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In this research work, a hybrid biocomposite based on N-maleated chitosan, amino-thiocarbamate functionalised
calcium alginate and anhydrous Titania nanoparticles (NMC-MCA-TiO2) was fabricated. The study involves the
one pot facile synthesis of N-maleated chitosan and amino-thiocarbamate functionalised alginate under moderate
conditions. Sorbent was conditioned in the form of hydrogel beads and characterized through FT-IR and SEM
analysis. Newly grafted functional groups could act as potential chelating sites for enhanced Cu(Il) sorption.
Modified biopolymers were organo-functionalised which provided excellent support for immobilization of
Titania nanoparticles (TiO2) as inorganic filler. Kinetic data illustrated the manifestation of intrinsic chemi-
sorption instead of simple bulk/film diffusion. Equilibrium sorption data fitted well with Freundlich adsorption
model (R? ~ 0.99) which designated the heterogeneous nature of sorbent. Maximum sorption capacity of bio-
sorbent was found 192 mg/g at 298 K and pH = 6.0. Standard Gibbs free energy change AG® (—21.53, —21.97,
and — 22.42 kJ/mol), standard enthalpy change AH® (5.12 kJ/mol) and standard entropy change AS°® (0.09 kJ/
mol K1) values suggested that the sorption process to be spontaneous and endothermic. The sorbent 3NMC-
MCA-TiO3 could be competitive candidate for economical and rapid adsorptive removal of Cu(I) from dilute

contaminated liquids.

1. Introduction

Hypertoxic heavy metal remediation from waste water containing
dilute concentration of contaminants is particularly challenging on ac-
count of their bioaccumulation and adverse effects on our biological
ecosystem [1]. Therefore, environmental risk management associated
with remediation of toxic metal from areas having limited water re-
sources has been a hot topic in recent research. Copper is among the
major heavy metal pollutants liberated extensively as industrial and
agricultural wastes which induces serious health concerns to living or-
ganisms at concentrations exceeding 1.3 mg/L as per EPA (Environ-
mental Protection Agency) recommendations [2,3]. In human body, the
paramount importance of copper traces for normal homeostasis and
haemoglobin functioning is well-known. However, copper poisoning
may also lead to gastrointestinal illness, hypertension, emesis, Wilson's

disease, insomnia, cancer, hepatic disorder and renal failure. Therefore,
several physiochemical, chemical, electrochemical, and biological
methods have recently been developed to sequestrate copper from dilute
aqueous solutions [4]. The frequently practised conventional methods
related to remediation of copper from polluted water include: chemical
precipitation [5], floatation [6], coagulation [7], electro-deposition [8],
ion-exchange methods [9], reverse osmosis [10], adsorption [11] and
membrane filtration [12] etc. Adsorption is considered as a potential
and most promising method for small-scale recovery of metal ions on
account of its easy operation, appreciable efficiency, reusability of ma-
terials and low cost. In this context, several types of organic and inor-
ganic adsorbent materials have been reported for effective copper
removal. [13-22]. Biosorbents with biological origin have attracted
more interest in recent studies because of their economic and environ-
ment friendly approach.
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Chitosan and alginate based polysaccharides have been found as
promising biosorbents for the sorption of heavy metal ions from polluted
water [23]. Chitosan is a linear polysaccharide having intrinsic
chelating ability owing to the presence of amino and hydroxyl func-
tionalities. It could be derived economically and in good yield from
chitin after basic deacetylation. Moreover, physicochemical properties
of chitosan could be improved through several interesting chemical
modifications [9,24]. Sodium alginate (SA) is an natural biopolymer
which is generally extracted from brown seaweed having linear mo-
lecular chains of p-D-mannuronate (M) and a-L-guluronate (G) with
numerous hydroxyl (-OH) and carboxylic (-COOH) groups attached over
it [25]. Ionotropic gelation of SA with divalent cations such as Ba®*
Ca2*, Sr2* and Fe3* produce three-dimensional metal crosslinked gels
[26]. Recent researches have reported this green biopolymer as
nontoxic, biodegradable, biocompatible, abundant and environment-
friendly thus proposing it as an effective candidate for convenient re-
covery of heavy metals from aqueous media [27]. However, less sta-
bility, poor water resistance and serious thermal degradation associated
with it might lower its sorption capacity towards heavy metal ions owing
to loose molecular network of gels. So, a simple and effective solution is
to modify the chitosan and alginate network to produce chemically
modified derivatives with suitable structures possessing high sorption
capacity and mechanical strength [28]. Moreover, several novel surface
modifications and compositions with inorganic fillers have been intro-
duced into chitosan and alginate matrix to induce good mechanical
strength [29-31].

