¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.25356

184 (2020) 199-213
April

Lignin/alginate/hydroxyapatite composite beads for the efficient removal of
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ABSTRACT

This study was conducted to analyze the adsorption efficiency of lignin/alginate/hydroxyapatite
composite beads for the removal of copper Cu(Il) and nickel Ni(Il) ions from an aqueous solution.
For this purpose, lignin, alginate and hydroxyapatite (HAp) composite was prepared in the form
of lignin/alginate/hydroxyapatite composite beads. Adsorbents were synthesized in three different
ratios by mixing lignin/alginate/hydroxyapatite and sodium alginate in distilled water (25-30 ml)
which was then added dropwise to the calcium chloride (CaCl,) solution to form its lignin/alginate/
hydroxyapatite composite beads. Synthesized beads were characterized using X-ray powder diffrac-
tion, Fourier transform infrared spectroscopy, scanning electron microscopy, and thermogravimetric
analysis. The effect of various experimental parameters such as contact time, pH, the initial concen-
tration of Cu(Il) and Ni(II) and adsorbent dose on adsorption capacity was investigated. Kinetic and
isotherm data confirmed that the pseudo-first-order model and Langmuir isotherm were best fitted to
experimental data. An increase in the adsorption capacity of heavy metals from an aqueous solution
was observed with the increase in lignin percentage in beads. The maximum adsorption capacity
for Cu(II) and Ni(II) was 79.67 and 71.18 mg/g, respectively for C3 (60%) lignin Reusability study
of lignin/alginate/hydroxyapatite beads showed 79% removal efficacy after four successive adsorp-
tion-desorption cycles. The results showed that lignin/alginate/hydroxyapatite composite beads can
be used as promising environmentally benign adsorbent for the removal of heavy metal ions from an

aqueous solution.
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1. Introduction

Global water demand has increased over the past many
years. Increased population has created an imbalance in
global water which has raised water withdrawal eight folds
from 500 to 4,000 km®/y since over the last 100 years [1].
According to an estimate, about sixty percent of the world
population may experience water insufficiency issues by
2025 [2].

As the gap between water availability and water demand
things, there is an urgent need to manage water resources.
While on one hand there has been a rapid decline in water
availability, on the other, the situation has further intensified
due to pollution of water bodies as a result of the haphaz-
ard release of untreated industrial effluents in many areas of
the world [3,4]. Industrial activities, uncontrolled traffic, and
incineration activities are also responsible for this environ-
mental issue. Surface and groundwater quality in Pakistan
has deteriorated over the past many years due to untreated
release of municipal, agricultural and industrial discharges
[5]. According to the statistics, fast industrial growth has
contributed significantly to water pollution issues. Every
day approximately 2000 million gallons of sewage is released
into surface water bodies in Pakistan [5].

Agricultural runoff, commercial and many industrial
units (mining, electroplating, paper industry, fertilizers, and
pesticides, etc.) discharge a significant amount of wastewa-
ter into the environment and/or water bodies, which contain
a large variety of hazardous contaminants and toxic heavy
metals [6]. Heavy metals constitute one of the major classes
of water pollutants and in almost 85% of the industrial efflu-
ent. Heavy metals including chromium (Cr), manganese
(Mn), nickel (Ni), iron (Fe), zinc (Zn), and cadmium (Cd) can
cause water pollution [7]. Unlike organic pollutants, these
metal ions do not degrade over a long period of time, thus,
accumulate into the living tissues of human and cause severe
physiological and psychological disorders if they exceeded
their permissible limits [8,9]. Heavy metals can be removed
using different techniques such as precipitation, chemical
coagulation, adsorption, bio-sorption, electrodialysis, elec-
tro deionization, membrane separation, electrocoagulation,
reverse osmosis and ionic-exchange [10]. These methods
use different chemicals or bio-sorbents that are either syn-
thetic or non-synthetic in nature. However, these methods
have certain drawbacks such as high capital and operation
cost, high skills, and technical knowledge for operation [11].
Among these available techniques, adsorption is an attrac-
tive separation technique due to its operation, fewer skill
demands, insensitivity to adsorbents and cost-effectiveness
[12,13]. Lignin is the second most abundantly available bio-
mass after cellulose and covers about 20%-35% of the plant’s
structural arrangement [14]. It is a natural polymer present
in cell walls of terrestrial plants that act as a binding agent
for various fibrous materials. Structural analysis shows that
it has a high molecular weight and surface area of 180 m%/g.
Its three-dimensional polymeric structure (which involves
different functional groups hydroxyl, methoxyl, and phe-
nolic groups) makes it a favorable material for the removal
of heavy metals from wastewater [15-17]. Lignin can also
be recovered from black liquor from the paper and pulp
industry. It is a waste product and can be used as a fuel as

