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ABSTRACT

The present study evolved around the synthesis of trimetallic composite, manganese-zinc-cobalt
hydrous oxides nanoparticles anchored biochar (MZCB) nanocomposite (NC) for decontamina-
tion of water and wastewater polluted with Cu(Il) ions. The MZCB NC (27 nm) was characterized
using Fourier-transform infrared spectroscopy, scanning electron microscopy-energy-dispersive
X-ray spectroscopy and powder X-ray diffraction. Batch adsorption studies were performed and
the influence of different adsorption parameters (contact time, reaction temperature, solution
pH, adsorbent dose and initial adsorbate concentration) were examined. MZCB was found effec-
tive in removing (~98%) of Cu(Il) in 50 min at pH 5.0 while employing initial dose of 0.1 g and
300 mg-Cu(Il)-L". The adsorption experimental data was fitted to different adsorption isotherms
and kinetic models which exhibited best-fit models to be the general order kinetic model and
Redlich-Peterson adsorption model, respectively. The maximum uptake capacity of MZCB with
respect to Cu(Il) ions was found to be 312.58 mg-g™.

Keywords: Biochar; Manganese-zinc-cobalt nanocomposite; Kinetic modelling; Adsorption isotherms;

Cu(II) removal

1. Introduction

The global paucity of freshwater resources with con-
tinuous accelerated human demands for water have inten-
sified the exigency to preserve current water reserves for
sustainable growth [1]. The population explosion, industri-
alization, urbanization and advance agricultural practices
have resulted in unchecked release of wastewater loaded
with various pollutants into aquatic bodies [2]. Heavy metal
pollution has become a serious global issue causing sub-
stantial environmental damage and potential health dam-
ages to all living beings since these are extremely toxic,
persistent, non-biodegradable, and bio-accumulative in
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nature [3]. Copper [Cu(Il)], a highly persistent heavy metal,
has widespread applications in the manufacturing of pes-
ticides, fertilizers, paper, automotive and electronic equip-
ment [4]. Though Cu(Il) is considered as an essential trace
metal for optimal body functioning of living organisms,
however, its excess concentrations may pose serious health
issues including liver, kidneys, heart, pancreas and brain
disorders [5]. Cu(ll) toxicity has been found to be linked
with incidence of various neurodegenerative disorders such
as Alzheimer’s, Parkinson’s, and Wilson’s diseases [6,7].
Thus, the acute toxicity of Cu(ll) has urged the requisite
for its effective decontamination from environment.
Removal of heavy metals from wastewater is an
extremely challenging task. Multitude of water purification
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technologies including ion exchange, ozonation, membrane
filtration, chemical precipitation, coagulation and floccula-
tion, electro-dialysis, biological treatment, and adsorption
have been tested for removal of heavy metals from aque-
ous solutions [8-13]. Though, adsorption is considered a
highly compelling approach for heavy metals decontami-
nation owing to its convenient, efficient, and environmen-
tal-friendly nature.

Now days, utilizing agroforestry wastes-based nanoad-
sorbents for wastewater decontamination has garnered
immense focus owing to their widespread availability, low
cost and environment-friendly nature [13-15]. Rice straw
is produced as an agricultural byproduct during rice har-
vesting, which is often rejected as solid waste owing to
its low economic value, resulting in severe environmental
contamination. Thereof, altering the rice straw into biochar
for uptake of heavy metals could be a feasible approach
for environmental remediation. Biochar has been sug-
gested as a potential adsorbent for the removal of heavy
metals from wastewater [16]. However, the amalgamation
of metal nanoparticles of interest into biochar matrix may
result in enhancement of the specific surface area and sur-
face reactive groups, leading to profound sequestration
of heavy metals from aqueous media [17]. There has been
conducted extensive research which shows the effective
potential of metal/metal oxide biochar-based composites
for heavy metals sequestration [18-21]. KMnO, modified
hickory wood biochar removed 34.2 mg-Cu(Il)/g of adsor-
bent [22]. Sodium hydroxide activated biochar was found
capable of adsorbing Cu(Il) with an adsorption capacity
of 17.9 mg-g™ from mixed metal solution [14]. Effective
uptake of Cu(Il) was also reported by using nano magne-
sium oxide decorated corncob biochar at pH (5.0), achiev-
ing maximum adsorption capacity of 300.2 mg-g™ [13].
Jung et al. [23] reported the superior uptake efficiency of
manganese ferrite supported biochar, enabling adsorp-
tion of 295.2 mg-Cu(II)/g adsorbent.

