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Abstract

This study describes synthesis and characterization of corncob (CC), corncob nanocellulose (CCNC) and functionalized
corncob (FCC) as unique adsorbents for methyl orange (MO) removal. Nanocellulose was synthesized via H,SO, hydrolysis
and functionalization was achieved using H;PO,. All adsorbents were characterized by scanning electron microscopy
coupled with energy dispersive X-ray and Fourier transform infra-red spectroscopy. Functionalization modified surface
chemistry (disappearance of OH and appearance of PO,*"), increased percentage carbon by 41.42% and produced well-
developed pores. Nanocellulose retained intrinsic chemical properties of corncob though more porous with enhanced
surface functionality prompted by more intense functional groups peaks and appearance of SO,*". Maximum adsorp-
tion of MO occurred at pH 3.01, 4.11 and 2.09 for CC (54.34%), FCC (77.1%) and CCNC (96.81%) respectively. Adsorption
parameters were fitted to four adsorption isotherms with Langmuir being the most appropriate to describe the adsorp-
tion process. Adsorption capacity increased from 17.86 mg g~ in corncob to 60.82 mg g~' in FCC and 206.67 mg g
in CCNC implying CCNC had the highest adsorption quality. The rate of adsorption was most accurately predicted by
pseudo first order kinetics. Adsorption mechanism was governed by film diffusion with contribution from intra-particle
diffusion. Adsorption process was spontaneous (—AG°) at all temperatures (303-315 K), exothermic (— AH®) and physical
on CC (3.73 kJ mol™") and CCNC (3.42 kJ mol™") however it was endothermic (+ AH®) and chemical on FCC (12.86 kJ mol™).
This study shows that CCNC is comparatively the best adsorbent with highest adsorption capacity.

Keywords Cellulose nanostructure - Corncob morphological characteristics - Acid functionalization - Langmuir
adsorption model - Methyl orange removal

1 Introduction water quality problems caused by any class of pollutants

could be solved using nano-based materials owing to their

Nanostructured materials are prominently emerging as
distinct adsorbents for remediation of wastewater con-
taining heavy metals, organic pollutants and dyes [1-3].
They are better than macro-adsorbents because they
possess characteristics such as improved and enhanced
reactive binding sites in addition to higher adsorption
capacities more suitable for environmental remediation.
Recent developments in nanotechnology suggest that

greater adsorption capacities associated with their mor-
phology [4-9].

Recently, application of nanostructured materials such
as nanocellulose and nanoparticles have surged due to
their distinct characteristics of large surface area and
vastly reactive sites. Moreover, the retention of intrinsic
regenerative and chemical properties of cellulose though
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enhanced in nanocellulose is also an advantage [1, 6, 10,
111.

Many studies have demonstrated the effectiveness of
nanoparticles for the removal and remediation of pollut-
ants in wastewater. Nanoparticles such as zero-valent sil-
ver, zero-valent iron, gold, magnetite, multi-walled carbon
nanotube, MgO, NiO, TiO,, cobalt ferrite nanoparticles and
iron oxide/carbon nanocomposites, y-Fe,05/Si0,/chitosan
composite, nanoporous core-shell Cu@Cu,O nanocom-
posite and ultrasonic aided nanoparticle stacked activated
carbons have previously been deployed as adsorbents to
remediate wastewater containing different pollutants with
note-worthy results [3, 8, 12-21].

However, limited abundance, lack of sustainability,
toxicity, cost-effectiveness and possible environmental
distress arising from their application are causes of con-
cerns. Though, biologically synthesized nanoparticles are
less toxic yet renewability of source materials is a basis of
apprehension.

Cellulose is the most abundant inexhaustible renewable
biodegradable biopolymer. It is a biocompatible polysac-
charide compound consisting of two regions; crystalline
and amorphous. It is a homopolymer of glucose composed
of glucopyranosyl units linked together by 1-4 3 glycosidic
bond [9-11, 22-24].