well as for other productive applications [18]. Wastewater
treatment approaches using this bio sorbent (lignin) with or
without modifications have been reported [19]. Techniques
for enhancing the reactivity involve methods in which
hydroxyl content has been increased along with enhance-
ment in mass transfer [20,21].

Hydroxyapatite (Hap) is a naturally occurring non-toxic
inorganic material with a formula of (Ca,(PO,)(OH),).
Along with HAp, several biomolecules have also been rec-
ommended for removing desired heavy metals [22-24].
Sodium alginate is a biopolymer that is used as a compos-
ite material and stabilizers in various applications [25].
Hydroxyapatite (Ca,, (PO,),(OH),) is often used with sodium
alginate as a biopolymer composite for various adsorption
procedures [26]. A strong interaction between the posi-
tively charged calcium (Ca*) and the negatively charged
carboxyl group (COO") has been shown in sodium alginate
structure [25] forming inorganic/biopolymer composite. As
stated, earlier lignin biopolymer is produced as a by-prod-
uct from paper and pulp industry, fit perfectly to be used
as an adsorbent. Lignin is an ideal candidate to be used as
a hybrid material along with HAp in the form of beads.
Lignin contains carboxylic and phenolic functional groups
which make it an ideal adsorbent for selective adsorption of
various toxic metals such as Cu(II), Cd(II), Ni(II), Pb(II), and
Cu(I) [17]. Therefore, the development of lignin/alginate/
hydroxyapatite sorbent from renewable resources will open
new technology for wastewater treatment. In this study,
composite beads were prepared using environment-friendly
materials (lignin, HAp) by trapping them with sodium algi-
nate. The prepared beads were applied to remove Cu(II)
and Ni(II) from an aqueous solution. The adsorption capac-
ity was investigated by varying different parameters such
as solution pH, contact time, adsorbent dose, constituent’s
ratio in beads and the initial concentration of pollutants.
The adsorption mechanisms were examined by studying
kinetic and isotherm models [27]. The reusability of beads
was also evaluated as a sustainable approach. The main
objective of this study was to develop low-cost environ-
mentally friendly composite beads for the removal of heavy
metals from an aqueous solution.

2. Materials and methods
2.1. Materials

Lignin alkali was purchased from TCI America (CAS
RN: 8068-05-1; Product Number: L0082), Sodium hydroxide
(NaOH, CAS #: 1310-73-2, max. 0.02% K), hydrochloric acid
(HCI 36%, product no #: 115186) and Calcium chloride (CaCl,
anhydrous granules CAS #: 10043-52-4) were obtained from
Merck, Germany). Sodium alginate was purchased from a
local supplier. Hydroxyapatite (HAp CAS #: 12167-74-7),
anhydrous (NiCl, CAS Number: 7718-54-9 and Copper(II)
sulfate CuSO,, 7758-98-7, 299.99% trace metals basis were
purchased from Sigma-Aldrich (USA).

2.2. Preparation of lignin/alginate/hydroxyapatite beads

The lignin/alginate/hydroxyapatite beads were synthe-
sized by mixing lignin, HAp and sodium alginate under
controlled laboratory environment and protocols. These
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three materials were used in different ratios to form lignin/
alginate/hydroxyapatite composite beads. Chemical ratios of
these materials are given in Table 1.

The criteria for these adsorbent materials were to syn-
thesize 5 g of adsorbent. Therefore, to prepare C1 compo-
sition, 1.5 g of sodium alginate, 1 g of hydroxyapatite and
2.5 g of lignin was dissolved in 25-35 ml of distilled water
(more water can be added accordingly) to make a slurry-like
suspension that was appropriate for bead formation. After
the formation of a smooth mixture, an aliquot was taken out
from the mixture and was added to a burette. The mixture
was allowed dropwise into CaCl, solution to form beads.
The beads were allowed to stir in CaCl, solution overnight to
ensure complete gelation. In a similar way, C2 and C3 com-
position were prepared by mixing different ratios of sodium
alginate, hydroxyapatite, and lignin.