Therefore, taking into consideration the plausible
effectiveness of biochar and nanomaterials toward viable
adsorption of heavy metals from aqueous environment,
the present study for the very first time has addressed the
synthesis and application of ternary metals hydrous oxides
nanoparticles doped rice straw biochar nanocomposite
for treatment of Cu(ll) polluted water. The prepared nano-
composites (MZCB) exhibited enhanced adsorption capac-
ity for Cu(II), which is much greater than already reported
adsorbents (Table 4) with an added advantage of consum-
ing less time to remove Cu(Il) ions from aqueous solutions
and requiring less stringent conditions for the adsorption,
making the adsorption process convenient and cost-effective.

2. Experimental section

All the chemical reagents used in this study were of ana-
lytical grade purity. The solutions were prepared in dou-
bly distilled water. Zinc sulfate monohydrate, manganese
sulfate monohydrate, sodium hydroxide and nitric acid
were purchased from Sigma-Aldrich, Steinheim, Germany,
and cobalt chloride hexahydrate and copper chloride dihy-
drate was obtained from Daejung Chemicals, South Korea.
Hydrochloric and sulphuric acids were procured from

Pakistan Council of Scientific and Industrial Research
(PCSIR) Lahore, Pakistan. All the chemicals were used as
received without further purification.

2.1. Synthesis of hydrous metal oxides nanoparticles doped biochar
(MZCB)

Rice straw was collected from paddy fields located
in Narowal, Pakistan. It was rinsed thoroughly with dis-
tilled water for removing adhered dirt and impurities and
dried in oven at 80°C for 24 h. The dried rice straw was
ground into fine powder and passed through 250 u sieve.
Subsequently, it was pyrolyzed at 600°C for 2 h in oxy-
gen deficient environment to yield biochar. For activation,
the fabricated biochar was contacted with 2% sulphuric
acid under constant heating and stirring for 90 min. The
resultant solution mixture was allowed to cool to room
temperature, residues were filtered and washed with dis-
tilled water until neutralized.

25 g of acid activated biochar was homogenously dis-
persed in 1 L distilled water under vigorous stirring. To this
suspension, 50 mL of 0.05 M cobalt chloride, zinc sulphate and
manganese sulfate solutions were added at slow rate under
vigorous stirring, followed by addition of 150 mL of sodium
hydroxide (1 M) for precipitation. The resultant suspension
was filtered, residue was washed with distilled water and
oven dried at 120°C. The as-fabricated biochar composite was
ground, stored in air-tight container and labelled as MZCB.

2.2. Characterization of MZCB

Scanning electron microscopy-energy-dispersive X-ray
(SEM-EDX) analysis were carried out using Nova NanoSEM
450 field-emission scanning electron microscope (FE-SEM)
for examining the surface morphology and chemical com-
position of MZCB. Attenuated total reflection-Fourier-trans-
form infrared spectroscopy (ATR-FTIR) was studied over
a range 4,000-600 cm™ by using Tensor 27 performed to
determine the surface functional groups of fabricated
biochar composite. The crystalline nature and phase of
sample was investigated by using X-ray Diffractometer
(D2-Phaser; Bruker, USA).

2.3. Adsorption studies

Batch experiments were conducted to investigate the
adsorption of Cu(Il) onto MZCB under varying conditions
of different experimental parameters (i.e., contact time, tem-
perature, solution pH, adsorbent dose and initial metal ion
concentration). For this purpose, stock solution of Cu(II)
(1,000 mg-L™) was prepared which was diluted to desired
concentrations as per requirement.

