. Modelling of the kinetics, equilibrium isotherms, thermodynamics, and
regeneration of the prepared composite were also investigated.

Material and methods

General

All chemicals and solvents of highest purity grades were used in performing the synthesis
and experimental part: sodium alginate (Alg; Sigma-Aldrich, Germany), acrylic acid
monomer (AA; Merck-Schuchardt, Germany), multi-walled carbon nanotube
(MWCNTs; EMFUTUR, Spain), and N,N'-methylenebisacrylamide (NMBA; Merck,

Germany).

Synthesis of the Alg-PAA/f-MWCNTs composite

The Alg-PAA/f-MWCNTSs composite was synthesized through multiple consecutive
steps in a good overall yield as illustrated in Figure 1. Firstly, chemical oxidation of the
MWCNTSs was carried out using a strategy described elsewhere.[?® 331 The yielded f-
MWCNTSs were ultrasonicated in distilled water for 0.5 h before the addition of sodium

alginate, and the suspension was heated at 50°C until a homogeneous solution was
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obtained. Afterward, AA then NMBA (crosslinker) were added to the solution under

agitation at 50°C until homogeneity was observed.

i i Alginaf
A 0.5h :>

MWCNTs
aggromerates in H,0 Dispersed MWCNTs 1- Stirring at 50°C. Bubbling with N,.
2- Addition of AA & NMBA.

A
m <:I t-‘ J Filtration Q@ é

Alg-AA/f-MWCNTs . o 1- Cutting composite into pieces.
nanocomposite Drying at 76°C 2- Washing with methanol.

J-iradiation
Figure 1. Schematic representation of a stepwise procedure for the synthesis of Alg-
PAA/f-MWCNTSs.

The mixture was bubbled with nitrogen gas to discard the oxygen before subjection to
polymerization by y-radiation. The polymerization was achieved at ambient temperature
using y-radiation with an average dose rate of ~ 1.05 kGy/h using a 8°Co—y-ray field to
reach the optimum radiation dose (Cobalt-60 gamma cell MC-20, Cyclotron Project,
Inshas, Egypt). Finally, the obtained nanocomposites were divided into tiny pieces then
washed with methanol, and the resultant grafted material (Alg-PAA/f-MWCNTS) was
filtered and dried at 75°C till a constant weight was obtained, then was stored for later
evaluations.4

The grafting percentage and grafting efficiency were computed using formulas (1) and

(2), respectively.[3!

Grafting percentage (G%) = w x 100 Eq. (1)

0

Grafting efficiency (GE%) = We — Wo)

x 100 Eq. (2)
Where Wo, Wy, and Wi, are the weights of polymer backbone (Alg/f-MWCNTS), graft

polymer (Alg-PAA/f-MWCNTSs), and monomer (AA), respectively.
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Characterization of the Alg-PAA/f-MWCNTSs composite

The structural features of the synthesized Alg-PAA/f-MWCNTSs composite were
emphasized by Fourier transform infrared (FTIR), thermogravimetric (TGA) and
differential thermal analyses (DTA), X-ray diffraction (XRD) analysis (D2 Phaser-
Bruker, Germany), as well as scanning electron microscope (SEM). The chemical
functionality of the nanocomposite was identified using FTIR in the range (4000 — 400
cm™) with 4 cm™ resolution by KBr disc method using a Shimadzu infrared spectrometer
(BOMEM, FTIR, Japan). The thermal analyses of the composite using the TGA and DTA
involved heating the composite at a rate of 20°C/min (Shimadzu DTG-60 thermal
analyzer, Japan). The microstructure morphology of the composite surface was
investigated using a scanning electron microscope (JEOL-JSM 6510 LA, Japan).
Additionally, the Zeta potential analysis and particle size distribution of composite were

determined (Malvern Zeta nano-sizer ZSP ZEN 5600).

Adsorption studies

Preparation of acid black Il dye solution

A stock of acid black Il dye solution (1000 mg/L) was prepared by dissolving 1.0 g of
dye in 1.0 L deionized water. Standard solutions of acid black Il dye (5.0,10.0,15.0, and
20.0 mg/L) were prepared by diluting (0.25, 0.5, 0.75, and 1.0 mL) of acid black Il stock

solution into a 50 mL measuring flask and completed to mark with deionized water.