In present work we fabricated a hybrid biocomposite based on N-
maleated chitosan/calcium alginate/titania (NMC-MCA-TiO3). The one
pot facile synthesis of N-maleated chitosan and amino-thiocarbamated
alginate under moderate conditions. These modifications provided an
excellent encapsulation for Titania nanoparticles (TiO3) as an inorganic
filler. After this physio-chemical functionalization the sorbent was
conditioned in the form of hydrogel beads. This modification introduced
variety of functional sites such as: -CO-CH=CH-COOH, -OH, -NH,, -O-
CS-NHNH; over the sorbent surface to improve overall efficiency and
sorption capacity of base biopolymers. The NMC-MCA-TiO; composite
beads were employed successfully for sorption of Cu(II) ions and found
highly efficient. Employed analytical techniques provided the evidence
of successful chemical modification and Cu(Il) sorption. The various
sorption parameters such as pH, temperature, sorbent dosage, contact
time and initial metal concentration were investigated and optimized for
enhanced Cu(Il) sorption. Kinetic and isothermal sorption studies were
carried out in detail to understand the sorption phenomenon. The
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Fig. 1. Stacked FTIR spectra of newly developed sorbent (3NMC-MCA-TiO,)
and Cu(Il) adsorbed 3NMC-MCA-TiO5,
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sorption mechanism of Cu(II) using NMC-MCA-TiO5 composite beads
was also proposed accordingly.

2. Experimental
2.1. Required chemicals

Chitosan (CS, mol. weight 8.55 x 10° kDa, highly pure, dynamic
viscosity equals to 50-800 mPa.s, degree of deacetylation D.D. > 80 %)
and sodium alginate (SA, purity >99.5 %, guluronic acid ratio equals to
35.5 %) was supplied by Chem. Pure chemical company, pvt. Ltd.
(Lahore, Pakistan). Dimethyl sulfoxide solvent, DMSO (99.5 %), Thio-
semicarbazide (TSC, 99.9 %), Maleic anhydride (MA, 99.5 %),
Epichlorohydrin (ECH, 99.8 %) and Formic acid (99.8 %), CaCly (re-
agent grade) were Sigma-Aldrich products and were utilized without
further treatment. Copper (1000 ppm) stock solution was prepared by
dissolving appropriate amount of Copper (II) nitrate hexahydrate
(99.99 %, Merck) in ultrapure water.

2.2. Instrumentation

FT-IR characterization of the sorbent (3NMC-MCA-TiO3) and pre-
cursors were carried out using Nicolet, Magna-550 spectrometer
equipped with a diamond crystal, at scanning range of 4000-500 cm ™,
Apparent texture and surface morphology was studied by FE-SEM
(JEOL, JSM-7500F) scanning electron microscope which could achieve
a resolution of 1.5 nm at 1 kV. Smooth and continuous rotational uni-
form sorption was performed in the form batch mode operation using
Orbital shaker (Model: JISICO, Germany). Copper concentrations were
estimated on ICP-OES (iCAP-7600, Thermo Fischer Scientific, UK) and
some samples were also analysed on AAS (iCE-3000 series, Thermo
Fischer Scientific, UK).

2.3. Synthesis of biocomposite (NMC-MCA-TiO2)

Chitosan was organo-functionalized with maleic anhydride as per
our previous reported work [32]. In first step, CS (4.0 g) and maleic
anhydride (4.0 g) were taken in a round bottom flask containing DMSO
(100.0 mL) and stirred for 1 h. Then, contents were refluxed at 90 °C for
8 h. The product (NMC) was obtained by quenching the reaction using
acetone (200.0 mL). Solid product filtered, rinsed with acetone and
vacuum dried. Secondly, SA (4.0 g) and TSC (2.0 g) were mixed in
another round bottom flask containing deionized water (100.0 mL).
Mixture was refluxed at 100 °C for 4 h with continuous stirring [33].
After reaction, the thick slurry of modified SA was equally distributed to
four labeled beakers i.e., I, II, III, IV. Equal amounts of NMC i.e., 1.0 g
was added to these beakers. Then, variable amounts of rutile (TiOs) i.e.,
0.050, 0.075, 0.100, 0.150 g were added to labeled beakers, respec-
tively, to get different composition of TiO3 in NMC-MCA (5.0-15.0 % by
weight). The contents of beakers were thoroughly stirred for 1.5 h which
lead to the homogeneous mixtures. After that, hydrogel beads were
formed by ionotropic gelation using CaCly saturated solution and ob-
tained beads were designated as 1INMC-MCA-TiOz, 2NMC-MCA-TiOy/
TSC-CA, 3NMC-MCA-TiO5 and 4NMC-MCA-TiO», respectively.

2.4. Sorption and kinetic experiments methodology

A series of sorption experiments were conducted by preparing the
standard aqueous solutions of Cu(II) by adding appropriate calculated
amounts of copper salt in deionized water. The experiments were per-
formed at optimized pH value 6.0 by shaking 180 mg of hydrogel beads
with 25 mL of standard Cu(II) solution over wide concentration ranges
(25-300 mg/L) for 3 h equilibrium time as observed in kinetic studies in
incubate shaker at different temperatures (298, 303 and 308 K), at
rotation speed of orbital shaker at 150 rpm to ensure better diffusion.
Similar conditions were employed in kinetic experiments as well by
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Fig. 2. High resolution optical images of 3NMC-MCA-TiO hydrogel composite beads: (a) before Cu(II) sorption, (b) After Cu(Il) sorption.