For optimizing the process parameters for optimum
metal adsorption, batch studies were performed by using
50 mL of Cu(II) ion solution (300-1,000 mg-L™) contained in a
conical flask with known adsorbent dosage (0.05-0.3 g). The
contents were contacted at 200 rpm for a given time period
(2-90 min) at different temperatures (30°C-70°C) and pH
(1.0-5.0). The pH of the solution was maintained with the
help of 0.1 M HCl and 0.1 M NaOH. Afterwards, the sam-
ple suspension was cannula filtered and the residual amount
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of Cu(Il) in filtrate was analyzed with the help of flame
atomic absorption spectrometer (PerkinElmer AAnalyst 200,
USA). The percentage removal efficiency (%RE) and the
concentration of adsorbate sorbed on adsorbent [adsorption
capacity (mg-g™), 4,,,] was calculated using Egs. (1) and (2).

o) _ Ci_Cf x
RE(A))_{ c }100 1)

v
qexp:(ci_cf)xw (2)

where C, (mg-L™") and G (mg-L™) are the initial and final
concentration of adsorbate in solution, respectively, V (L)
is the volume of solution and W (g) is the mass of adsorbent.

3. Results and discussion
3.1. Synthesis of hydrous metal oxides nanoparticles doped biochar

The MZCB was fabricated using rice straw biochar as
a template. Rice straw is composed of 45% cellulose, 25%
hemicellulose, 15% lignin, and 15% silica. It serves as an
appropriate carbonaceous precursor owing to its high lig-
nocellulose content. Biochar was synthesized under slow
pyrolysis (600°C) conditions in limited supply of oxygen
and volatilization of lignocellulose content of rice straw
during carbonization facilitated the development of porous
network in biochar. Manganese/zinc/cobalt hydrous oxide
nanoparticles were integrated into the porous network of
the biochar by using co-precipitation method. The fabri-
cated nanocomposite was characterized using different
techniques and investigated for its maximum scavenging
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capacity as a potential candidate for removal of Cu(Il), a
potential contaminant in industrial effluents.

3.2. Characterization of hydrous metal oxides nanoparticles doped
biochar

3.2.1. Fourier-transform infrared spectroscopy

FTIR spectrum of MZCB (Fig. la) presents a typical
spectrum of biochar equipped with major bands referring
to C, H, O bonds with some peaks indicative of silica which
is characteristic of rice straw biochar. The -OH groups due
to adsorbed water molecules in the nanocomposite gen-
erated signals of weak intensity in the spectra at 3,353 cm™
[24]. The peaks evidenced at 2,325; 2,085 and 2,000 cm™
correspond to C=C stretching and the band at 1,565 cm™ is
attributed to —COO stretching vibrations [25]. The appear-
ance of peak at 1,365 cm™ is related to —-CH, or —-CH, groups
[26]. The signal at 1,023 cm™ attributes to C-O stretching and
C-OH bending [25,26], while the peak at 786 cm™ is related
to Si-O-Si bond [27].

3.2.2. Scanning electron microscopy-energy-dispersive X-ray
spectroscopy

SEM-EDX analysis was conducted for investigating
surface morphological attributes and elemental compo-
sition of MZCB. SEM micrograph along with EDX map-
ping and elemental composition of MZCB is presented in
Figs. 1b and c, respectively. Fig. 1b displays aggregated
biochar particles (black) with homogenous deposition of
hydrous metal oxide nanoparticles (white) on its surface.
The image of MZCB exhibits that manganese, zinc and
cobalt hydrous oxide nanoparticles have fluffy texture,
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Fig. 1. (a) Fourier-transform infrared spectroscopy, (b) scanning electron microscopy micrograph, (c) energy-dispersive X-ray

spectroscopy and (d) X-ray diffractogram of MZCB.
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and present in agglomerated form above the biochar
matrix. These findings are in accordance with the previ-
ous studies [25]. Elemental composition is affirmed by
EDX spectrum, presented in Fig. 1c. Peaks of carbon (C)
and oxygen (O) are highly evident in the spectrum, with
weight percentages of 63.91% and 20.22%, respectively
owing to the biochar and presence of oxygen bearing func-
tional groups in the nanocomposite, while Si is present in
3.41% weight ratio, which is one of the dominant compo-
nents of rice straw. The quantitative data displays occur-
rence of Co (1.95%), Zn (2.43%) and Mn (2.21%) metals
in the nanocomposite. A small quantity of K is probably
present due to its occurrence in rice straw biomass while
Na is present due to NaOH used for co-precipitation.