Nanocellulose is a non-hazardous, biodegradable, low-
weight, highly reactive and thermally stable nano-scale
material synthesized by disruption of amorphous region of
the cellulose into nanocrystals or nanofibrils. They equally
have attributes of broad surface functionality, large sur-
face area, high surface tension and high crystallinity
degree. Combination of these properties makes nanocel-
lulose promising and unique adsorbents in addition to
other useful applications in biomedical, pharmaceutical,
construction and chemical industries [2, 6, 7, 25, 26].

Nanocelluose can be extracted from lignocellulose
using a number of processes each with its advantages
and disadvantages. Treatments involving chemicals (acid
hydrolysis, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
oxidation), mechanical/physical (crushing, grinding,
homogenization, extrusion) and biological (enzyme
hydrolysis) processes are most common methods of nano-
cellulose synthesis [1, 4, 9, 10, 23, 24].

In acid hydrolysis, the amorphous region which is sus-
ceptible to acid attack is hydrolysed while the crystalline
region remains intact. It introduces sulphate ester group
onto the nanocellulose which improves its adsorbing abil-
ity. Nanocellulose extracted by acid hydrolysis is extremely
hydrophilic, chiral, mechanically strong, biocompatible
and has uniform particle size as well as wide-ranging
chemical-modifying capacity [10, 11, 27].

Another method of enhancing the adsorptive capac-
ity of adsorbent is activation/functionalization with acids,
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alkali and salts. This majorly modifies the biological struc-
ture, cleaves the bond, influences pyrolytic decomposi-
tion, improves thermal resistance and inhibits tar forma-
tion [28-30]. Acid functionalization with H;PO, induces
physical, and chemical modification, reforms formation
of cross-linked structure, develops micropores, enhances
surface adsorptive properties by increasing their percent-
age carbon contents via reduction of water content and
burning-off of volatile solids arising from breakage of cel-
lulosic materials [31-37].

Corncob is an agricultural waste generated during the
processing of corn in huge quantity which disposal invari-
ably creates environmental burden because most farmers
prefer to burn it off. Therefore, its application as raw or
modified adsorbent is highly encouraged as it will reduce
the burden of burning-off resulting in environmental
pollution of air and water. It is an inexpensive and envi-
ronmentally friendly effective adsorbent which has been
applied to remediate heavy metals, dyes, and crude-oil
polluted water. It has also found application in the rein-
forcement of polyvinyl alcohol membrane [11, 29, 38].

Methyl orange (MO) is an anionic azo dye which is use-
ful as a titrimetric indicator in the laboratories as well as
for textile dyeing and paper printing. Although, it has vast
versatility but its low biodegradability, recalcitrance in the
environment, chemical stability, carcinogenic potentials
and secondary metabolic intermediates are sources of
worries [20, 39, 40]. Dyes are highly water soluble, stable to
photo-degradation, non-biodegradable and have complex
structure. Once their effluents are discharged into the envi-
ronment, they disrupt ecological, biological and chemical
processes. Epidemiological studies have linked discharge
of dye effluents with adverse effects on human and animal
health [21, 26, 38, 41, 42]. It thus becomes obligatory from
aforementioned impacts for effluents containing MO be
treated before their discharge into the environment.

This study was aimed at synthesizing nanostructured
and functionalized corncob using hydrolysis techniques
for their application as suitable adsorbents for MO removal
from simulated wastewater.

2 Materials and methods
2.1 Reagents
NaOH, H,SO,, H;PO,, methyl orange (A, 480 nm) used

in the study are of analytical grade from Sigma-Aldrich,
Germany.
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2.2 Adsorbent collection and synthesis

Corncobs (CC) were collected from a local agricultural farm
in Osogbo, Osun State, cut into pieces, dried in an oven at
80 °C to complete dryness, pulverized into powder and
sieved to 102 um particle size.

2.3 Synthesis of corncob nanocellulose by acid
hydrolysis (CCNC)

Removal of lignin and hemicellulose was done by dissolv-
ing powder corncob in 5% NaOH and stirred for 4 h to
obtain a homogenous suspension that was washed con-
tinuously with deionized water until the pH was 6.5. The
suspension was filtered and the filtrate dried at 80 °C for
24 h.