shaking 180 mg freshly prepared hydrogel beads with 25 mL of each
modelled aqueous Cu(Il) solution (25, 50 and 100 mg/L) at room tem-
perature. Several aliquot portions (every time 1.0 mL) of reaction
mixture were gathered after specific time periods followed by appro-
priate dilution and equilibrium concentrations were determined by ICP-
OES. Volume correction factor was also taken into account to find out q¢
values. The sorption experiments designed for isothermal, kinetic and
other sorption studies were carried out in order to investigate suitable
conditions for better sorption of metal ions inside the 3D biopolymer
matrix. Furthermore, calculations of different sorption experiments
were made on dry weight basis of hybrid biosorbent to calculate various
sorption parameters as reported previously in literature [34]. Several
experiments were conducted in duplicate followed by nonlinear
regression analysis engaging Origin software 2017. Errors were esti-
mated through statistical analysis and have been inserted on data points
in the form of error bars.

3. Results and discussion
3.1. Material characterization

3.1.1. FT-IR analysis

Fig. 1 shows the FTIR spectra of sorbent (3NMC-MCA-TiO5) before
and after loading of Cu(Il) ions. The analysis of characteristic stretching
frequencies of different vibrational modes in 3NMC-MCA-TiO5 and Cu
(I1) loaded biosorbent was performed in the range of 4000-500 cm . In
3NMC-MCA-TiO, spectrum, an intense and broad peak at 3500-3150
em™! is observed by overlapped peaks due to polar -OH, -NH and -NH,
groups. The peak broadness could be attributed to high density inter-
molecular hydrogen bonding in modified chitosan and alginate struc-
tures. The peak located around 1500-1400 cm ™! is the characteristic
peak due to stretching frequency of C=S group [25]. Successful

adherence of amino-thiocarbamate (-OCS-NHNH,) groups over bio-
sorbent is confirmed by the peaks of C=S, -NH and -NH; groups. The
other well-known absorption bands at around 1600-1550 cm™! and
1100-1000 cm ™! are associated with stretching vibrations of peptide
bonds (-CONH) and ethereal linkages (C-O-C), respectively [35]. Ab-
sorption bands around 2850-2800 cm ™! and 2950-2900 cm™! in the
form of two small peaks emerged due to stretching frequency of C—H
bonds in methylene (-CH;) and methine (-CH) groups. Stretching bands
in fingerprint region appears at about 590-560 cm ™! relates to the
intrinsic stretching vibrations of Ti-O-O bonds thus verify the successful
intercalation of TiO9 species over NMC-MCA and existence of strong
interactions between TiO, based polar groups and binding sites of
modified alginate and chitosan [36]. However, it is noteworthy to wit-
ness the shifts of many bands in the FTIR spectra after the sorption of Cu
(ID. The chemical shifts to high wavenumbers and diminished intensities
of absorption bands might be attributed to the change in chemical
environment of biosorbent. The electron-rich donor sites of biopolymer
are prompt to transfer their electron density to vacant orbitals of Cu(II)
ions to generate sorbent-Cu bonds by adsorption, complexation or ion-
exchange interactions.

3.2. SEM analysis

Optical images of employed freshly prepare hydrogel beads of
3NMC-MCA-TiO, before and after copper sorption using high resolution
camera are displayed in Fig. 2a-b. The hydrogel beads pose white texture
which confirm the successful immobilization of TiO3 nanoparticles into
porous alginate and chitosan network. The hybrid biocomposite beads
exhibit uniform and homogeneous texture which might be attributed to
the better miscibility and equal distribution of rutile nanoparticles. It
might also be the result of strong interactions between hydrophilic TiO»
species and polar functionalities of NMC-MCA, as reported earlier [36].

~ (100 um) "

Fig. 3. Magnified SEM images of 3NMC-MCA-TiO, hydrogel composite beads: (a) before Cu(II) sorption exposed at the scale of 100 pm, (b) after Cu(II) sorption

exposed at the scale of 100 pm.
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Fig. 4. The effect of equilibrium pH on the sorption capacity (q.) of 3NMC-
MCA-TiO, hydrogel composite beads for Cu(Il) ions from aqueous solution.
(conditions: equilibrium sorption time = 3 h, pH = 2.5-7.0; S.D. = 0.40 g/L; C,
= 100 mg/L; stirring rate = 150 rpm; Temperature = 298 K).