3.2.3. X-ray diffraction and Brunauer—Emmett-Teller
analysis

Fig. 1d represents the powder X-ray diffractogram of
MZCB. The diffraction peak plane hkl (002) relates to C
and the peak broadness of which accredits the amorphous
nature of biochar [28]. The sharp peak appearing at hkl (110)
corresponds to quartz (main phase of rice straw charcoal),
which is in good accordance with JCPDS card no. 46-1045
[27,29]. The peak planes referring to hkl values of (011),
(012), (110) and (201) conform to Mn(OH), (JCPDS card
no. 73-1604) [30], while peaks corresponding to planes val-
ues of (101), (002), (110) and (103) are related to Co(OH),
which matches well with JCPDS card no. 45-0031 [31,32].
The diffraction peak planes ascribing to hkl values of (105),
(503) and (010) are indexed to Zn(OH),, which is in good
agreement with JCPDS card no. 38-0356 [33]. The low peak
intensity of metal hydroxides ascribes to their poor crystal-
line nature owing to smaller crystallite size suggesting the
formation of nanocomposite [25]. The particle size as cal-
culated from the Debye Scherrer equation comes out to be
27 nm confirming the formation of nanocomposite.

The obtained N, adsorption isotherms at 77 K for MZCB
is presented in Fig. 2. The total pore volume, pore diam-
eter and Brunauer-Emmett-Teller specific surface area
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for MZCB are 1.85 x 107 cm*g™, <2.6 nm and 29.52 m*g7,
respectively.

3.3. Adsorption studies

MZCB was investigated for its efficacy against Cu(II)
removal from aqueous solutions in batch mode as func-
tion of varying experimental conditions (contact time,
temperature, solution pH, adsorbent dose and initial
metal ion concentration).

3.3.1. Effect of contact time and adsorption kinetics

Contact time is an imperative function to be studied
during the adsorption experiments [34,35]. The influence
of contact time on the adsorption of Cu(Il) by adsorbent
(Fig. 3a) was investigated by agitating 50 mL of Cu(II) ion
solution (500 mg-L™) in conical flask with 0.1 g of adsorbent
at room temperature and initial solution pH 4.0 for different
contact period (2-90 min). In the initial phase, Cu(II) sorp-
tion occurred very rapidly due to bulk number of vacant
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Fig. 2. N, adsorption isotherms for MZCB at 77 K.
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Cu(lI) (b).
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reactive sites on the surface of nanocomposite enabling
binding with metal ions, leading to swift reaction rate.
The Cu(Il) ions uptake on MZCB augmented with incre-
ment in contact time until equilibrium stage was attained
at 50 min with RE of 66.5% (g, = 166.14 mg-g™). Other stud-
ies reported much higher time for uptake of Cu(ll) ions,
that is, 24 and 10 h by use of magnesium oxide nanopar-
ticles doped corn cob biochar and modified magnetic rice
straw biochar, respectively [13,36].

Adsorption kinetics explains the sorption rate of sol-
ute onto the adsorbent and is a highly prominent function
for evaluating the removal efficiency of an adsorbent and
getting insight into the adsorption phenomena. Different
kinetics models (pseudo-first-order [35], pseudo-second-
order [37], general order [38] and Elovich [39]) in non-linear
form mentioned in Egs. (3)-(6), respectively, were fitted to
experimental data (Fig. 3b).

q, :qa[l—exp(—k1 t)} 3)
t-k,-q’
=—2 Te 4
9 1+t-k,-q, @)
9,=9.- s )

(1/(17n))

[kS -(qi"fl))-b(n 71)+1}

3, = In(a-b-1+1)] (®)

where g, (mg-g™) is the concentration of adsorbent at time
t (min), g, (mg-g™) is the concentration at equilibrium, k,
(min™) and k, (g'mg"'min™) and k, (min”(g-mg™)"") are the
rate constants for pseudo-first, pseudo-second and gen-
eral orders, respectively, 4 (mg-g”-min™) is the initial rate
of adsorption, b (g:mg™) is the desorption constant and
n is the kinetic sorption order (n could be an integer or a
fractional value).