2.3. Characterization of lignin/alginate/hydroxyapatite beads

Several characterization techniques were used to under-
stand the potential behavior, physical and chemical prop-
erties of lignin beads in adsorption study. The PAN analyt-
ical X'pert PRO diffractometer (UK) using Cu Ka radiation
(A=1.54A)at40KV and 30 mA witha scanning rate 0.01°/s and
scan speed of 1°/min in a 20 range of 10°-80° for analysis of
the crystalline structure of lignin composites. Thermo Fisher
Scientific Inc,, MA, USA (Nicolet 6700) spectrometer with
attenuated total reflection assembly was used for lignin com-
posites in the range of wavenumber 600—4,000 cm™. Scanning
electron microscopy (SEM-Philips XL-30, Eindhoven, The
Netherlands) was used for the surface morphology of lignin
composites. Thermal degradation (LECO’s TGA701, USA) of
developed beads was performed from 40°C to 600°C at the
heating rate of 10°C/min under Nitrogen gas flow.

2.4. Optimization of adsorption parameters

Synthesized adsorbent beads were used to remove heavy
metals from the standard solution of known concentrations
prepared in the laboratory. Adsorption parameters were
optimized to attain high removal efficacy for metal ions.
Parameters included pH of the solution, the initial concen-
tration of adsorbate, contact time and adsorbent dosage. The
above-mentioned parameters were varied for process optimi-
zation at room temperature. Metal salts were used to prepare
a stock solution for Cu(II) and Ni(II).

2.5. Atomic absorption spectrophotometry

Standard solution of copper and nickel were prepared
using CuSO, and NiCl, for standard calibration curve with

Table 1

Chemical ratios for lignin/alginate/hydroxyapatite composite beads

metal concentrations as 10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 ppm. After all optimization studies, samples (filtrates)
were stored in plastic bottles and were analyzed using AAS
(Buck Scientific 210 VGP, USA) for the determination of
residual metal ions in the solution.

The removal efficiency (%R) and adsorption capacity of
metal ions were measured using Egs. (1) and (2), respectively.
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where C (mg/L) and C, (mg/L) are the concentrations before
and after the adsorption of the pollutant, V (L) is the volume
of sample and M (g) is the used mass of adsorbent.

2.6. Kinetic study

Kinetic study for adsorption of heavy metal ions on
lignin/alginate/hydroxyapatite composite beads was inves-
tigated using pseudo-first-order [27] and pseudo-second-
order [28] kinetic models. The mathematical expression for
pseudo-first and pseudo-second-order kinetic models are
given in Egs. (3) and (4), respectively.

K
log(q. —aq )=logg ——1_¢ 3
og(q, —4q,)=1logy, 303 3)
t 1 t
R 4)
9, Ka a

where g, (mg/g) = amount of metals ions adsorbed at equi-
librium; g, (mg/g) = amount of metals ions adsorbed at time
t; K, (s) = rate constant for the pseudo-first-order kinetic
model; K, (s7) = rate constant for the pseudo-second-order
kinetic model.

2.7. Isotherm study of adsorption
2.7.1. Langmuir isotherm

The Langmuir isotherm equation is based on norms that
maximum adsorption corresponds to a saturated monolayer
of adsorbate molecules on the adsorbent surface, that the
energy of adsorption is constant, and that there is no trans-
migration of adsorbate in the plane of the surface. It uses two

Composition Identification Chemical ratios for beads

No No Sodium alginate Hydroxyapatite Lignin

1 C1 30% (1.5 ) 50% (2.5 g) 20% (1 g)
2 30% (1.5 g) 30% (1.5 g) 40% (2 g)

3 c3 30% (1.5 g) 10% (0.5 g) 60% (3 g)
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parameters, describes homogenous, monolayer adsorption
on the adsorbent surface [29-32]. The Langmuir isotherm is
defined as:

_(Kag.C)
q, = m %)

and in linearized form is:

q_vq+ ! ©
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where g, and K are Langmuir constants that describe sorp-
tion capacity and sorption energy, respectively, C, is the
equilibrium concentration in mg/L, and g, is the amount of
adsorbate adsorbed per unit weight of adsorbent (mg/g).