The colour transformation of hydrogel beads from white to golden green
followed by sorption of Cu(Il) is apparent in Fig. 2b. The successful
loading of copper species by transfer of electron density from polar
functional sites of modified biosorbent holding electron pairs for
complexation i.e., —OH, — NHy;, — C =S, — OCSNHNHj to electron-
deficient central copper metal. Fig. 3a-b show the SEM micrographs of
3NMC-MCA-TiO, hydrogel beads before and after the sorption of Cu(II)
exposed at the scale of x10,000 depicting the surface morphological
features. By examining the morphology of sorbent in Fig. 3a, surface
seems to be quite irregular, convex and widely porous along with
intercalated aggregates of rutile nanoparticles into the matrix, indi-
cating strong interactions among polar hydroxyl, amino-thiocarbamate
groups and TiOy in TSC modified alginate. Heterogeneous distribution
of rutile nanoparticles into the three-dimensional network of modified
alginate increases the overall surface area and intrinsic diffusional
porosity of sorbent that eventually provides more sorption space for
copper ions to get adsorbed. Fig. 3b shows an SEM image after sorption
where Cu(Il) ions filled up the interstitial spaces by forming thin layers
and the surface appears relatively uniform, granular and homogeneous.
Moreover, slightly swollen porous structures with cracks on sorbent
surface followed by sorption could also be observed.

@by ~0 — €S ~ NHNH{ €I + [CuCly]™ ——» (@olyma)~ 0 - €S~ NHNH] [CuCly]” + CI”
@m0 - €S~ NHNH] + Cu* ——— 2 -0 —CS— NHNH, .Cu?* + 2H*

COOH + ¥t — (—c00)2.Cu2++ 2H*

3.3. Effect of medium pH and Cu(II) uptake mechanism

Medium pH measures the hydrogen ion (H) potential in sorption
system and pose significant influence on solubility, chemistry, distri-
bution of metal species in solution along with surface charge and
binding ability of biosorbent [37]. Therefore, the influence of pH on
sorption capacity of 3NMC-MCA-TiOy during Cu(Il) removal was
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Fig. 5. Effect of TiO, to NMC-MCA mass ratio on the sorption capacity during
removal of Cu(Il) ions from aqueous solution.

examined by conducting a set of sorption experiments with varying pH
from 2.5 to 7.0 at room temperature. The range of this working pH was
selected to avoid Cu(Il) precipitation to its hydroxide Cu(OH), at pH
above 7.0. The trend of changes in sorption capacity (qe) of produced
hybrid biosorbent for Cu(II) ions sorption with equilibrium pH is shown
in Fig. 4. The graph reveals that sorption capacity (qe) for hybrid bio-
sorbent is greatly influenced by solution pH owing to metal ion chem-
istry in solution. The sorption capacity increases gradually with increase
in pH till the maximum value of sorption capacity qn (57 mg/g) was
observed at pH 5.5-6.0. At pH < 2.5 small yet appreciable sorption
capacity (10-12 g/mg) is observed, this is because some Cu(Il) species
might produce anionic complexes [CuCls]~ with free Cl™ in solution and
then get exchanged with counter anion (Cl™) of protonated functional
groups. Moreover, sorption capacity was obvious low because of
repulsive forces among Cu" species and positive charge bearing sorbent
surface at low pH. This can be explained on account of proton uptake by
primary binding sites of hybrid biosorbent (-OH, -NHg, -COOH, C=S, -O-
CS-NHNH3) in the presence of high concentration of powerful reducing
H' ion activity and subsequent change into protonated forms i.e.,
—OH3, — NH4, — COOHZ, C=SH', —OCSNHNH3. The aforementioned
explanation could be proposed in general chemical equations presented
as Egs. (1) to (4):

—NH; CI" +  [CuCls]™ —— Polymed)— NHS [CuCl;] +CI-

€9)

@

3

(€3]

However, a gradual increase in sorption capacity of biosorbent from
28 to 57 mg/g was found in the pH range 3.0-6.0. This can be explained
by respective decrease in active hydrogen H' potential and increased
feasibility for Cu?" ions to get chelated with electron rich functional
sites over neutral surfaces of modified biosorbent. Therefore, the
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Fig. 6. Effect of 3NMC-MCA-TiO, dose on the sorption capacity and sorption
efficiency during removal of Cu(Il) ions from aqueous solution. (Conditions: pH
= 6.0; S.D. = 0.1-0.9 g/L; C, = 100 mg/L; stirring rate = 150 rpm; Temper-
ature = 298 K).

binding ability of developed sorbent increases with pH up to 6.0 and
beyond this value starts dropping due to the formation of insoluble
metal hydroxide species i.e., Cu(OH),. Hence pH 6.0 was found as an
optimum value in designing the sorption experiments and elaboration of
kinetic, equilibrium and thermodynamic parameters.

3.4. Optimization of TiO2/NMC-MCA mass ratio and sorbent dose

The variable amounts of rutile (TiO5) i.e., 0.050, 0.075, 0.100, 0.150
g were immobilized in constant mass of modified hybrid composite
(NMC-MCA) to get different composition of NMC-MCA-TiO». (5.0-15.0
% by weight). The role of composition upon sorption capacity is shown
in Fig. 5, it is obvious from the plot that sorption capacity increases with
the increase in TiO5 amount till the prominent increased sorption ca-
pacity was obtained using 3NMC-MCA-TiO, hydrogel beads for Cu(II)
sorption (i.e.,10.0 % by weight of modified biopolymer). Heavy metal