The best fitting of model was assumed from highest R?,
lowest reduced chi-square and standard deviation values,
and close accordance between experimental (9, p) and cal-
culated (g, ) adsorption capacity. The adoption data did
not converge to pseudo-first-order kinetic model (data
and model fitting is not presented in Fig. 3b), while other
three models registered good-fitting to the experimen-
tal data. However, general order kinetic model exhibited
best-fitting to the experimental sorption data as justified
by highest R? (>0.995) and close accordance between g, .
(168.15 mg-g™') and g, , (176.0 mg-g™) adsorption capaci-
ties. The goodness of fitting of adsorption data to general
order kinetic model indicates that there is a shift in orders
during the course of adsorption process [40]. In case of
Elovich model, the higher value of ‘a” denoted that the ini-
tial adsorption rate was high while the lower value of ‘b’
indicated lower desorption rate [41]. In addition, higher
value of ‘a’ and lower value of ‘b’ obtained also implicate
that adsorbent possesses bulk density of reactive sorption
sites and high electron donor potential [42]. The kinetic
modelling parameters are given in Table 1.

3.3.2. Effect of temperature and thermodynamic parameters

To examine the impact of temperature, a set of batch
experiments were performed by changing temperature
from 30°C-70°C, while keeping the other parameters [con-
tact time (50 min), adsorbent dose (0.1 g), Cu(Il) ion con-
centration (50 mL of 500 mg-L™) and pH (4.0)] constant.
Fig. 4a displays the influence of temperature variation on
the adsorption of Cu(Il) onto MZCB from aqueous solu-
tion. The % metal sorption efficacy improves with increase
in reaction temperature due to thermal activation of Cu(II)
ions which results in fast movement of metal ions, thus lead-
ing to high sorption performance [43]. The metal uptake
increased incrementally with rise in temperature up to
50°C, thereafter further increase in temperature recorded
negligible increase in sorption since equilibrium phase
was attained. The %RE increased from 66.55% to 73.07%
(9, 166.40-183.68 mg-g™) with increment in temperature
from 30°C to 70°C. Moreover, the desorption of bounded
metal ions may happen at elevated temperatures which
drops the removal efficiency of fabricated nanocomposite.

Thermodynamic parameters, that is, standard fee
energy change (AG®), standard enthalpy change (AH®) and
standard entropy change (AS°), are calculated using the
following equations:

AG = -RTInK,_ )
C
where, K. =—% 8
c=C (8)
AS° AH®
InK. = - 9
(T H ) g

where K, C, and C, are equilibrium constant, equilib-
rium concentration of the metal sorbed on the adsorbent
in mg'L?, and equilibrium concentration of metal in the
solution in mg-L™. R is ideal gas constant which value is

Table 1
Adsorption kinetics model fitting parameters

Model Parameter Cu(Il)
k, (min™) 3.31x10*
g 203.4
Pseudo-second-order q“f" (mg5™) 03
adjR? 0.993
Reduced chi-square 19.05
k, (min™) 0.015
N 1.297
General order et (MEE™) 176.0
adjR? 0.996
Reduced chi-square 12.56
a (mg-g™-min™) 20.29
. b (g'mg™) 0.02
Elovich
ove adjR? 0.977
Reduced chi-square 36.68
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Fig. 4. Effect of variation of temperature (a) and its application of thermodynamic model (b) on adsorption of Cu(II) onto MZCB.

8.314 J-mol™K™ and T is the adsorption temperature in
Kelvin.

The plot of InK. vs. T for the adsorption of Cu on
nanocomposite (Fig. 4b) is used to calculate AH® and AS°
from slope and intercept, respectively (Table 2). The values
show that the adsorption of Cu(Il) on to MZCB is sponta-
neous (-AG°) and endothermic (+AH°) but points to dis-
orderness around the adsorbent surface owing to strong
affinity of metal with adsorbent as reflected by +AS° value
[44-48]. The increase in randomness at aqueous/solid inter-
face during the adsorption process can be attributed to the
fact that adsorbed water molecules (that are displaced by the
adsorbate species when metals are transformed from aque-
ous to solid phase) attain more translational energy as com-
pared to energy lost by adsorbate ions as a result of associa-
tive and dissociative mechanisms [46]. The associative and
dissociative are 2 mechanisms related to AS° values. If AS°®
value is greater than -10, the dominant mechanism would
be dissociative. In the present study, AS°® value for Cu(II)
ions was higher than -10 (J-mol™-K™), which is indicative of
the dissociative mechanism. This exhibited that the freely
existing Cu(II) metal ions ratio to the ions interacting with
MZCB surface is greater than the adsorbed state [49].