Exactly 100 g of NaOH-treated corncob was added to
60% H,SO,. The suspension was stirred for 2 h for thor-
ough mixing at 45 °C. The pH of the suspension was
adjusted to 6.5 by washing with deionized water, centri-
fuged at 5000 rpm for 20 min and dried at 80 °C to obtain
nanocellulose powder.

2.4 Functionalization of corncob (FCC)

The functionalization was carried out by chemically treat-
ing 20 g of the sieved corncob with 250 mL H;PO, and
heated on the magnetic stirrer at 100 °C until a paste was
completely formed. The pH of functionalized corncob was
brought to 6 by washing the paste with deionized water
which was afterwards dried in an oven at 105 °C.

2.5 Characterization of raw, nanocellulose
and functionalized corncob

Surface chemistry was characterized by Fourier trans-
form infrared spectroscopy (FTIR) (Model 500, Buck Sci-
entific Inc.) in the range of 400-4000 cm™'. Morphology
and elemental composition were characterized by scan-
ning electron microscopy (SEM) and energy dispersive
X-ray (Bruker-X Flash 6130, Carl Zeiss, EVO 18 Research,
Germany).

2.6 Methyl orange preparation and pH point of zero
charge

A stock solution of 50 mg L™! methyl orange (MO) was
used for the adsorption study. The pH point of zero charge
(pH,,o) was determined by adding 0.1 g of each adsorbent
to 200 mL solution of 0.1 M NaCl of known initial pH. The
pH was adjusted with 0.1 M NaOH or 0.1 M HCl to pH 2-8.
The conical flasks were sealed and placed on a shaker for

24 h after which the final pH was measured with Jenway
6405 pH meter (Germany).

2.7 Batch adsorption studies

Effects of different operational factors on adsorption of
MO on the three adsorbents were studied. Batch adsorp-
tion was carried out by adding 0.5 g of each adsorbent to
50 mg L™' MO, agitated for 30 min at 303 K in a thermostat
regulated water bath with shaker (Uniscope water bath
shaker) operated at 300 rpm. Absorbance readings were
recorded with Jenway 6405 UV-visible Spectrophotom-
eter (Buch Scientific Inc. USA) at 480 nm. Other adsorption
investigations were achieved by varying initial solution pH
(2-8, adjusted with 0.1 M HCl or NaOH), initial concentra-
tion of MO (10-50 mg L"), adsorbent dosage (0.1-0.5 g),
contact time (0-75 min) and temperature (303-315 K) to
accomplish best removal conditions required for MO. Per-
centage MO removal and quantity adsorbed at equilib-
rium were calculated using Eqgs. 1 and 2 respectively.

(G —C) x 100
%MO removal = —c (1)
¢-C)Vv

where g, is amount of MO adsorbed per unit mass of
adsorbent (mg g“) at equilibrium, C; is the initial MO
concentration (mg L™, C; is the final MO concentration
(mg L™, C, is the concentration of MO remaining at equi-
librium, V=volume of MO solution (L) and M =mass of
adsorbent (g).

2.8 Adsorption isotherms, kinetics
and thermodynamics

Four adsorption isotherms (Langmuir, Freundlich, Temp-
kin and Dubinin—-Radushkevich) [43-46] were applied
to evaluate the adsorption behaviour between MO and
adsorbents as listed in Table 1.

Three kinetic models listed in Table 1 viz. pseudo first
order, pseudo second order and Elovich were employed to
describe the kinetics of adsorption of MO on adsorbents.
Adsorption mechanisms were studied using equations
listed in Table 1 for intra-particle diffusion and film diffu-
sion. The predictability of each model for the description
of kinetics was validated with correlation coefficient (R?)
and non-linear Chi square test (Eq. 3).

