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Abstract This study used red mud modified with chi-
tosan (RM/CS) as a novel adsorbent to remove Ni(Il) ions
from an aqueous solution. The adsorbent was character-
ized by the techniques of the BET method, X-ray diffrac-
tion (XRD), and scanning electron microscopy (SEM)
analysis. According to the findings, the surface area of
RMY/CS is nearly doubled compared to CS, from 68.6 to
105.7 m?.g~". The Ni(II) batch adsorption of RM/CS was
performed as a function of pH value, contact time, and
volume of adsorbent. Three isotherm adsorption models
(Langmuir, Freundlich, and Sips) and three kinetic mod-
els (the pseudo-first-order, the pseudo-second-order, and
the intra-diffusion models) were fitted with the experi-
mental data to calculate the maximum adsorption capac-
ity and to estimate the uptake in nature. The Langmuir
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monolayer adsorption capacity for Nickel (I) is 31.66 mg.
g ' ata pH of 6.0, with an adsorption time of 180 min and
a temperature of 323 K. The Ni(Il) adsorption on RM/CS
is the exothermic process and is controlled by the intra-
diffusion model.
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Introduction

In recent years, numerous studies have employed wastes
from agricultural and industrial operations as adsorbents
to limit environmental pollution concerns while also
bringing economic advantages to society. Some adsor-
bents can be used in this process, such as shells, chitosan
(Hamza et al., 2019; Pap et al., 2020; Vakili et al., 2019),
lignin (Supanchaiyamat et al., 2019), and fly ash (Aigbe
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et al., 2021; Deng et al., 2018). One of the solid wastes
in this category of materials is red mud, which is pro-
duced during the Bayer process of producing alumina
from bauxite ore. Because sodium hydroxide solution is
used to decompose the bauxite ore in the alumina manu-
facturing process (Khairul et al., 2019), the red mud has
a pH range of 10 to 13. The composition of red mud
mainly contains Fe,0;, Al,05, Na,O, SiO,, Na,0O, CaO,
TiO,, and several rare elements (Khairul et al., 2019).
These chemical compositions and alkalinity are the pri-
mary sources of environmental damage; 1 to 1.5 tons of
red mud are discharged into the environment to create
1 ton of aluminum oxide (Khairul et al., 2019). Annu-
ally, the amount of red mud discharged is estimated at
nearly 150 million tons (Khairul et al., 2019), resulting
in the proper disposal of red mud as a significant chal-
lenge for the alumina industries. To deal with red mud
thoroughly, red mud has been utilized as an adsorbent
to remove pollutants such as heavy metal ions, dyes, and
various inorganic anions (Taneez & Hurel 2019; Wang
et al., 2019; Wang & Liu 2021). However, their adsorp-
tion capacity is not high because the characteristics of
red mud significantly depend on their origin or where
they are found (Khairul et al., 2019). Various methods
have been conducted to modify red mud, such as acid
treatment (Sahu et al., 2013; Smiciklas et al., 2014), heat
treatment (de Jesus et al., 2015; Yang et al., 2020), and
modification by synthetic polymers (Ni et al., 2015).
Nonetheless, there have not been a number of studies
on altering red mud materials with natural polymers that
are both ecologically benign and low cost.

Nowadays, the development of various industries
has produced a tremendous amount of waste containing
hazardous and carcinogenic heavy metal ions, including
Ni(Il) ions. When Ni(Il) concentrations in an aqueous
solution surpass 0.07 mg.L~!, according to WHO, these
ions become hazardous (Celebi et al., 2020). Scientists
have been working to discover effective and reasonably
affordable ways to remove heavy metal ions from aque-
ous solutions due to the rising water pollution problem.
Precipitation, reverse osmosis, extraction, and adsorp-
tion are some of the approaches that have been used
(Bartczak et al., 2018). Because of the reusability of
adsorbents via the desorption process, adsorption is one
of the most effective ways of removing metal ions from
an aqueous solution among the approaches mentioned
above (Bartczak et al., 2018).