Aplot of C /g, vs. C,should indicate a straight line with slope
1/q, and an intercept of 1/K g, . Alternatively,

1:[1]_1+1 -
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where g, (mg/g) and g, (mg/g) are the equilibrium adsorp-
tion capacity and maximum monolayer adsorption capacity,
respectively. C, (mg/L) is the equilibrium sorbate concentra-
tion. K is constant and represents the affinity of binding sites.
The influence of the shape of adsorption isotherm in terms
of a dimensionless constant known as separation factor or
equilibrium parameter (R,) can be calculated using Eq. (8).

1
&1+Kq ®)
where K is the Langmuir constant and C, (mg/L) is the
initial adsorbate concentration. The value of separation fac-
tor (R)) indicates favorability of adsorption such that when
R, > 1 (unfavorable), R, =1 (linear), 0 <R, <1 (favorable) and
R, =0 (irreversible).

2.7.2. Freundlich isotherm

Freundlich sorption isotherm is one of the most com-
monly used mathematical expressions, which gives an idea
about surface heterogeneity and exponential distribution
of active sites and their energy values respectively [31].
The Freundlich isotherm is defined as:

9, =K.C" )

In addition, in linearized form is:

log g, =logK, + (1jlogCE (10)
n

where C, the equilibrium concentration in mg/L, g, is the
amount of adsorbate adsorbed per unit weight of adsorbent

(mg/g). “K;” is a parameter related to temperature and “n” is
a characteristic constant for the adsorption study. The only

difference was that it represents multilayer heterogeneous
adsorption. The affinity for bonding sites was not the same.
This isotherm assumes that binding of metal ions and solute
binding sites were non-identical.

3. Results and discussion
3.1. SEM analysis

The morphology of developed composite beads was ana-
lyzed using SEM. Fig. 1a—c shows the SEM images of differ-
ent adsorbents under similar magnification. From the SEM
images, it is clear that lignin/alginate/hydroxyapatite beads
possess a rough surface having both large and small irregu-
lar pores. This porous structure provides a large surface area
for efficient adsorption of heavy metals removal [33]. This
increase in adsorption capacity with surface roughness has
been reported in the literature [33]. SEM images also showed
an increase in surface roughness of lignin/alginate/hydroxy-
apatite beads with an increase in lignin percentage from 20%
to 60%. The increased lignin content enhances the porosity
which ultimately increases the uptake of Cu(Il) and Ni(II)
from aqueous solution.

3.2. Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy analysis was
performed to identify functional groups in lignin/alginate/
hydroxyapatite beads. Adsorption performance of lignin/
alginate/hydroxyapatite in aqueous solution depends on
the interaction of these functional groups with heavy met-
als ions. Fig. 2 shows peaks of synthesized adsorbent having
different functional groups of lignin as identified in different
works of literature [34]. The broad peak around 3,340 cm™ is
assigned to stretching vibration of hydroxyl (-OH) groups
present in all the constituents of beads (lignin, hydroxyapa-
tite and sodium alginate) [35]. The peak located at 1,650 cm™
is attributed to adsorbed O-H and conjugated C-O [25].
Some other characteristic peaks for lignin are C-H and O-
CH at 1,464.29 cm™ (C1), 1,465.72 cm™ (C2) and 1,465.81 cm™!
(C3). The band located at 1,070 cm™ is assigned to PO}" group
present in HAp [25].

3.3. X-ray diffraction analysis

The crystallinity and phase composition of the composite
beads were analyzed with X-ray diffraction, shown in Fig. 3.
The beads contain HAp; crystalline compound and lignin,
and calcium alginate; amorphous compounds. The result
demonstrated that the intensity of peaks assigned to HAp
(002, 210, 112, 310, 222, 213, 004 and 304) increased with the
increase of HAp content in the lignin/alginate/hydroxyapa-
tite beads and vice versa.

3.4. Thermogravimetric analysis

The thermal degradation curves for all three composi-
tions (C1, C2, and C3) of beads show similar thermal behav-
ior as shown in Fig. 4. All lignin/alginate/hydroxyapatite
showed a decrease in weight with increase in temperature.
The weight loss up to 110°C is assigned to the loss of surface
water [25]. Thermogravimetric analysis curve also shows
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Fig. 1. SEM images of lignin/alginate/hydroxyapatite.