Batch adsorption experiments

The reaction mixture was prepared by adding exact weights of the adsorbent into 50 mL
glass bottles containing 25 mL of the prepared solution. All experiments were carried out
using a digital laboratory orbital shaker machine to get the optimum conditions (pH,
contact time, dye concentration, and temperature). The samples were filtered for
separation of adsorbent. The residual concentrations of dye were measured by a UV-

8
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Visible spectrophotometer at a wavelength of 573 nm. The removal percentage of acid

black Il dye was calculated using equation (3),E®

% Removal = (CC;C) x 100 Eq. (3)

0

While (Co) and (Ce) are the concentrations (mg/L) of the dye at zero time (t = 0) and
equilibration time (t), respectively. The adsorption capacity of (Alg-PAA/f-MWCNTS)

composite at equilibrium Qe (Mg/g) was calculated from equation (4),"]

_ (Co - Ce) \'%
m

Qe Eq. (4)
Where Ce is the equilibrium concentrations of dye (mg/L), V is the volume of the solution

(L) and m is the mass of adsorbent (g).

Effect of the adsorption parameters on the removal of dyes
pH of solution

The effect of pH on Alg-PAA/f-MWCNTSs composite was studied by adjusting the acid
black 11 solutions at different values (pH = 2.0 to 12.0), using 0.05 g as adsorbent dose.
The experiment was performed at an agitation rate of 200 rpm for 420 min at room
temperature, and an initial dye concentration of 10 mg/L, to obtain the pH value of the
highest efficient capacity. The initial pH values of aqueous solutions were adjusted by
using HCI (0.1 M) or NaOH (0.1 M) solutions, and fresh solutions were prepared for each
experiment.

The point of zero charge of the prepared composite was also determined. In brief, about
0.05 g of the composite was added to an array of 125 stoppered bottles. A 50 mL of
different pH buffer solutions (pH = 1.0 — 12.0) were poured into the stoppered bottles
under shaking at 200 rpm at room temperature. The pH of the solutions was controlled
using 1.0 N HCI, 1.0 N NaOH and acetate buffer. Then, the pH of each bottle was

measured using pH meter after 24 hrs. The pH difference (A pH) between the initial and
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final values were calculated using the equation: A pH = pHnitiai — PHping Which then
plotted against the pH,itiq: - The point of zero charge (pHpzc) of the composite is the pH

corresponds to A pH = zero.[8

Contact time

For determination of the optimum contact time, the adsorption capacities of the Alg-
PAA/f-MWCNTSs composite for acid black Il dye was tested at time intervals (30, 60, 90,
120, 180, 360, 420, 960, and 1440 min), agitation speed (200 rpm), pH 2.0, adsorbent

dose (0.05 g), and initial dye concentration 10.0 mg/L at room temperature.

Initial dye concentration

The optimum initial dye concentration was determined by evaluating the adsorption
capacities of the composite towards the dye at various concentrations (0.5,1.0, 2.0, 5.0,
10, 15, 20, 50, and 100 mg/L) at constant agitation speed (200 rpm), pH 2.0, adsorbent

dose (0.05 g), during agitation time of 420 min at room temperature.

Temperature

The experiments help to follow the adsorption extents of acid black Il dye on the
composite surfaces with temperature variations. The experiments were performed using
an initial dye concentration of 10 mg/L at five different temperatures (30, 40, 50, and 60
°C), agitation speed (200 rpm), pH 2, and adsorbent dose (0.05 g) for 180 min.
Adsorption Kinetics, isotherm, and thermodynamics

Adsorption kinetics were modeled and compared using pseudo-first-order (PFO), pseudo-
second-order (PSO), and the intraparticle diffusion model (IPD) (Weber and Morris
model). On the other side, adsorption isotherms were modeled using Langmuir,

Freundlich and Temkin models. Adsorption thermodynamics parameters [e.g., Gibbs free

10
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energy (AG®, kJ/mol), enthalpy change (AH®, ki/mol), entropy change (AS°®, J/mol/K)]

were determined using Van't Hoff equation.

Regeneration of adsorbent

The reusability of the adsorbent, desorption test, was carried out at 25°C (pH 2.0, C, = 10
mg/mL, t = 420 min, and adsorbent dose = 0.05 g) for five consecutive cycles. The acid
black Il dye bound to the Alg-PAA/f-MWCNTSs was exposed to a 25 mL solution with a
pH of 12, allowed to reach equilibrium, subjected to filtration, and subsequently analyzed
for its dye concentration in the filtrate. After desorption, the Alg-PAA/f-MWCNTS were

washed with ultrapure water for the next adsorption cycle.