For the reasons stated above, the main objective of
this study is to use red mud to enhance the surface area
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of the chitosan and use the red mud/chitosan composite
for the removal of Ni(Il) from aqueous solutions. The
physicochemical properties of materials were analyzed
using modern analytical techniques. The factors affect-
ing the Ni(II) removal of this material were also exam-
ined, consisting of pH solution, contact time, and adsor-
bent dosage. In particular, the uptake of Ni(I) ions by
RMY/CS in nature was also investigated in detail based
on the combination of adsorption isotherm, kinetic mod-
els, and thermodynamic studies. Furthermore, since the
red mud’s disposal generates environmental pollution,
its reuse and development to become an excellent adsor-
bent, which is low-cost and environmentally friendly,
will positively affect the surrounding environment.

Experimental
Materials and chemicals

Chitosan (flake form, yellow color) was synthesized by
a research team from the Institute of Nuclear Research,
Da Lat, Vietnam, with the following parameters: mois-
ture content of 12.5%, acetylation degree of 90%, and
molecular weight of 91.7 kDa. Red mud (RM) used in
these experiments is taken from the waste of the Saigon
underground water plant in Ho Chi Minh City, Vietnam.
Other chemicals used in these experiments were pur-
chased from Merck, including nickel standard solution
1000 mg.L_l, acid nitric HNO; 63%, sodium hydroxide
NaOH 98%, and DI water.

Preparation of RM/CS

Red mud/chitosan material (RM/CS) was prepared accord-
ing to the procedure shown in Scheme 1. Herein, 10.0 g of
red mud was placed in 100 mL of chitosan solution con-
taining 2.0 g of chitosan dissolved in 2% acetic acid solu-
tion. Next, the obtained mixture was stirred at 1000 rpm
for 24 h to complete the modification. Thereafter, the
resulting RM/CS mixture was centrifuged at 5000 rpm
and washed with DI water several times before drying at
100 °C for 24 h.

Instruments
The structures of RM before and after modification with

chitosan were determined using powder X-ray diffrac-
tion (D2-Pharser, Bruker, USA) equipped with a Cu-Ka
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Chitosan solution

Scheme 1 The procedure of preparing RM/CS material

radiation source of A=1.5406 A. The surface areas of
RM and RM/CS materials were measured by the BET
surface area analyzers (Quantachrome NOVA 1000e,
USA), whereas the morphologies of these materials were
observed using a scanning electron microscope (SEM)
(S-4800, Hitachi, Japan).

pHpzc of the adsorbent was examined according to
the salt addition method (Lyklema, 1984). To begin
with, 0.1 g RM/CS was placed into each beaker, includ-
ing 50.0 mL of 0.1 M NaCl. The pH values were
adjusted using a pH meter (SI Analytics Lab 875, Ger-
many) between 2 and 12 (+0.1 pH units) with 0.1 M
HNO; or 0.1 M NaOH. Next, these solutions were
stirred for 24 h until the equilibrium was obtained, and
then measure the pH again. The line graph of the initial
pH (pHo) versus the difference between the initial and
final pH values (ApH) and the pHpzc was determined at
the point where pH=0.

Batch adsorption investigation

The standard nickel solution (1000 mg.L_l) was used
to make Ni(I) solutions with defined concentrations.
The pH values of this solution were adjusted using
1 M HNO; and 1 M NaOH. Next, 0.1 g (+0.0001 g)
of RM/CS adsorbent was added to a series of beakers
containing 50 mL of the prepared Ni(I) solution. Then,
the adsorption process was performed at constant speed
on a 10-point magnetic stirrer (RSM-03-10 K, Phoenix
Instrument, Germany). Effects of pH (2-6), contact
time (5-240 min), and mass of adsorbent (0.05-0.25 g)
were carried out to find out the optimal conditions.
The concentration ranges (20—120 mg.L_l) and tem-
peratures (298 K, 313 K, 323 K) were used during the

| 24h. 1000 iml >

RM/CS material

isotherm and thermodynamic study. After stirring, the
solution was filtered and diluted with the appropri-
ate dilution factor. The concentrations of Ni(II) before
and after adsorption were analyzed by the AAS method
(AAS-6300, Shimadzu, Japan). The adsorption capac-
ity (Q,) and elimination efficiency (%H) of Ni(Il) ions
were determined according to the following formulas:

C —C)xV
Q:M, )

¢ m

(C,-C,) x100%
C b

o

%H = 2)
where C, (mg.L™") and C, (mg.L™") are initial and final
concentrations of Ni(II) before and after the adsorption
process; V (L) and m (g) are the volume of Ni(II) solu-
tion and the dosage of RM/CS, respectively.