International Journal of Biological Macromolecules 216 (2022) 676-685

removal from wastewater is much dependent on sorbent dosage (S.D.) of
sorbent especially at commercial scale [38]. Hence, optimization of
sorbent dose was a key contributing factor for acquiring prominent
removal efficiency and sorption capacity of Cu(Il) using 3NMC-MCA-
TiO4 hydrogel beads. Multiple adsorption-desorption, ion exchange and
other mechanisms are involved in the sorption process before the
equilibrium stage [39]. At environmental scale, sorbent with appre-
ciable S.D. values ensure a high sorption efficiency while dealing with
extremely low metal ion concentrations sorbents with high sorption
capacities are preferred. Therefore, the relationship among sorption
capacity and sorption efficiency versus sorbent dose was studied. The
sorption capacity decreases with increase in sorbent amount for given
volume of solution using 3NMC-MCA-TiO, hydrogel beads in the range
0.1-0.85 g/L as shown in Fig. 6. Maximum sorption capacity of 120 mg/
g was observed when 0.1 g/L sorbent was employed and it further
dropped to 34 mg/g at S.D. value of 0.85 g/L. This downfall of q. might
speculate that plenty of Cu(Il) species are present over the sorbent sur-
face forming aggregates so not enough free metal ions are available to
saturate the active sites of composite biosorbent. The active functional
sites like amino-thiocarbamate (-O-CS-NHNH,) grafted over sorbent
might not find sufficient Cu®* ions to interact with and form complexes.
The negligible q. values after a certain value of S.D. suggests that Ce is no
more dependent on sorbent concentration. Moreover, sorption effi-
ciency increases gradually with increase in sorbent dose but this trend
gradually slows down, as shown in Fig. 6. Increase in sorbent dose of
3NMC-MCA-TiO; hydrogel beads from 0.1 to 0.85 g/L increases the
sorption efficiency for Cu(Il) from 30 % to 66 %. This ascending curve
for removal efficiency might be indication of abundant and readily
available sorbent binding sites for Cu(Il). Finally, 0.35 g/L sorbent dose
of 3ANMC-MCA-TiO, was found effective to achieve high values of both
sorption efficiency and sorption capacity for Cu(Il), and were preferred
for further kinetic and equilibrium studies.

3.5. Kinetic study

Sorption kinetics helps to evaluate the rate of sorption, time required
to attain the equilibrium stage and intrinsic sorption mechanisms under
different metal concentrations in aqueous solution [40]. Each sorption
experiment with different set of Cu(II) concentration was carried out in

60 20
B 25mg/L
4= a4, = 55 myiy ® S0mgL
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Fig. 7. The nonlinear and linear kinetic profiles of Cu(Il) sorption using 3NMC-MCA-TiO, hydrogel composite beads for different initial metal concentrations i.e., 25,
50 and 100 mg/L, where PSORE and PFORE models are simulated by solid and dotted lines, respectively.
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Table 1
Kinetic models parameters for Cu(Il) sorption using 3NMC-MCA-TiO,.
Sorbent
PFORE
Co (Mg/  Qe1 exp k; x 1072 Qe cal (mg/ R2
L) (mg/g) (min™") 2
11.52 +
25 12 4.602 + 0.007 0.32 0.91
24.48 +
50 25 5.429 + 0.004 0.40 0.97
100 53 4.318 + 0.006 46.64 & 0.91
1.33
PSORE
Co(Mg/  Gezexp ko x 107%(g/mg. Qe ca (mg/ o
L) (mg/g) min~") g)
13.47 +
25 12 3.97 £ 0.003 0.21 0.99
27.03 +
50 25 2.32 + 0.009 017 0.99
53.88 +
100 53 0.99 + 0.009 0.85 0.99
RID (W & M plot)
C, (mg/ kiq (mg/g min’ N
L 05 C R
3NMC-MCA- 2.00 + 0.05 ;‘715 = 0.99
Ti0, 2284
25 3.97 £ 0.08 0.27 0.99
—4.62 +
8.01 £+ 0.22 0.65 0.99
5.70 +
0.58 + 0.06 0.54 0.97
10.61 +
50 1.29 £ 0.16 112 0.96
23.75 +
2.22 +£0.31 2.62 0.96
9.03 +
0.25 £ 0.03 0.45 0.86
19.47 +
100 0.39 £+ 0.07 0.97 0.80
36.12 +
1.00 + 0.14 1.80 0.86
Elovich model
C, (mg/ P 2
L B (g/mg) o (mg/ g min~") R’
25 0.40 2.50 0.98
50 0.21 1.08 0.98
100 0.10 10.44 0.98