C: C3 (60% lignin
B: C2 (40% lignin
A: C1 (20% lignin
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Fig. 2. Fourier transform infrared spectra lignin/alginate/  Fig.3.X-ray diffraction spectra of lignin/alginate/hydroxyapatite.
hydroxyapatite.
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Fig. 4. Thermal degradation analysis of lignin/alginate/hydroxy-
apatite.

that an increase in lignin amount caused a relative decrease
in the thermal stability of beads. According to Fig. 4, the
loss in weight can be seen at 375.16°C for C1, 325.74°C for
C2 and 307.4°C for C3. The weight loss is in the order of
Cl1 > C2 > C3 with a weight loss of 74.13%, 69.26%, and
59.54% respectively.

3.5. Batch adsorption studies
3.5.1. Effect of contact time

Optimum contact time is needed for maximum metal
uptake on the adsorbent. Fig. 5 illustrates a graphical trend of
the effect of contact time for percentage removal of Cu(II) and
Ni(II) using lignin/alginate/hydroxyapatite beads. The opti-
mum time is referred to as the total amount taken for metal
adsorption at the equilibrium point which showed the max-
imum efficiency of the process under given conditions [36].
The experimental result shows that the adsorption of Cu(II)
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Fig. 5. Percentage removal of (a) Cu(II) and (b) Ni(II).
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and Ni(Il) is rapid and increases with the increase contact
time. For all three compositions, the adsorption of Cu(II) and
Ni(II) reached equilibrium in almost 30 min. At this point,
maximum removal was observed and above this time no
significant increase in adsorption occurred.

3.5.2. Effect of pH

Another dominant factor that largely affects adsorption
efficiency is the pH of the solution as it also directly affects
the adsorption capacity and controls the adsorption process.
The activity of different functional groups and speciation in
metals depends extremely on the pH of the solution [36].
To optimize the pH of a solution, adsorption was carried
out within pH range from 3-7 with an initial concentration
of Cu(Il) and Ni(II) as 100 ppm and an adsorbent dose of
0.4 g (Fig. 6). The adsorption increased with the increase in
pH with maximum removal observed at pH 5 for Cu(Il) and
at pH 6 for Ni(Il). This is due to the fact that at lower pH,
H* concentration is high and this higher concentration of H*
ions leads to competition between metal ions and H" ions for
active sites on biosorbent surface. Hence pH optimization
showed pH 5 as optimum pH for Cu(Il) below which no
significant adsorption occurred while for Ni(Il), optimum
pH was found at pH 6 above which precipitation occurs
(at pH 7).

3.5.3. Effect of initial concentration of nickel and copper ions

The results show that at the equilibrium point, adsorp-
tion of Cu(Il) and Ni(Il) ions onto adsorbent was directly
proportional to the initial concentration of sample solution
and resulted in the increase of equilibrium loading [36].
The initial concentration of metal ions in an aqueous solu-
tion as a function of adsorption rate which is also shown in
Fig. 7. In the present study, 10, 25, 50, and 100 mg/L solu-
tion of Cu(Il) and Ni(II) were prepared to study the effect
of initial concentration on sorption kinetics. Until 100 mg/L,
a linear trend was observed as adsorption increases with
an increase in the initial concentration. As shown in Fig. 7,

) 90
80
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60 ||
50 |
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30 —8—Nion C2
20 Ni on C3
10
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Fig. 7. Effect of initial concentration of (a) Cu(II) and (b) Ni(II) on adsorption capacity.

after 100 mg/L, no significant increase occurred therefore
optimized concentration achieved at 100 mg/L.

3.5.4. Effect of adsorbent dosage

The adsorbent amount can significantly affect the removal
efficiency of metals from an aqueous solution. Fig. 8 shows
the effect of adsorbent dose 0.1, 0.2 and 0.4 g. Adsorption
of metal ions increased with an increase in adsorbent dose
as shown in Fig. 8 and percentage removal of both metal
ions increased with an increase in adsorbent dose. At a low
adsorbent dose, for example, 0.1 g, the available sorption
sites were quite insufficient compared with the high adsor-
bent dose, hence, percentage removal was low at this point
as compared to 0.4 g. Wu et al. [37] carried out a study using
lignin to remove Cr(III) from water. After following the opti-
mization of different parameters, it appeared that Cr(III)
adsorption clearly depended on the adsorbent. Results
showed a higher lignin dose was the best option that results

in 90% removal efficiency. The result also demonstrated
that the adsorption capacity decreases with the increase of
adsorbent dose for the adsorbent. This decrease is due to the
inverse relation of adsorption capacity with adsorption dose.