Results and discussion
Synthesis of the Alg-PAA/f-MWCNTSs composite

The overall stepwise synthesis of the Alg-PAA/f-MWCNTs composite is illustrated in
Figure 2 with some modifications of the previously reported protocol.[?® 33 3°1 The
MWCNTs were functionalized through oxidation steps, creating hydroxyl (-OH) and
carboxyl (-COOH) groups as active sites for reacting with the hydroxyl (-OH) groups of

the alginate moieties.

m“ COONa
0}; :L ‘0

OH COONa

(o}
Sonication 0 OH
N oo o T
o Stirring at 50°C ir Omo n
o*c’ o, /

Sodium alginate

711\|; WH COONa
o oH_ Lo °§L<So n
\\C/

o, COONa
e o, ot

CH- CHZ CH CH CH,CH- CHZ CH%JJJJ 2 y—radlatlon
\
LH, CHz " " ; o
HZC HN Two possible mechanisms for the NMBA interactions through the polvmerization:
>:0 >=° a- Interaction of NH (NMBA) with the -COOH, and/or
. «~-NH ~nrCH
ﬁz I ﬁz (b) (a) rx\CHZ b- Interaction of unsaturated CH, (NMBA) with the COOH of the polymeric chains.

Alg-PAA/f-MWCNTs composite

Figure 2. The general strategy for the synthesis of Alg-PAA/f-MWCNTSs composite.

11
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Grafting of AA onto the Alg/f-MWCNTs was initiated using y-radiation by template
polymerization technique in the presence of NMBA as a crosslinker. Indeed, two possible
mechanisms for the NMBA interactions during polymerization: interaction of the NH
group and/or the unsaturated -CH> group (NMBA) with the -COOH groups within the
polymeric chains.®*® The stepwise synthesis and the proposed structure for the novel Alg-
PAA/f-MWCNTs composite is presented in Figure 2. The mechanism of grafting AA
monomers onto Alg/f-MWCNTs surface by y-radiation-induced polymerization starts when
the high-energy y-rays interact with AA monomeric units, forming free radicals or other
reactive species. This process can be initiated through breaking covalent bonds within
AA monomers. The free radicals then react with other AA monomeric units, causing
chain propagation, which adds monomers to the growing chain, creating longer chains.
The process can terminate through reactions between chains or radical recombination,
leading to the end of chain growth. The high energy of y-rays allows for efficient
initiation, and the resulting polymers may exhibit unique properties depending on
radiation dose and conditions.t? 41

The optimized conditions for yielding the highest grafting percentage, grafting efficiency,
and swelling degree were established through studying the influence of the AA, Alg,

NMBA (crosslinker), and the f-MWCNTS concentrations.

Optimization conditions for the synthesis of the Alg-PAA/f-MWCNTs composite
Studying the effects of the AA, Alg, NMBA, and f-MWCNTSs concentrations on the

grafting efficiency (GE%), are the most effective factors in establishing the ideal

conditions for the production of the Alg-PAA/f-MWCNTSs composite.[*3 441

12
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Influence of AA concentration

The influence of the AA concentrations on the grafting percentage, grafting efficiency,

and swelling degree (S) was studied using a concentration range from 5.0 to 40 wt%, at

fixing the concentrations of other parameters (Figure 3a). It has been found that G% and

GE% were increased while AA concentration increased from 5.0 to 30 wt%, which is

associated with the releasing of many free radicals, generating more propagation chains,

and the high availability of AA monomers for grafting. The maximum GE% was 85.3 at

30 wt% for AA. The swelling degree was found to be in the range between 1.5 and 4.66.

(a)100 1000 | (1) 100 — 1000
—s—GE % (®) K —e—GE% |
N ==%% | 900
800 90 - A I
800
F600 _ | __ 80+ |
RS 700 ;:E-
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| 400 70+ 600
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60 - o Selected conditions L 200 60 - ~0
p [Alg]: 2.5 wi% e ions | 400
P [NMBA]: 0.6 wt% INMBAL: 0.6 wt%
0 [-MWCNTSs]: 0.5 wi% [F-MWCNTs]: 0.5 wi%
Radiation dose: 20 KGy Radiation dose: 20 KGy
50 +—+—p—v——1—T—"TT—TT—TT—T—T—T—T—1 0 50 +— T T T T T —+ 300
0 5 10 15 20 25 30 35 40 45 1.0 1.5 2.0 25 3.0 3.5 4.0
Acrylic acid concentration (wt%) Alginate concentration (wt%)
1000
c)100 4 100 700
(e —-GE% (@ --GE%
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 MWCNTS]: 0.5 wt% [NMBAJ: 0.6 wtt
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(e)100 1000
—~+-GE%
o GY
95 4 6% | 00
90 L 800
s I 3z
085 N . L700<
[T} G - == T T e~ o | 4]
o0 ] P’,__.——-\\. L 600
Selected Conditions I
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754 AL 30wtk L 500
[NMBA]: 0.6 wi%
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70 —— 400
10 15 20 25 30

Radiation dose (KGy)

Figure 3. Effect of (a) AA, (b) Alg, (c) NMBA, (d) f-MWCNTSs concentrations, and (e)

radiation dose on the grafting percentage (G%) and grafting efficiency (GE%).