3.3.3. Effect of pH

The pH of solution is a significant experimental param-
eter, which is highly necessary to be investigated in adsorp-
tion studies as it controls the uptake of metal ions onto
the adsorbent surface. In order to determine the effect of
pH on Cu(Il) ion adsorption, batch experiments were per-
formed at various pH values ranging from 1.0 to 5.0 and
experiments at pH > 5.0 were not conducted due to forma-
tion of insoluble precipitates of copper. For this, 50 mL of
Cu(Il) solution (500 mg-L™") was agitated for 50 min with
0.1 g of adsorbent at temperature (50°C) and altering pH
levels (1.0-5.0). The data is presented in Fig. 5a.

In pH range of 3.0-4.0, Cu* and CuOH" ions are the
most prevalent species of Cu(Il); whereas at pH (>5.0) Cu(II)
exists as insoluble precipitates of Cu(OH), [50]. Fig. 5a rep-
resents the impact of pH variation on the removal of Cu(II)

Table 2
Thermodynamic parameters’ values for adsorption of Cu(Il)
on MZCB

Nano- T K. AG° AH° AS°
adsorbents  (K) (kJ'mol™)  (kJ'mol™) (kJ-mol™-K™)
302 1.09 -0.21
MZCB 313 117 -041 7.60 0.03
323 131 -0.73

onto MZCB from aqueous media. The % removal of Cu(Il)
enhances with increase in pH and the maximum adsorption
of Cu(Il) (185.95 mg-g™?) was recorded at pH 5.0 with %RE
of 74.18%. At pH <pH ., (i.e, 3.67 (Fig. 5b), the adsorbent
surface becomes protonated due to presence of excessive
H" ions in the aqueous solution which hinder the binding
of Cu(Il) on adsorbents” surface due to existence of elec-
trostatic repulsion between H' and metal ions. With the
increment in pH > pH ., the character of oxygen bearing
surface functionalities (COOH, OH) present on the sur-
face of nanocomposite alters and the surface gets anionic
charge which results in electrostatic attraction between
negatively charged adsorbents’ surface and Cu(Il) ionic
species, leading to high metal uptake activity [13]. The sim-
ilar response was evidenced in the present study in which
low uptake of Cu(Il) ions onto the fabricated nanocompos-
ite was observed in acidic medium and began to increase
with increment in pH and highest removal efficiency was
recorded at pH 5.0.

3.3.4. Effect of adsorbent dose

The effect of adsorbent dose on Cu(Il) removal was
examined in batch studies by altering its dose (0.05-0.3 g)
at optimum time (50 min), temperature (50°C), pH (5.0) and
using 500 mg-L™ of Cu(Il) ions solution. It is evident from
the graph (Fig. 6) that with variation in adsorbent dos-
age from 0.05 to 0.1 g there is a noticeable increment in %
removal efficiency from 38.77% to 74.18% Cu(Il) and further
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increment in adsorbent dose up to 0.3 g registered not sig-
nificant increase in Cu(II) removal efficiency (i.e., 82.7%).

This enhancement in % RE of Cu(ll) is ascribed to
increase in the bulk density of reactive sites and surface
functionalities for binding of metal ions. The maximum
adsorption capacity was noted at 0.1 g adsorbent dose, so
it is considered as optimal dose for adsorption of Cu(ll).
However, for surge in adsorbent dosage above the 0.1 g,
the substantial decline in adsorption capacity was noticed.
This is credited to the fact that increase in adsorbent dose
amplifies the number of vacant active sites which in the
beginning encourages the scavenging potential, but the
sorption activity compromised beyond the optimal dose
because massive number of active sorption sites are left
unbounded because the adsorbent dose is increased at
fixed concentration of metal ions [15].