duplicate. The kinetic sorption profiles reveal change in instantaneous
sorption capacity (q) of SNMC-MCA-TiO, with respect to contact time
(t) at various initial Cu(II) concentrations i.e., 25, 50 and 100 mg/L as
shown in Fig. 7. The rising kinetic profiles could be segmented into three
separate small segments of time for better explanation of sorption re-
gimes. Rapid sorption was observed during initial 15 min, gradual in-
crease in sorption capacity that is from 1 to 5, 1-10 and 1-20 mg/g is
observed at initial Cu(Il) concentration of 25, 50 and 100 mg/L,
respectively. It might be due to the availability of unoccupied active sites
or absence of any intrinsic diffusion resistance for accessibility of metal
ions to sorbent surface. However, as sorption proceeds the binding sites
gradually get occupied and subsequent deceleration in sorption rates is
observed. Therefore, in next 15-30 min sorption continues at relatively
slower rates and sorption capacity increases from 5 to 8, 10-18 and
20-35 mg/g for 25, 50 and 100 mg/L of Cu(ll) initial concentration,
respectively. A further decrease in sorption rate was experienced from
30 min to onward contact time and sluggish increase in q; was recorded
until it reached the equilibrium stage in 3 h. When all the active sites are
engaged with metal ions, surface of hydrogel beads becomes saturated
and kinetic curve could be perceived parallel to time axis. The sorption
capacity values of 3SNMC-MCA-TiO, hydrogel beads at equilibrium were
found to be 12, 25 and 53 mg/g at 25, 50 and 100 mg/L of Cu(Il) ion
concentration. Agitation of adsorption system was set at appropriate
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Fig. 8. Weber and Morris plots for depicting the role of intra-particle diffusion
for Cu(Il) sorption using 3NMC-MCA-TiO, hydrogel composite beads for
different initial metal concentrations i.e., C, = 25, 50 and 100 mg/L.

rate, so possibility of bulk/film diffusion by metal aggregation or pre-
cipitation could be simply neglected. Aiming to discover the main
contributing factors upon sorption mechanism before equilibrium,
conventional kinetic sorption models i.e., pseudo first order (PFO),
pseudo second order (PSO), resistance to intra-particle diffusion equa-
tion (RIDE) and Elovich chemisorption models were engaged to inter-
pret the sorption data.

Lagergren PFORE and Blanchard PSORE, rate equations are pre-
sented as Egs. (5) & (6) respectively [41].

o - kee-a) ©)
d
% =k (q.—q,)’ (6)

After integration and by applying boundary conditions on Egs. (5) &
(6), linear expressions for PFORE and PSORE can be written as Egs. (7)
and (8), respectively.

k
log(g. — q:) = log(q.) — (m)t )
t 1t
4 (€)]
q kg q

where, q; and ge represent the amounts of Cu(Il) adsorbed per unit
weight of SNMC-MCA-TiO; at any instant t and at equilibrium, while k;
and ko are the rate constants for PFORE and PSORE expressions,
respectively.

The kinetic profiles of Cu(II) sorption using 3NMC-MCA-TiO,
hydrogel composite beads for different initial metal concentrations i.e.,
25, 50, 100 mg/L, where PSORE and PFORE models are simulated by
solid and dotted lines, respectively, are shown in Fig. 7, while the
evaluated kinetic parameters using different kinetic models are sum-
marized in Table 1. It could be established that R? for PSORE is relatively
higher and closer to one than that obtained by applying PFORE. More-
over, estimated q. values by engagement of PSO rate equation seems
more comparable with experimentally measured q. values. It indicates
that PSORE model shows better agreement with kinetic phenomenon
and rate limiting step depends on intrinsic chemisorption instead of
simple bulk/film diffusion as per PSO assumptions. Various chelating
sites over 3NMC-MCA-TiO; like amino, hydroxyl, amino-thiocarbamate
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Fig. 10. Equilibrium Cu(Il) sorption profiles using 3NMC-MCA-TiO, (Condi-
tions: pH = 6.0; S.D. = 0.40 g/L; C, = 100 mg/L; stirring = 150 rpm; Temp. =
298, 303 and 308 K). Langmuir and Freundlich models are simulated by solid
and dotted lines, respectively.

etc., are involved in sorption of Cu(II) by complex formation, however,
oxidation state of Cu, density and nature of sorbent chelating sites have
significant impact on sorption rates. Decrease in ko values i.e., 3.97
+0.003x1073, 2.3240.009%x102 and 0.9940.009x10~3 g/mg.min"!
at 25, 50 and 100 g/L of Cu(Il), respectively, show that sorption rates for
Cu(II) decrease with increase in initial concentration.

Contribution from Intra-particle diffusion in sorption rate was ana-
lysed by applying kinetic data to RIDE model. Fickian's RIDE equation is
presented as Eq. (9) [42].

g = kigt™> +C 9
where, q; is the adsorbed amount of Cu(II) per unit weight of biosorbent
at time t (mg/g), kiq is the RIDE constant and C is the intercept of plot q¢
vs t%3. Fig. 8 shows Webber and Morris plot of g, vs > sectioned into
multi-linear segments with each affording different values of slopes and
intercepts which indirectly supports the presence of variable pore sizes
and diverse porous regimes over the surface of hybrid biosorbent.
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Table 2
The sorption parameters obtained by applying data to Freundlich and Langmuir
models during Cu(II) sorption using 3SNMC-MCA-TiO, at different temperatures.