3.5.5. Role of lignin in the adsorption of metal ions

The results from AAS analysis showed that an increase
in lignin content in beads resulted in enhanced removal
efficiency for both Cu(Il) and Ni(II) (Fig. 9). This increase in
removal efficiency can be attributed to the functional group
moieties of lignin that provides more active sites with the
addition of more lignin in lignin/alginate/hydroxyapatite
composites beads.

3.6. Isotherm study

Langmuir plots for the adsorption of Cu(Il) and Ni(II)
are shown in Figs. 10 and 11. Isotherms constant for both
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Fig. 9. Lignin role on the adsorption of (a) Cu(II) and (b) Ni(II).

Cu(II) and Ni(II) are shown in Table 3. The plot shows that
Langmuir isotherm is applicable for adsorption of Cu(Il) and
Ni(II). The Langmuir isotherm was found to be linear over
the entire study’s concentration range, that is, (10, 25, 50, and
100 ppm) with high R? values. The R? values for both copper
and nickel showed the best applicability of this isotherm.
The values of both isotherms showed that adsorbed metal
ions formed a monolayer on the adsorbent surface [25]. The
results showed R, values between 0.2-0.7 for Cu(II), while
for Ni(II) it was between 0.4-0.9, indicating the favorability
of adsorption (Table 2). Freundlich isotherm for adsorption
of Cu(Il) and Ni(I) are shown in Figs. 12 and 13 and the

b)
= 85
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® 5
T'; & 70 40% lignin
(=) L
m 60% lignin

E 65 .
[
(=]
S 60

20% 40% 60%

lignin lignin lignin

isotherm constants are given in Table 3. It was observed that
the correlation factor R? of the Freundlich model (R?=0.9906)
was less compared with Langmuir Model. The results indi-
cate that Langmuir isotherm was best fitted to the experi-
mental data which means monolayer adsorption on the sur-
face of beads.

3.7. Adsorption kinetics

The kinetics of Cu(Ill) and Ni(Il) ions adsorption on
lignin/alginate/hydroxyapatite beads was analyzed using
pseudo-first-order and pseudo-second-order kinetic models.
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Fig. 11. Langmuir isotherm model for Ni(II) adsorption.
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Table 2
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R, values for isotherm model

R, (for Langmuir constant)

Figs. 14 and 15 show the pseudo-first-order kinetic model
plot for adsorption and Figs. 16 and 17 show a pseudo-
second-order kinetic model plot. The less value of R? for
the pseudo-first-order model shows that this model is not
applicable to experimental kinetic data compared to the

C. Cu-C1 CuC2 Cu-C3 Ni-Cl Ni-C2  Ni-C3
: pseudo-second-order model value which was closed to
10 0787 0781 0763 09174 0892 0917 regression factor 1. On the basis of these model results, it can
25 0597 0588 0563 08163 0769  0.816 be concluded that adsorption of lignin/alginate/hydroxy-
50 0.425 0.416 0.392 0.689 0.625 0.689 apatite beads did not follow the pseudo-first-order kinet-
100 0270 0263 0243 05263 0454  0.526 ics. Therefore, the adsorption system under study can be
defined by the pseudo-second-order kinetic model. A similar
Table 3
Results of applied isotherm models
Isotherm model and Copper Nickel
parameters c1 2 C3 c1 2 C3
Experimental q, (mg/g) 74.64 78.11 79.67 68.7004 69.2791 69.2791
Langmuir isotherm
q, (mg/g) 41.6 43.47 45.45 120.48 96.15 153.84
K, (L/mg) 0.027 0.028 0.031 0.009 0.012 0.009
R? 0.9469 0.9504 0.9371 0.9906 0.9886 0.9835
Freundlich isotherm
Kf (mg/g) 1.19 1.267 1.614 1.049 4.779 1.452
R? 0.928 0.934 0.9217 0.9275 0.9673 0.9607
1/n 0.846 0.8025 0.8525 0.8722 0.5375 0.9375
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Fig. 12. Freundlich isotherm model for Cu(II) adsorption.
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trend was observed by Seyedvakili and Samipoorgiri [45],
during a thermo-kinetic study of heavy metal ions adsorp-
tion onto lignin. The present study was also supported by
adsorption studies conducted at different temperatures, at
which, lignin particle sizes, pH and solid to liquid ratios
were calculated. The maximum lignin adsorption capaci-
ties at 25°C were 87.05 mg/g (1.37 mmol/g). Adsorption of
Cu(II) (68.63 mg/g at 10°C and 94.68 mg/g at 40°C) at 10°C
increased with an increase in temperature. Copper adsorp-
tion followed the pseudo-second-order rate kinetics. In
present study, a linear plot of t/g, vs. t (Figs. 16a—c) showed
R? value of closer to 1 as compared with R? values obtained
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from the pseudo-first-order model (Fig. 14). Therefore, it
was evident that the pseudo-first-order model is not appli-
cable for modeling the adsorption of Cu(ll) and Ni(II) on
lignin/HA beads. The results given in Table 4 suggest that
the pseudo-second-order model fitted well with data with
R? value of 0.9990.