Results and discussion
Physicochemical characteristics of RM/CS

The BET surface area of RM and RM/CS are shown in
Fig. 1a, b, respectively. Results inform that the modifica-
tion significantly enhances the surface area of RM with
chitosan. RM, in particular, has a surface area of 68.6 m2.
g L. The surface area of the modified material reaches
105.7 m%.g™! after chitosan modification. Clearly, chi-
tosan molecules act as frames to support the structure
of the red mud, resulting in increasing the porosity of
the material. Consequently, this finding shows that chi-
tosan helps increase the surface area of RM, therefore
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increasing its adsorption effectiveness (Luu et al., 2022).
Furthermore, the adsorption—desorption curves in these
figures indicate that both materials are mesoporous and
suitable for adsorption (Zhu et al., 2017).

Figure Ic, d shows SEM images of RM and synthe-
sized RM/CS, respectively. RM has a flat and smooth
surface, and the particles bind together to form a block,
as seen in this diagram. On the contrary, RM/CS shows
a porous and rough surface. These results are also con-
sistent with BET analysis, which suggests that the syn-
thesized RM/CS material is convenient and beneficial
for the adsorption of heavy metals.

X-ray diffraction (XRD) patterns of RM and RM/CS
are shown in Fig. 2. It can be seen from curve (a) that
RM includes several phases, such as calcite (CaCOs),
quartz (Si0,), sodalite (Na,O. AL,O;. Si0O,), and andra-
dite (hydrated) (Ca;(Fe 3;Alj 13),(S10,); 65(OH)5 4) (Li
et al., 2019). After the modification of chitosan, there
are changes in the intensities of characteristic peaks in
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the XRD pattern of RM without the appearance of new
peaks. It confirms that RM has been successfully mod-
ified by CS, which plays as a supporting frame increas-
ing the RM’s surface area.

From the results above, a novel material was formed
based on the modification of RM by CS. This leads to
changes in the properties of RM as well as CS, espe-
cially surface characteristics. Herein, red mud acted
simultaneously as an alkalinity regulator and reacted
with chitosan to form the novel material, leading to the
creation of many active adsorption sites. This results in
enhancing the adsorption capacity.

Effects of some factors on the Ni(Il) adsorption

Effect of pH

The point of zero charge (pHp,) is a significant value
to depict the dependence of the pH values on the charge
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Fig. 1 BET surface area of RM (a) and RM/CS (b); SEM images of RM (¢) and RM/CS (d)
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Fig. 2 XRD curves of RM and RM/CS

on the surface of the material. At pH values less than
pHp,, the material’s surface will be positively charged,
and vice versa for pH values above the pHp,- (Zhang
etal., 2016). As observed in Fig. 3a, pHp, is found at a
pH of 6.1. The research work of Fei Lyu et al. reported
that the pHp,- for red mud modified by colloidal silica
and sodium hydroxide was 7.59 (Lyu et al., 2021). In
contrast, Tianxue Yang et al. reported the pHp, of red
mud and heat-modified red mud at 900 °C to be 9.8 and
9.5, respectively (Yang et al., 2020).

Since it is an essential factor affecting the removal of
heavy metal ions, the effect of pH solution on the Ni(II)
removal of RM/CS material was examined at different
initial pH levels varying from 2 to 6. From Fig. 3b, RM/
CS witness a dramatic increase in the adsorption capac-
ity from pH=2 to pH=6. This behavior of a material
can be explained using pHp, . Because of interactions
between functional groups and protons at low pH, the
material’s surface exhibits positive charges in the pH
range of our study (Khajavian et al., 2019). As a result,
Ni(Il) ions compete with protons on the material sur-
face at low pH levels during the adsorption process,
resulting in a considerable loss in adsorption efficiency.