3.3.5. Effect of initial metal ion concentration and adsorption
isotherm

The effect of initial Cu(II) ion concentration was inves-
tigated by altering metal ion concentrations in the range
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of 300-1,000 mg-L, while maintaining the rest of adsorp-
tion parameters constant as optimized in the preceding
experiments. At lower Cu(Il) ions concentration, the con-
centration of metal ions occurring in the aqueous media is
low that enabled the interaction of maximum number of
metal ions with vacant binding sites for uptake, promot-
ing 97.30% metal adsorption at 300 mg-L™. As the metal ion
concentration increased, metal ions available in the system
enhanced resulting in competition between them for bind-
ing to active sites. As a result, the large number of metal
ions would remain un-bounded because of the saturation
of reactive sites [14,21]. The % RE of biochar nanocompos-
ite was decreased from 97.30% to 46.09% with increase in
metal ion concentration from 300-1,000 mg-L™ (Fig. 7a).

To get deep insight into the nature of sorption system,
it is required to conduct the study of equilibrium isotherms.
Langmuir model proposes that adsorption process takes
place on homogenous sites via monolayer adsorption with
no interaction between adsorbate-adsorbent molecules [51].

— qm i Kl ’ Ce

% 1+K,-C, (10)
where K, is Langmuir constant (L-mg™) associated to the
energy of sorption and g, is the maximum adsorption
capacity of the adsorbent (mg-g™), C, is the concentration
of adsorbate at equilibrium and g, represents the sorption
capacity at equilibrium (mg-L™). The K, can be employed
for calculating the Langmuir partitioning factor (dimension-
less constant), R,, using the following equation:

1

R (1+K,-C,) h
where C, represents the initial concentration of adsorbate
(mg-L™). The value of R, predicts about the nature of sorp-
tion process to be like; if R, =1 (linear); R, = 0 (irreversible);
0 <R, <1 (favorable) and R, >1 (unfavorable) [52].

Freundlich isotherm addresses heterogeneity of adsor-
bent surface and obeys multilayer adsorption of adsor-
bate molecules on adsorbent surface [9].
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Fig. 7. Effect of variation of initial metal concentration to MZCB for adsorption of Cu(lIl) (a), and fitting of isotherm

MZCB for adsorption of Cu(II) (b).

9. =K.(C") (12)
where K. ((mg-g™)(L-mg™)"") represents the intensity of
sorption and 7, is the Freundlich dimensionless constants
which measures the deviation of sorption process from
linearity.

Redlich-Peterson (R-P) isotherm is a 3 parameter model
which delineates the homogenous and heterogeneous
behaviors of sorption process by incorporating the fea-
tures of Langmuir and Freundlich models [53].

K,-C,
q,= m (13)

where K, is the R-P constant (L-g™"), a is R-P isotherm con-
stant (L-mg™), and g is an exponent which has value in
the range of 0 to 1. C, is the concentration of adsorbate at
equilibrium (mg-L™") and g, is the adsorption capacity
at equilibrium (mg-g™).

The Langmuir, Freundlich and R-P isotherm models
(non-linearized) were fitted to the experimental data. Table 3
lists the isotherm model parameters, which delivers that the
Langmuir and R-P isotherm models are well consistent with
experimental data (Fig. 7b) as compared to Freundlich
isotherm model. However, the R-P model holds best for
adsorption of Cu(ll) on MZCB due to highest R? (0.998)
and lowest reduced chi-square (Table 3).

The K, value obtained from Langmuir isotherm model
ranging between 0-1 suggested a good interaction between
adsorbent and adsorbate molecules. The value of R,
obtained is 0.41, which is less than unity, indicating that the
adsorption of Cu(II) ions on MZCB surface was favorable.
The favorability of adsorption of Cu(II) ions on nanocom-
posite was also affirmed by 7, value (2.67) obtained from
Freundlich isotherm model which fall in the range from
(1-10). The 1/n, value (0.37) indicated the surface hetero-
geneity of MZCB. The R-P exponent ‘g” value is approach-
ing unity (i.e., 0.98), signifying that R-P is reducing to
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Table 3
Adsorption isotherm model fitting parameters
Model Parameter Cu(Il)
K, (L'mg™) 0.029
q, (mg-g™) 312.58
Langmuir R, 0.41
adjR? 0.997
Reduced chi-square 2.33
K, (mg-g(mg-L7) ") 17.88
n 2.67
F dlich F
rernate adjR? 0.981
Reduced chi-square 16.72
K, (L-g™h 0.834
g 0.98
Redlich-Peterson a (L-mg™) 1.8x 107
adjR? 0.998
Reduced chi-square 2.15

Langmuir isotherm. This suggests that the uptake of Cu(II)
ions occurs through monolayer adsorption on the hetero-
geneous surface of MZCB having relatively equivalent
binding energies [17,54]. These findings are in good agree-
ment with previous findings where adsorption of metal
ions on various hybrid nanocomposite matrices obeyed
Langmuir isotherm [20,43].