Influence of alginate concentration

The effect of Alg concentration on the swelling degree, grafting percentageand efficiency
was carried out using the Alg concentration range of 1.0 — 4.0 wt% at 30 wt% AA, 0.6
wt% NMBA, 0.5 wt% f-MWCNTSs, and a radiation dose of 20 kGy. Figure 3b shows
that the GE% increased with increasing the Alg concentration from 1.0 to 2.5 wt%. This
finding was explained by the availability of more sites for the initiating the
polymerization process. Beyond 2.5 wt%, the G% and GE% decreased with increasing
the Alg concentration, which was attributed to increasing the reaction medium viscosity,
hindering the diffusion of reactive monomers in the system to interact with the growing
polymeric chains. Thus, the maximum GE% was 80.6% at 2.5 wt% of Alg concentration,

while the swelling degree was found to be from 1.8 to 5.8.

Influence of NMBA concentration

The effect of NMBA concentration on G%, GE%, and the swelling degree was
invesitgatd in the NMBA concentration range from 0.0 to 1.0 wt% at the optimized values
of other components (2.5 wt% Alg, 30 wt% AA, 0.5 wt% f-MWCNTs and 20 kGy

radiation dose) (Figure 3c). The G% and GE% increased with increasing the percentage

14
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of crosslinker till 0.6 wt%, which may be due to increasing the free radicals generated
from NMBA for generating propagation chains. The decrease in G% was observed while
the NMBA concentration exceeded 0.6 wt%, which may be due to a higher extent of the
crosslinking between the polymeric chains and NMBA.*Sl As a consequence, the
probability of monomers’ interaction with the added template polymer decreased. The

swelling degree was ranged between 0.9 and 4.1.

Influence of f-MWCNTS concentration

The effect of -MWCNTSs concentration on the G%, GE%, and the swelling degree was
studied in the concentration range from 0.03 to 0.7 wt%, at the optimized conditions of
2.5 wt% Alg, 30 wt% AA, 0.6 wt% NMBA and 20 kGy radiation dose (Figure 3d). The
GE% and G% increased with increasing the f-MWCNTSs concentration to a maximum
values of 0.7 wt% and 0.5 wt% respectively, due to the presence of the active groups
(e.g., -OH and -COOH) that act as grafting sites on the f-MWCNTs surface 161, While a
slight decrease in the G% was noticed upon increasing the f-MWCNTSs concentration
greater than 0.5 wt%, associated with the saturation of active sites. The swelling degree

was found to be in the range 3.21 - 6.12.

Influence of radiation dose

The effect of radiation dose on the G%, GE%, and the swelling degree was investigated
using the radiation doses from 10 to 30 kGy at 2.5 wt% Alg, 30 wt% AA, 0.6 wt% NMBA,
and 0.5 wt% of f-MWCNTSs (Figure 3e). It was found that G% and GE% slightly
increased as the radiation dose increased due to increasing the generated free radicals.
The G% and GE% slightly decreased with further increase in the absorbed dose, which

may be related to increasing the medium viscosity, hindering the monomers diffusion in
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341  the system.[*”] The maximum efficiency (GE%) was 82.33% at a radiation dose of 20
342  KGy. The swelling degree was found to be from 1.48 to 5.72.
343  Characterization of the Alg-PAA/f-MWCNTs composite
344  FTIR, SEM, XRD, TGA and DTA techniques were used to study and validate the
345  structure of the composite. The Zeta potential and point of zero charge of the Alg-PAA/f-
346 MWCNTSs composite were also determined.
347  Fourier-transform infrared analysis
348 The FTIR spectrum of Alg-AA/f-MWCNTs composite showed the characteristic
349  absorption band of Alg at 1116 cm™, typically of the stretching vibration of -C—OH
350 (Figure 4a).
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351

352  Figure 4. (a) The FTIR spectrum, and (b) TGA and DTA thermograms of Alg-PAA/f-
353 MWCNTSs composite.

354  The bands at 1424 cm™ and 1459 cm™ belong to the symmetric stretching of -COO
355  group, while the band at 1559 cm™ was assigned to the asymmetric stretching of -COO
356 group of both Alg and AA. The absorption bands at 1741 cm™, 2854 - 2923 cm™, and
357 3239 — 3612 cm™ represented the asymmetric stretching vibration of C=0, —-C—H, and —
358  OH groups, respectively of the Alg, AA, and f-MWCNTSs. The band at 1646 cm™ denoted
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the —C=C- stretching vibration of f-MWCNTSs. These findings proved the efficient
grafting of the AA onto Alg/f-MWCNTSs surface (Figure 4a).[4850]