On the other hand, there is strong repulsive interac-
tion among the cations in this case due to a large num-
ber of positively charged sites on the material’s surface.
As a result, the Ni(Il) adsorption on the material’s sur-
face has interfered, and a low adsorption capacity is
achieved. The number of negatively charged sites rises
by further increasing pH value, thus increasing the elec-
trostatic interactions between Ni(II) ions and negatively
charged sites of the material’s surface. This leads to the

improvement of removal efficiency (Khajavian et al.,
2019). In this study, the Ni(II) adsorption efficiency
reached the highest value at pH=6, so it was chosen as
the optimal pH for the Ni(I) adsorption of RM/CS.

Effect of contact time

The effect of adsorption time was investigated by vary-
ing the contact time between 5 and 240 min. As shown
in Fig. 3c, the Ni(Il) removal efficiency increases as
a function of time and reaches maximum efficiency
at around 180 min. However, the adsorption rate is
quick at the beginning, and it slows down after 20 min,
which may be ascribed to the fact that there are plenty
of adsorption sites on the material’s surface in the early
stages. Then these adsorption sites gradually decrease
during the adsorption process, resulting in a decreasing
uptake rate. It is noteworthy that the Ni(Il) adsorption
obtained the equilibrium after 180 min. Thus, 180 min
was chosen as the optimal adsorption time.

Effect of dosage of adsorbent

Figure 3d presents the effect of RM/CS material on the
Ni(Il) adsorption capacity. As the weight of the mate-
rial rises from 0.05 to 0.25 g, the adsorption efficiency
gradually rises from 36.21 to 81.33%. This result can be
interpreted by a large number of adsorption sites that are
present in the system. Accordingly, the increasing adsor-
bent amount would lead to the enhancement of adsorp-
tion sites, whereas the Ni(Il) adsorbate concentration
remains constant. Consequently, the uptake capacity and
the removal efficiency of Ni(Il) are enhanced.

Adsorption kinetics

In order to investigate the Ni(I) adsorption kinetics of
RM/CS, the experimental data were fitted with three
kinetic models, including pseudo-first-order, pseudo-
second-order, and intra-diffusion kinetic models. Fig-
ure 4a describes the Ni(Il) adsorption capacity of RM/
CS after varying contact times, and the curves are suitable
for three of these kinetic models. At the same time, Sup-
plementary Table S1 presents the calculated kinematic
parameters using a nonlinear method. The results reveal
the high agreement of the intra-diffusion kinetic model
with the experimental data via the correlation coeffi-
cient R%, RMSE, and XZ error function values are 0.9582,
0.3877, and 0.1752, respectively. Owing to the excellent
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Fig. 3 pHp, of RM/CS (a); effects of pH (b), adsorption time (c), and adsorbent dosage (d) on the Ni(II) uptake of RM/CS (initial
concentration=50 mg.L~!, adsorbent mass=0.1 g, shaking speed = 150 rpm)

fit of the intra-diffusion kinetic model to the experimental
data and the non-zero value of C, it is expected that the
Ni(II) adsorption of RM/CS occurs via different mecha-
nisms, such as electrostatic attraction, chemical interac-
tions, and intra-diffusion (Dinh et al., 2020b).

The mass transfer of Ni(I) ions is accurately described
via the relationship graph between Q, and the square
root of time t'2, as presented in Fig. 4b. Accordingly,
the process of eliminating Ni(I) from aqueous solution
by RM/CS consists of three stages: (i) First, Ni(Il) ions
relocate quickly to the surface of the adsorbent (also called
external diffusion); (ii) next, Ni(Il) ions migrate from the
surface of the adsorbent to the pores of RM/CS (intra-
diffusion process); (iii) finally, the interaction occurs
between Ni(Il) ions and adsorption sites on the surface of
the material by physical or chemical interactions when the
adsorption obtains the equilibrium.