3.8. Reusability studies

The reusability of an adsorbent is an important char-
acteristic for its use in industrial applications consid-
ering cost-benefit relationships alongside its efficiency.
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Fig. 17. Pseudo-second-order kinetic model for Ni(II) adsorption.
Table 4
Kinetic model and parameters for Cu(II) and Ni(II)
Kinetic model Copper Nickel
C1 C2 C3 C1 C2 C3
Experimental q, (mg/g) 74.64 78.11 79.67 68.7004 69.2791 69.2791
Pseudo-first-order
g, (mg/g) 3.7661 2.976 15.516 19.79 28.57 153.84
K, (1/min) 0.027 0.028 0.0116 0.0133 0.0193 0.0188
R? 0.1278 0.0483 0.3325 0.9906 0.4138 0.4069
Pseudo-second-order
g, (mg/g) 65.35 66.66 67.56 101.01 105.26 105.263
R? 0.999 0.998 0.998 0.998 0.997 0.999
K, (g/mg min) 0.013 0.0078 0.0075 0.0046 0.0032 0.0058
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Fig. 19. Regeneration cycle efficiency of adsorbent on adsorption.

The reusability of lignin/alginate/hydroxyapatite beads
was examined by adsorption-desorption experiments.
Desorption experiments were carried out in 0.1 M NaOH
solution as eluent. A mixture of NaOH and metal ions loaded
adsorbent was kept in an orbital shaker at room temperature
till equilibrium was reached. Filtered solutions were ana-
lyzed with an atomic adsorption spectrometer for residual
metal ions concentration. The results from four consecutive
adsorption-desorption experiments showed that the devel-
oped beads can be used multiple times without consider-
able loss in adsorption efficiency. The removal efficiency
remained above 79% after four successive cycles. For regen-
eration study optimized parameters of Cu(ll) and Ni(II)
were taken with initial concentration 100 ppm; C3 ratio for
lignin composite beads; time 30 min and pH 5. Figs. 18 and
19 show the change in % adsorption efficiency and adsorp-
tion capacity with increased in the regeneration cycle, which
showed that % removal and g, (mg/g) slightly decreased with
the increase in adsorption—desorption cycle.

4. Conclusion

The present study focused on the development of eco-
friendly lignin/alginate/hydroxyapatite beads as an adsorbent

for the efficient removal of Cu(Il) and Ni(Il) ions from an
aqueous solution. Results showed that the removal efficiency
of adsorbent was dependent on contact time, pH, initial con-
centration and adsorbent dose. The adsorption of Cu(Il) and
Ni(II) ions of lignin/alginate/hydroxyapatite beads followed
the pseudo-second-order kinetic model and Langmuir iso-
therm model. The adsorption capacity was enhanced with
the increase of lignin content in beads. The maximum adsorp-
tion capacity for Cu(Il) at pH 5 with initial concentration
100 ppm at equilibrium time of 30 min was 79.67 mg/g while
for Ni(II) it was 71.18 mg/g at pH 7 with an initial concentra-
tion 100 ppm at equilibrium time of 60 min on C3 (60% lig-
nin). The reusability of lignin/alginate/hydroxyapatite beads
showed 79% removal efficiency after four successive cycles.
Results showed that lignin/alginate/hydroxyapatite compos-
ite beads have good potential as an adsorbent material for the
removal of heavy metal ions from an aqueous solution.
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