Thermal analysis

Figure 4b shows the five-stages weight decomposition of Alg-PAA/f-MWCNTS. The
first weight loss until temperature of 200°C was found to be 4.7%, corresponding to
moisture loss. The second stage demonstrated the highest weight loss of 60.5% between
the temperature range 200 - 300°C, which might be associated with the breaking of the
main polymer chains. The third step with maximum temperatures at 335°C and 385°C,
corresponded to a total weight loss of 12.8% due to decarboxylation of polyacrylic acid
(PAA). The fourth stage with maximum temperatures at 460°C and 490°C exhibited a
weight loss of 10.1% due to chain fragmentation created by chains’ scission. While the
last stage occurred at a temperature > 500°C with 10.9% weight loss for the f-MWCNTSs
decomposition.

X-ray diffraction analysis The XRD pattern of Alg-PAA/f-MWCNTSs composite showed
broad diffraction spectrum (Figure S1; Supporting data). It is known that Alg and PAA
have amorphous nature, while the f-MWCNTSs exhibit two characteristic diffraction peaks
at 20 values of approximately 26.0° and 43.9°, corresponding to the (002) and (100)
reflections, respectively.l®! In this study, the XRD spectrum of Alg-PAA/f-MWCNTSs
composite revealed three main humps at 26 = 20.15°, 31.23°, and 42.86°. The amorphous
nature of the AIg-PAA/f-MWCNTSs was attributed to the non-crystalline character
induced by both Alg and PAA.P? The broad hump at 26 = 20.15° may be related to
grafting of AA onto Alg/f-MWCNTs and destruction of the crystallinity, while the two
humps belong to the -MWCNTs at 20 = 31.23°, and 42.86° showed slight shift from the
reported values, suggesting strong ionic interactions between the components of Alg-

PAA/f-MWCNTSs composite.?!
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Particle size analysis

Particle size and size distribution are important parameters for evaluating physical
stability, homogeneity, and the sedimentation rate of the nanoparticle suspension. The
particle size distribution of Alg-PAA/MWCNTSs was measured through the polydispersity
Index (PDI) using DLS-Malvern Zeta sizer. The analysis showed a PDI value of 1.00 for
Alg-AA/MWCNTSs, and the composite mostly has a uniform particles size of 150.7 nm
(Figure S2; Supporting data). This uniform distribution and small particles of Alg-
PAA/MWCNTSs composite enable a larger surface area exposure for adsorption.>*!
Point of zero charge and Zeta potential analyiss

Zeta potential measurements are conducted to provide information about the surface
charge of Alg-PAA/f-MWCNTSs composite. It has been reported that the pHpzc of pristine
MWCNTSs occurs at pH = 3.7, and the Zeta potential values are positive at pH < pHpzc.®!
In the current study, the findings revealed that the isoelectric point (pHpz) of the
composite occurs at pH = 6.28 (Figure S3a; Supporting data). On the other hand, the
Zeta potential values of Alg-PAA/f-MWCNTSs composite are negative (-12.00 to -30.2
mV) in the whole pH range, and the potentials become more negative as pH increases
from 2.0 to 12.0 (Figure S3b; Supporting data). The negative potentials agree with
previously reported values for functionalized-MWCNTSs due to the added Alg and PAA
to the f-MWCNTSs surface.[® These findings interpret the highest removal of the anionic
nigrosine dye by Alg-PAA/f-MWCNTSs at pH < pHp.c reaching a maximum at pH = 2.0.
At pH values < pHyzc there is an elevation in the concentration of H* ions in the solution.
Consequently, the Alg-PAA/f-MWCNTs surface becomes protonated in an acidic
environment, leading to the formation of robust electrostatic forces of attraction between
the anionic nigrosine dye and function groups (e.g., -COOH, -OH) existing on the

adsorbent Alg-PAA/f-MWCNTSs surface.®
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Scanning electron microscopy

The microstructure morphology and homogeneity of the Alg-PAA/f-MWCNTSs
composite were inspected through the SEM analysis was done to inspect (Figure 5). The
SEM micrograph (Figure 5b) demonstrated a uniform and homogeneous of entangled
multilayered texture exhibiting holes with nearly equal radii distributed on the surface
compared with the micrograph of the Alg polymer (Figure 5a). These large continuous
interconnected layers create active sites which could increase the adsorption ability of the

dyes onto the composite’s surface.

Figure 5. SEM micrographs of (a) Alg polymer and (b) Alg-PAA/f-MWCNTSs
composite.