Sorbent
3NMC-MCA- Langmuir
TiO, Temp. Qm (mg/g) K. x 1072 (L/ R?
(X) mg)
298 191.50 + 1.46 + 0.0002 0.98
12.60
303 198.15 + 1.43 £+ 0.0002 0.98
13.28
308 204.94 + 1.41 + 0.0002 0.98
13.98
Freundlich
Temp. K¢ (mg'™ L" n 1/n R?
) /8)
298 10.49 + 0.59 1.95 + 0.04 0.51  0.99
303 10.46 £+ 0.56 1.93 + 0.04 0.52 0.99
308 10.45 + 0.54 1.90 + 0.04 0.53  0.99

Table 1 presents the values of R? for RID profile along with Kiq and C.
Data indicates that resistance to pore diffusion is prominent in the start
when fast kinetics is observed due to the porous sites for metal attach-
ment and three-dimensional porous structure of biosorbent. However,
with adsorption of Cu(Il) role of diffusion resistance become insignifi-
cant and sorption rates are decelerated. Moreover, the first linear seg-
ments in RID kinetic profile do not pass through the origin and might
suggest that sorption rates cannot be explained solely by RID model.

Further kinetic studies data was applied to Elovich Chemisorption
model presented as Eq. (10) [43].

gt = lln(arﬂ) +% in(t) (10)

p

where, o and p are initial adsorption rate constant and desorption con-
stant, respectively. The Elovich kinetic profiles for Cu(Il) sorption over
composite beads are shown in Fig. 9. The evaluated values of initial
adsorption rate constant («) and Elovich constant (B) for different Cu(Il)
concentration are given in Table. 1. It is evident that ascending values
for a (2.50, 1.08, 10.44 mg/g.min"" are relatively higher than f (0.40,
0.21, 0.10 g/mg), respectively. It might be deduced that 3SNMC-MCA-
TiO4 exhibits plenty of functional sites over the surface like amino -NHj,
hydroxyl -OH, carboxyl -COOH, amino-thiocarbamate -O-CS-NHNH;
etc., which are easily accessible to Cu(II) ions for developing interactions
and get chemically adsorbed.

3.6. Adsorption study

Sorption isotherms provide an insight into extent of metal ions
adsorption onto biosorbent surface and affinity of metal ions with sor-
bent active sites at different operational temperatures revealing valuable
information about sorption process. Isothermal sorption profiles in the
form of nonlinear plots between equilibrium sorption capacity (qe) of
3NMC-MCA-TiO hydrogel beads and equilibrium concentration (Ce) at
different temperatures i.e., 298, 303 and 308 K are shown in Fig. 10. The
progressive increase in g, with C. corresponds to Type-I type sorption
isotherm. The profiles tend to be flatten upon achieving sorption
desorption equilibria. The sorption data was interpreted using different
sorption models such as Langmuir, Freundlich, Redlich-Peterson,
Dubinin-Radushkevich and Temkin model. The sorption data could be
well explained using Langmuir and Freundlich models, nonlinear ex-
pressions of these two models are expressed in Egs. (11) and (12),
respectively.

q kLCe
m 11
4 =7 + k. Ce an
g =k Cof 12)
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Fig. 11. Plot showing the variation of Langmuir equilibrium constant (Rp)
against initial Cu(Il) concentration (C,, mg/L).

In these mathematical expressions q. represents the adsorbed
amount of Cu(Il) in mg/g using SNMC-MCA-TiO at sorption desorption
equilibrium, gy, is the maximum amount of Cu(II) in mg/g which occurs
because of monolayer sorption on 3NMC-MCA-TiO,. Langmuir constant
k;, (L/mg) depict the extent of binding strength during metal sorbent
adsorbate interface. K¢ (mg'™.L"/g) is known as Freundlich empirical
constant which measures the relative affinity of metal ions to sorbent
surfaces and 1/n is the heterogeneity factor. Langmuir dimensionless
separation factor (Ry) measures the suitability of selected sorbent to-
wards target metal ions. It reveals that whether sorption is irreversible
(R, = 0), favourable (0 < Ry, < 1) or linear (R;, = 1). Meanwhile, het-
erogeneity factor (0 < 1/n < 1) also measures the tendency of sorption
system to be favourable. The obtained equilibrium sorption parameters
i.e., qm, Ky, Kr and n are given in Table. 2. These parameters were
evaluated through nonlinear fitting of the experimental data, where
solid and dotted lines correspond to the curves by applying Langmuir
and Freundlich expressions, respectively. The fitness of the curve could
be judged using correlation coefficient (R?). It is evident from the
Table 2 that sorption data of Cu(II) using 3SNMC-MCA-TiO; is in close
agreement with Freundlich model (R? ~ 0.99) as compared to Langmuir
model. It proposes that principal sorption phenomenon at heteroge-
neous surface of newly developed 3NMC-MCA-TiOy hydrogel beads
comprised of strong chemical interactions and chemisorption is the main
mode of sorption. Moreover, mutual interactions between adsorbate
species and non-identical sorbent binding sites also exist. Empirical
values of 1/n factor were found between 0 and 1 which suggest the
favourable copper sorption. The obtained K¢ values i.e., 10.49 + 0.59,
10.46 + 0.56 and 10.45 + 0.54 mg!™.L%/g at 298, 303 and 308 K,
respectively, suggest the existence of strong attractive forces between Cu
(ID) ions and sorbent active sites. Moreover, experimental Cu(II) sorption
findings also fall in good agreement with Langmuir model (R? ~ 0.98).
So, it may be speculated that 3NMC-MCA-TiO2 composite hydrogel
beads might exhibit a definite number of active sites with identical en-
ergies with each site being occupied by single solute specie without any
lateral interaction among solute molecules. Moreover, sorption is sup-
posed to be monolayer, sorption mechanism is expected to be pure
chemisorption and sorption system approaches state of dynamic equi-
librium as sorption and desorption of ions is reversible. Fig. 11 signifies a
non-linear plot of dimensionless parameter Ry, against a range of initial
Cu(Il) concentrations (C,) at different temperatures, which shows the
favourable sorption of Cu(Il) over 3NMC-MCA-TiO, beads at all tem-
peratures. The maximum monolayer sorption capacity (qm) values for
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Fig. 12. The plot InKq4 vs. 1/T (K™Y for Cu(Il) sorption from aqueous solution
using 3NMC-MCA-TiOg,