@ Springer

During stage 1, Ni(Il) ions, positively charged, inter-
act with the material’s surface via electrostatic interaction
due to their opposite charges. Clearly, at the investigated
pH value, functional groups of CS of RM/CS, such as
-OH, -COOH (Matusiak et al., 2022, Wang & Zhuang,
2022), are deprotonated, leading to the surface of RM/
CS being charged negatively, as shown in Egs. (3) and
(4). As a result, electrostatic attraction is formed between
Ni(Il) and RM/CS, as shown in Egs. (5) and (6).

RM/CS — OH + H,0 - RM/CS — O™ + H;0* (3)
RM/CS — COOH + H,0 — RM/CS — COO~ + H;0* @)
RM/CS — O~ + Ni** - RM/CS - O™ ...Ni** ()

RM/CS — COO™ +Ni** — RM/CS — COO™ ...Ni** ()
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Fig. 4 Plots of kinetic models of the Ni(II) adsorption of RM/CS (a) and Q, vs t'2 (b) (initial concentration=50 mg.L™.!, pH=6,

adsorbent mass=0.1 g, shaking speed =150 rpm)

During stage 2, Ni(Il) ions can be diffused into the
pores of RM/CS. From the obtained SEM image of RM/
CS, it is clear that this material includes many defects,
monovacancies, or vacancy clusters, which are suitable
for the Ni(Il) uptake. This is consistent with the C value
calculated from the intra-diffusion model.

At the equilibrium stage, Ni(II) ions continuously
interact with the surface of RM/CS via electrostatic
attraction and/or the formation of the complex. Not-
withstanding, the calculated enthalpy standard (AH?)
to be smaller than 40 kJ.mol~! showed that physical
adsorption, namely electrostatic interaction, plays a
primary role in the Ni(I) removal of RM/CS.

Adsorption isotherms

Figure Sa—c denote the curves of the Langmuir, Freundlich,
and Sips isotherm models of the Ni(I) adsorption of RM/
CS at 298 K, 313 K, and 323 K. The corresponding cal-
culated parameters are listed in Supplementary Table S2.
As shown in the results, the Sips model is the best fitting
model for the experimental data because of its largest cor-
relation coefficient R? as well as the smallest RMSE and
X2 values among the three examined models. Notably, the
o, calculated from the Sips model at 298 K is zero, which
confirms this reduces to the Freundlich model related to
the multi-layer adsorption of Ni(Il). However, these o,
values at higher temperatures (313 K and 323 K) differing
from zero indicate that the Ni(II) uptake of RM/CS from
aqueous solution is mainly based on both monolayer and

multi-layer adsorption depended on the Ni(Il) initial con-
centration. This can be explained by the Van der Waals
force between Ni(I) ions being decreased when increas-
ing the temperature, resulting in a change from multi-layer
adsorption (Freundlich model) to monolayer adsorption
(Langmuir model). These findings are absolutely con-
sistent with the evaluated nonlinear parameters at 313 K
and 323 K. For example, comparing the R?, RMSE, and
x* values shows that the Freundlich model gives the
best fit with experimental data at 298 K and 313 K, but
these data fit Langmuir more than the former at 323 K.
Furthermore, the determined Langmuir constant K is
0.4992 at 323 K (0<K; <1), indicating that the Ni(II)
uptake of this material is favorable (Al-Ghouti & Da’ana,
2020). The maximum adsorption capacity of RM/CS for
Ni(II) calculated from the Langmuir model is 31.66 mg.
¢! at 323 K, higher than RM and some other natural
materials (Table 1).