Adsorption performance of Alg-PAA/f-MWCNTS
Initial pH effect

The removal of dye from aqueous solutions is highly pH dependent. A variation in pH
can influence the interactions between dye and adsorbents molecules due to the change
in the ionization level and surface charge of the absorbent. As a result, the impact of the
initial pH of the solutions on acid black Il dye removal was investigated over a pH range
of (2.0 — 12.0) (Figure 6a). The data investigated that the maximum dye removal of

83.0% was observed at pH 2.0, then a significant decrease in dye removal was observed
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by increasing the pH of the medium. The removal % was reduced significantly from

32.0% at pH 3 reaching to 0% at pH 12, associated with increasing the electrostatic

repulsion.
100.0 - 100.0 (b)
80.0 A = 80.0 a (m
- >
S 60.0 - )
3 E 60.0
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Figure 6. Effect of (a) pH, (b) contact time, (c) initial dye concentration, and (d)
temperature on the % removal of acid black Il by Alg-PAA/f-MWCNTSs adsorbent.

It has been reported that in an aqueous solution, acidic dye dissolves first, then
dissociates, resulting in anionic dye ions.[* 571 At low pH most of the functional groups
on the adsorbent surface such as —-OH, —COOH, were protonated led to a significant
electrostatic attraction for the anionic acid black 11 dye.® %9 As the pH increases, the
adsorption capacity decreased, which could be attributed to an increase in the number of
negatively charged sites on the adsorbent surface, and hence a decrease in electrostatic
attraction and competition for adsorption between acid black 11 dye and OH" ions. In the

current study, the pH value of 2.0 was selected as the optimum pH and used in the next
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experiments with maximum removal of 83.0%. This finding matches with the observed
point of zero charge of the composite at pHpzc = 6.28 (Figure S3; Supporting data),
below which the dye removal increases reaching the maximum at pH =2.0 (Figure 6a).

Effect of contact time

Time of contact is a crucial parameter of consideration when designing a low-cost
wastewater treatment system %, The effect of contact time (30 — 1440 min) on the
adsorption was studied at the optimum pH conditions for the Alg-PAA/f-MWCNTS
composite. The results presented in Figure 6b, showed an optimum equilibrium time of
420 min was sufficient to attain equilibrium for adsorption of acid Back Il onto Alg-
PAA/f-MWCNTSs composite with the removal of 83.0% and maximum loading capacity

of 4.15 mg/g.

Effect of initial dye concentration

The influence of acid black Il dye concentrations was investigated using the concentration
range 0.5 - 100 mg/L (Figure 6c). The highest removal (> 99.0%) was observed at lower
dye concentration (0.5-10 mg/L) may be attributed to the low (dye ion/binding sites) ratio.
As the concentration of dye increased, the adsorption ability decreased since all active

sites and the internal pores become saturated.[6* 621

Influence of temperature

The temperature has a significant effect on the adsorption mechanism because
temperature variations induce various changes in the adsorbent's equilibrium potential for
the adsorption of a certain adsorbate.l®® Adsorption tests on Alg-PAA/f-MWCNTS
nanocomposite polymer were carried out at different temperatures (293, 303, 313, 323,

and 333 K), Figure 6d. The results indicated that the removal% of acid black Il dye by
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Alg-PAA/f-MWCNTSs declined with increasing the temperature which highlights
exothermic adsorption.

Adsorption kinetics, isotherm, and thermodynamics
Adsorption kinetics studies

The mechanism and rate of the adsorption process can be predicted based on kinetics
studies. Sorption kinetics of dye on the solid surface is usually explained as: the mass
transfer step when the dye molecules are rapidly transferred from the bulk solution to the
adsorbent surface, and a diffusion step in which dye molecules diffuse from the boundary
film of the sorbent into the inner active sites. The rate of diffusion step and dye adsorption
(Kjq) is lower than the first step due to an increase in boundary layer film and a decrease
in vacant active sites accompanying the complexation, physicochemical sorption or ion
exchange processes. In the present study, the kinetics of adsorption were studied using
pseudo-first order, pseudo-second, and intra-particle diffusion models. For the adsorption
of acid back Il on Alg-PAA/f-MWCNTSs composite, the validity of the pseudo-first order
(EQ. 5), pseudo-second order (Eq. 6), and diffusion kinetics using Weber and Morris intra-
particle diffusion (Eq. 7) models, were checked.”l The perfectly suited model was
chosen according to the limit of compatibility between the calculated and experimental

(Qe) values, as well as the linear correlation coefficient values (R?).