Table 3
Thermodynamic parameters AH®, AG®, and AS°® for Cu(II) sorption using 3SNMC-
MCA-TiO5,

Temp. AG® (kJ/ AHC (kJ/ AS° (kJ/mol. TAS® (kJ/ R?
K) mol) mol) K) mol)

298 —21.53 5.12 0.09 26.82 0.99
303 -21.97 27.27

308 —22.42 27.72

Cu(I) at different temperatures (298, 303 and 308 K) were computed as
192, 198 and 205 mg/g. It shows the substantial binding strength of
functional sites for Cu(Il) ions exist at all temperatures. Moreover,
3NMC-MCA-TiO, beads exhibit promising sorption capacity for Cu®" in
comparison to pure alginate (qy, = 106 mg/g) [40], and other previously
reported modified alginate based biosorbents for instance SA-PAM/GO
hydrogel composites (qn, = 68.76 mg/g) [44], amine-based functional-
ized graphene oxide/alginate hybrid composite GO-HMDA (q,,, = 98.18
mg/g) [45], core/shell-like alginate@polyethylenimine composites (qm
= 163.7 mg/g) [46] and functionalized Polyvinyl alcohol/sodium algi-
nate beads (qm = 97.2 mg/g) [47]. Table 4 summarizes the comparative
performance of 3NMC-MCA-TiO, with other sorbents of similar
structure.

Since, the feasibility of sorption is associated with Gibbs free energy
change (AG®) whereas standard enthalpy (AH®) and standard entropy
change (AS®) provide an insight into heat changes involved during
sorption process and randomness at sorbent adsorbate interface,
respectively. Thermodynamic parameters were evaluated using Van't
Hoff equation and Gibbs free energy equation, expressed as Egs. (14)
and (15):

AH  AS
InK; = ———4— 14
&g RT R 14)
AG = AH —TAS’ 15)

where T is temperature in Kelvin scale, K4 is the distribution constant
and R is known as general gas constant (8.314 J/mol.K). Fig. 12 reveals a
linear trend between InKq4 vs. 1/T. AH® and AS° values were computed
from slope and intercept of plot InKq vs. 1/T. while AG® was calculated
by utilizing the expression of Gibbs free energy change. The respective
increase in AG® values (—21.53, —21.97, —22.42 kJ/mol) at different
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Table 4
Comparison of 3NMC-MCA-TiO, with recently reported alginate-based sorbents for sorption of Cu(II) from aqueous solutions.
Sr. No. Sorbent Sorption model Kinetic model teq pH Qml Ref.
(min) mg Cu(Il)/g]

1. Magnetic silica coated iron carbide/alginate beads Sips PSO 60 4.5 37.73 [48]

2. Sodium alginate/poly vinyl alcohol//KMnO, biochar Langmuir PSO 1440 6.0 87.07 [49]

3. Poly-vinyl alcohol/alginate/poly-acrylamide Freundlich PSO 720 5.0 79.5 [50]

4. Alginate/starch ether composite (HIPS/SA) hydrogel beads Langmuir PSO 720 5.5 25.81 [51]

5. Alginate-g-poly(N-isopropylacrylamide) graft copolymer Langmuir - - 4.5 50.0 [52]

6. Mag-Ben/CCS/Alg hydrogel beads Langmuir PSO 920 5.0 56.79 [53]

7. Alginate/graphitic carbon nitride composites Langmuir PSO 110 6.0 168.2 [54]

8. Polyethyleneimine modified cellulose/sodium alginate (PEI-RCSA) hydrogel Langmuir PSO 480 5.5 177.1 [55]

9. GO@PAN-PPy/SA nanocomposite hydrogels Freundlich PSO 360 3.0 87.2 [56]

10. 3NMC-MCA-TiO,, Freundlich PSO 180 6.0 192 This study
temperatures suggests that Sorption of Cu(ll) is spontaneous and [4] K. Dermentzis, Removal of nickel from electroplating rinse waters using
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