Thermodynamic studies

The combination of thermodynamic parameters (enthalpy
standard (AH’), entropy standard (AS%), and Gibbs free-
energy standard (AG%) and isotherm and kinetic param-
eters give a complete insight into the behavior of reactions
as well as propose technique measures for the treatment
of contaminants via the adsorption process (Al-Ghouti
& Al-Absi, 2020). The relation of these thermodynamic
parameters is determined via the Van’t Hoff equation as
given (Dinh et al., 2020b; Mondal et al., 2017):
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AG" = AH® — TAS°, 7
where AGY can be determined as the following equation:
AG® = —RTInK ., )

where the equilibrium constant of K- is related to the
Langmuir constant (K;) via the following equation
(Dinh et al., 2020a; Zhou & Zhou, 2014):

Ko =K, XM x55.5x%x 10, 9)

where M is the molecular weight of the adsorbate.
By combining Egs. (7) and (8), the related equation
of K, AH’, and AS° is depicted as

AS"  AH®

InKr = — — —. 1
NRe ===~ 27 (10)

@ Springer

Figure 5d presents the plot of InK,- versus 1/T, and
Table 2 lists thermodynamic parameters calculated based
on the slope as well as the interception of the graph.
Results show that the Ni(I) removal of RM/CS is favora-
ble and spontaneous because the obtained AG’ values
are negative at all investigated temperatures. This find-
ing corresponds with the values of 7 calculated from the
Freundlich model. Furthermore, the positive entropy
standard (AS°=96.49 J.mol™!) shows that during Ni(II)
adsorption, the disorderliness in the solid-solution sys-
tem increases due to a decrease in intermolecular forces
temperature rises. This also reconfirms the correlation
between isotherm models and examined temperatures in
the section on adsorption isotherms. Besides, the nega-
tive enthalpy change (AH’=—7.27 kJ.mol™") proposes
that the Ni(I) uptake is an exothermic process and follows
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Table 1 The maximum adsorption capacities of some natural materials

Biosorbents Optimal adsorption conditions Q,, (mg.g™) Ref
Peat pH=5, t=60 min, 298 K 61.27 Bartczak et al. (2018)
Barley straw pH=4.85,t=24h, 296 K 35.80 Thevannan et al. (2010)
Cashew nutshell pH=5, t=30 min, 303 K 18.87 Kumar et al. (2011)
Tea factory waste pH=4,298 K 18.42 Malkoc and Nuhoglu (2005)
Na - bentonite pH=9,298 K 13.97 Liu and Zhou (2010)
Modified orange peel pH=5.5, t=150 min, 303 K 9.82 Feng et al. (2011)
Coir pith pH=7.7,t=10 min, 303 K 9.50 Ewecharoen et al. (2008)
Rice husk pH=6, t=150 min, 305 K 5.52 Krishnani et al. (2008)
Groundnut shells pH=5, t=120 min, 308 K 3.80 Shukla and Pai (2005)
Green tea waste pH=7,t=180 min, 306 K 0.31 Yang et al. (2016)
Red mud pH=35, t=240 min, 303 K 13.69 Hannachi et al. (2009)
Raw red mud from aluminum pH S, t=24h, 294 K 27.40 Smiciklas et al. (2013)
industry
Red mud pH=5,t=24h,293 K 21.72 Smiljanic¢ et al. (2010)
Chitosan pH=6, t=120 min 10.00 Hydari et al. (2012)
Chitosan beads pH 5.92,t=24h,303 K 45.48 Liao et al. (2016)
RM/CS pH=6, t=180 min, 323 K 31.66 This study
Table 2. Thermodynamic T(K) K, K, AH (kJ.mol™") AS (J.mol ™) AG (KJ.mol™")
parameters
298 0.6278 2.06x10° —-7.27 96.49 —36.02
313 0.5520 1.81x10° —-37.47
323 0.49920 1.63x10° —38.44

physical adsorption because the absolute value of enthalpy
is smaller than 40 kJ/mol (Bayramoglu et al., 2009).

Conclusion

The obtained results clearly show that the modification of
RM successfully synthesized the novel RM/CS material
by chitosan. This material was used as the adsorbent to
remove Ni(Il) from the aqueous solution efficiently. The
Ni(II) uptake followed the Sips model and was controlled
by the intra-diffusion kinetic model. Adsorption is an
exothermic and physical process. The maximum adsorp-
tion uptake calculated from the Langmuir model was
31.66 mg.g™! at 323 K, higher than several other biosorb-
ents, such as red mud, chitosan, and cashew nutshell. This
material performs excellent properties that can be used as
a potential adsorbent to remove Ni(Il) from wastewater.
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