In(Qe — Qo) = InQe — kyt (Eq.5)
t 1 t

_ _ Eg. 6
% Q@ Q (Eq.6)

Qt = Kidto's + C (Eq 7)

Where, Qe and Q are the adsorption capacity (mg/g) of adsorbents at equilibrium and at
time t (min), respectively. The ki (min) and k2 (g/mg/min) are the pseudo-first order and
pseudo-second order rate constant values, respectively. The Kig (mg/g/min*/?) is the intra-

particle diffusion coefficient and C is the thickness of the boundary layer. The various
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parameters were calculated by linear fitting the three models as shown in Figures 7a-c

and Table 1.

Table 1. Kinetic parameters for the sorption of acid black Il on Alg-PAA/f-MWCNTSs

Pseudo-first order

Pseudo-second order

Intra-particle diffusion

QExp)| ki Q«Cal) ke  Q«Cal) h Kia C
R? R? R?

mg/g mint  mg/g g/mg/min - mglg ko Q¢? mg/g/minY?

412 0.0023 1.78 0.577] 0.0079 424 0.0936 0.999 0.0872 1.6592 0.714

Pseudo-second order has the highest R? (0.999) compared to other adsorption kinetic

models, suggesting that the adsorption behaviour occurs mainly on the surface of Alg-

PAA/f-MWCNTSs, and controlled by the chemisorption mechanism (Figure 7b). The

rate-limiting step is controlled by sharing or exchanging of electrons between the dye

molecule and the adsorbate.

(@)

3 -
1 -
L)
19° 000 2000
-3 -
<
S - [t, min]

[t/Qt, min/(mg/g)]

400
300
200

100

] (b)

0 400 800 1200 160

[t, min]

Diffusion

Qt, mg/L
o = N w =Y (9, ]

Figure 7. Kinetic plots for the sorption of acid black Il over Alg-PAA/f-MWCNTSs, (a)

pseudo-first order model, (b) pseudo-second order, and (c) intra-particle diffusion

models.

The calculated equilibrium adsorption capacity (Qe) from pseudo-second order has values

of 4.12 mg/g for acid black Il sorption onto Alg-PAA/f-MWCNTs composite which are

very close to the experimental values of 4.24 mg/g (Aq = 0.12). The pseudo-second order
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rate constant (kz) indicated that the adsorption process was achieved very fast. The intra-
particle diffusion model (Figure 7c) showed two linear sections plots; thus the model
cannot be accepted as the only rate-determining step. The first linear part in the model
represents the mass transfer from solution to the solid surface (R? = 0.971) while the
second part shows the diffusion of dye molecules from the surface to the inner layer (R?
=0.808).

Adsorption isotherms studies

Three isotherm models were applied for studying the adsorption of acid black Il on Alg-
PAA/f-MWCNTSs namely Freundlich (Eq. 8) %4, Langmuir (Eq. 9) %], and Temkin (Eq.
10) 61 models.

Qe = KgC/" InQ. =InK; + ~InC, (Eq.8)
1_ 11 1 _ QubC, .

Q. bQ Gt Qn ®= T (Fa-%)
Qe = By (InKp) + Br(InC,) Br = (RT)/b (Eq. 10)

By is Temkin constant = RT/b (J/mol) and related to the heat of adsorption, while T is
the absolute temperature (K); R is the ideal gas constant = 8.314 J/mol/K, and Ky is the
equilibrium binding constant (L/min) related to the higher binding energy.

The adsorption of acid black 11 on Alg-PAA/f-MWCNTS has the highest R? (0.9601) with
the Freundlich model compared to Langmuir (R? = 0.816), and Temkin (R? = 0.625),
(Figures 8a-c) and (Table 2). This indicates that the adsorption mechanism is well fitting
with the Freundlich isotherm model and the adsorption of acid black 11 on Alg-PAA/f-
MWCNTSs is closer to multi-layer adsorption with multiple adsorption sites (Figure 8a).
The value of the Freundlich isotherm 0 < 1/n = 0.569 < 1), indicating that the interaction
between Alg-PAA/f-MWCNTSs and dye molecules is strong, and the sorption process is

likely to be favourable (Table 2).
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Table 2. Isotherm parameters for the sorption of acid black Il onto Alg-PAA/f-MWCNTSs

Freundlich Langmuir Temkin

n 1757 |Qm 6.69 |Br 7427
n 05691 1] b 1.7589 | Ky 6.505

Kr 11.633

R? 09601 | R*> 0.8164 | R? 0.6256

Figure 8. Isotherm plots for the sorption of acid black 11 on Alg-PAA/f-MWCNTS using

—~
o

4 A

3-
2-/(
A

e

(c 40 -
30 A A

[1/Qe, g/mg]

570
a 40
In Ce [1/Ce, L/mg] In Ce

(a) Freundlich, (b) Langmuir, and (c) Temkin models.