The results show that under optimal conditions of pH
(5.0), contact time of 50 min, adsorbent dosage of 0.1 g,
room temperature and baseline metal concentration of
(300-1,000) mg-L~, the maximum Langmuir sorption capac-
ity (g,) of MZCB for Cu(Il) was 312.58 mg-g'. It can be seen
from Table 4 that MZCB demonstrated enhanced adsorption
capacity for Cu(Il) than most of the adsorbents reported in
the earlier studies. In comparison with commercial adsor-
bents, employment of MZCB in wastewater purification
signifies a more economically viable and environment
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Table 4
Comparison of Cu(Il) adsorption potential of various adsorbents
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Adsorbent Adsorption Adsorption kinetic and isotherm References
capacity (mg-g™") models

Modified magnetic rice straw biochar 85.93 Pseudo-second, Langmuir [36]

Al/Mn dual layered oxide anchored crab shell 66.23 Pseudo-second, Langmuir [55]

biochar

Potassium ferrate modified wheat stalk biochar 46.85 Langmuir [20]

Fe,O, impregnated calcium alginate functionalized = 40.42 Pseudo-second, Langmuir [54]

coconut shell biochar

Calcium hydroxyapatite modified 99.01 Pseudo-second, Langmuir [43]

Undaria pinnatifida roots derived biochar

Nano MgO incorporated corncob biochar 300.2 Pseudo-second, Langmuir [13]

Manganese ferrite supported biochar 295.2 Pseudo-second, Sips [23]

MnO, nanoparticles loaded biochar 142.02 Pseudo-second, Langmuir [21]

MnO,/Mn,O, supported hickory wood biochar 34.2 Pseudo-second, Redlich-Peterson [22]

Fe,O, decorated pectin nanocomposite 48.99 Pseudo-second, Freundlich, Langmuir [15]

Fe,O, functionalized kelp (microalgae) biochar 69.37 Langmuir [17]

Fe,O, functionalized Hijikia (microalgae) biochar 63.52 Langmuir [17]

MZCB 312.58 General pseudo, Redlich-Peterson Current studies

friendly alternative since it provides an innovational and
green perspective of reutilizing the agricultural waste of
low economic value to fabricate plausibly efficient nanoad-
sorbent, which has addressed the dual benefits of reduction
in environmental pollution by solid waste management and
additional cost saving which might incur on their disposal.
The application of MZCB in environmental cleanup effu-
sively fulfils the objectives of sustainable economy which
entails to minimize waste generation by their recycling
and reuse. Moreover, utilizing biochar as an alternative to
commercial adsorbents permits to evade the environmental
impacts of industrial activities caused during their man-
ufacturing. The fabricated trimetallic hydrous oxide bio-
char nanocomposite (MZCB) registered profound Cu(II)
removal from aqueous system in addition to being less time
consuming and requiring less stringent conditions for the
adsorption. Thus, MZCB can be used as a potential nanoad-
sorbent for the abatement of heavy metals from aqueous
environments.

4. Conclusion

In the present study, the application of MZCB for
adsorption of Cu(ll) was investigated and batch studies
were conducted for optimizing the adsorption process
parameters. Superior uptake (~98%) of Cu(II) was achieved
by using MZCB at pH 5.0 and 50°C in just 50 min while
using 0.1 g of adsorbent. Several adsorption kinetic and
thermodynamic models were applied to experimentally
calculated data which points to spontaneous removal of
Cu(II) from the system while obeying general order kinet-
ics and R-P adsorption model. The results demonstrated
that MZCB can sorb Cu(ll) in less time with profound
removal capacity (312.58 mg-g™).
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