However, the R? of Alg-PAA/f-MWCNTSs for acid black Il sorption using Langmuir
model close to 0.816, it was not fit with the known features of removal rate (i.e., high
removal at low concentration and low removal at high concentration), (Figure 8b) and
(Table 2). This principle could be achieved using Freundlich model, the theoretical
adsorption capacity increased with increasing the initial concentration of the dye solution.
Thus, proved that the Freundlich adsorption model was more fitting for the adsorption of

acid black Il on Alg-PAA/f-MWCNTSs.

Thermodynamic studies

Thermodynamic parameters including the changes in Gibbs free energy (AG®, kJ/mol),
enthalpy change (AH®, kJ/mol), and entropy change (AS°, J/mol/K) were calculated from
the following equations (11 - 14).

AS®  AH°

and :T—ﬁ (Eq11)
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Kd = % (Eq 12)
Ce

AG® = AH® — TAS® (Eq.13)

AG® = —RT In K4 (Eq. 14)

Where R (8.314 J/mol/K) is the universal gas constant, T (K) is the absolute temperature
and Kg is the distribution coefficient. The Linear plot of In Kqg versus 1/T for adsorption
gives the slope and intercept equal to (-AH°/R) and (AS°/R), respectively. Indeed, the
negative value of AG® confirmed the spontaneous nature and possibility of the adsorption
via physical force. The results are summarized in Table 3 and Figure 9. The sorption was
random and thermodynamically favourable, as shown by the negative AG° values. Extra
negative AG® indicated a stronger adsorption driving force, resulting in a higher sorption
power. Furthermore, the negative value of the entropy (AS® =-78.76) implied the decrease
in the system's degree of freedom. The negative AH® value of (-17.850) in the case of acid
black 11 sorption suggested exothermic adsorption.”

Table 3. Thermodynamics parameters for acid black Il adsorption on Alg-PAA/f-
MWCNTSs

T AG® AH° AS°
K (kJ/mol) (kJ/mol) (J/mol/K)
303 -2.0211
313 -0.6447 -25.699 -78.76
323 -0.4682
332 0.5284
1.00 -
0.80 - ¢
0.60 -
g
< 0.40 -
0.20 A o °
0.00

3'05'0%'03 3.2E-03 3.2E-03 3.3E-03
-0.20 1T
Figure 9. Thermodynamic plot for acid black Il adsorption on Alg-PAA/f-MWCNTSs

composite.
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Reusability of Alg-PAA/f-MWCNTs composite

To evaluate the reusability of Alg-PAA/f-MWCNTs composite as adsorbent, five
sequential adsorption-desorption cycles were performed at the optimal conditions where
the adsorbed dye was rapidly desorbed in an alkaline medium. The effect of five reused
cycles on the adsorption capacity of Alg-PAA/f-MWCNTSs (Figure S4; Supporting
data). It could be deduced that the adsorption capacity of Alg-PAA/f-MWCNTSs
composite was above 80% after five-consecutive adsorption—desorption processes,
provoking the high-performance recyclability of the Alg-PAA/f-MWCNTSs composite on
acid black Il dye removal.

Comparison of the acid black I1 adsorption capacities of Alg-PAA/f-MWCNTSs adsorbent
with other previously studied adsorbents is listed in Table S1 (Supporting data). Based
on the results, the Alg-PAA/f-MWCNTSs adsorbent is regarded as a promising adsorbent

and a good candidate for the removal of acid black Il from wastewater.

The study concludes that an alginate-polyacrylic acid/multiwalled carbon nanotubes
(Alg-PAA/F-MWCNTS) composite was successfully prepared via gamma radiation-
induced template polymerization of AA onto Alg/f-MWCNTSs surface. The maximum
grafting efficiency (GE%) of ~ 82% was obtained under optimized conditions of 2.5 wt%
Alg, 30 wt% AA, 0.5 wt% f-MWCNTSs, 0.6 wt% N,N'-methylenebisacrylamide (NMBA),
and irradiation dose ~ 20 kGy. The structure and thermal characteristics of the prepared
composite were validated by FTIR, SEM, TGA, XRD, and DTA. The Alg-PAA/f-
MWCNTs composite exhibited uniform small particles size, with negative Zeta potentials
within the whole pH range of a minimum at pH = 2. The adsorption batch experiments
showed good adsorption capacity in the removal of the nigrosine dye from an aqueous

medium with adsorption efficiency of 83% . Adsorption of nigrosine dye onto the
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composite was favourable thermodynamically obeying the Freundlich isotherm model
and controlled by chemisorption mechanism Interestingly, the composite showed a good
regeneration ability in the removal of the dye several times under the optimized
conditions. Accordingly, the Alg-PAA/f-MWCNTs composite could be a promising
candidate for the treatment of wastewaters from nigrosine dye.
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