Spontaneity and energetics of interaction between MO
and adsorbents were evaluated from the plot obtained
from equations of thermodynamics in Table 1.
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Table 1 Adsorption isotherm,
kinetic and thermodynamic
parameters equations

Model Type and reference

Model expression and constants

Adsorption isotherm Langmuir [43]

Freundlich [44]

Temkin, Temkin and Pyzhev [45]

Dubinin-Radushkevich, Dubinin and
Radushkevich [46]

Kinetics Pseudo first order

Pseudo second order
Elovich

Intra-particle diffusion
Film diffusion (Boyd model)

C _ Ce + 1
e Amax  Imaxke
1
R =
L™ 14kc,

logq, = %logCe + logK;

G. = BInA + BInC,
B = RT/b

Inqe = lnqo - ﬂez
1
€= RTIn(] + C—)

E=1/V

In(qe -q)= Inqe - Kt
JLEN t

9%  Ka g

q; = % In(ap) + 1Elnt

;= Kgrt'? + C

F=2
q,

Thermodynamics

B, = —0.4977 — In(1 — F)

_AS° AR°
InK, = -
AG® = —RTInK,

C, is the equilibrium concentration of methyl orange dye (mg L™), q, is the quantity of methyl orange
dye adsorbed onto the CC, FCC and CCNC at equilibrium (mg g™"), g, is the maximum monolayer
adsorption capacity of adsorbent (mg g™') and K, is the Langmuir adsorption constant (L mg™"). K; and n
are Freundlich constants. A (L g~') and B are Tempkin isotherm and Tempkin constants. T is the absolute
temperature (K), and R is the gas constant. E is energy of adsorption. g, is the quantity absorbed at time
t (mg g~') and K, is the rate constant for the pseudo first order sorption in min~'. K, is the rate constant

of the pseudo second order kinetic model in g mg™" min

~!. aand B are constants depicting chemisorp-

tion rate and the extent of surface coverage. AS° is change in entropy, AH® is change in enthalpy and

AG®, change in free energy

5 i (qexp - qcal)2

= 3)

i=1 Geal

2.9 Regeneration studies

Exactly 0.1 g each of CC, FCC and CCNC was added sepa-
rately to 50 mL of 50 mg L™' MO in a 250 mL flask. The
solution was adjusted to pH 3.01, 4.11 and 2.09 (pH at
which maximum adsorption occurred for each) for CC,
FCC and CCNC respectively and agitated for 1 h. Thereaf-
ter, adsorption solutions were centrifuged at 300 rpm for
30 min and residual MO concentration was determined at
480 nm. Methyl orange-loaded adsorbents were washed
with water, dried at 70 °C to complete dryness and was
afterwards soaked in 100 mL of water for desorption
process. This mixture was shaken vigorously for 30 min,
centrifuged and desorbed MO concentration from methyl
orange loaded adsorbents was determined. Percentage
desorption was calculated with Eq. 4

quantity of dye desorbed by water

P ti d tion =
ercentage cesorption quantity adsorbed during loading

(4)
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3 Results and discussion
3.1 Characterization of CC, FCC and CCNC
3.1.1 Surface chemistry of CC, FCC and CCNC

Investigation of functional groups present on the sur-
faces of adsorbents was done and presented in Fig. 1.

Corn cob Functionalized corn cob nanocellulose
1705.05 1637.28 1514.81 871.52
b 567.67
95 o7 — W/l\
2923.39 1 .44
g5 333737 170013 590 1 40 73.73
® 1421.58
o
E " 2882.52 102182
e 65 ’ 1710.04 572.99
@ 1423.81
& s5 2953.97 1374.26
=
X 45 1663.14

35
1030.77
25 3365.22
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number (cm™)

Fig.1 FTIR spectra of corncob, functionalized corncob and nano-
cellulose
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Differences in surface functional groups in corncob (CC),
functionalized corncob (FCC) and corncob nanocellulose
(CCNCQ) were investigated using FTIR. Spectra of CC and
CCNC reveal peaks at 3327.37 and 3365.22 cm™' showing
the presence of O-H group whereas it was absent in FCC.
Bands between 2920.67 and 2953.97 cm™' in all adsor-
bents correspond to methyl C-H while peaks between
1705.05 and 1710.04 cm™" are assigned to C=0. Peaks
between 1637.28 and 1663.14 cm™' result from bending
vibrations of O-H, at 1514.81-1590.44 cm™' from residual
hemicellulose, 1421.58-1423.81 cm™' from CH, of cellu-
lose crystal I, 1021.82-1030.77 and 857.22-871.52 cm™!
from PO,*", SO,%~ and C-O-C of B-glycosidic linkages. The
peaks obtained in this study for CC and CCNC have previ-
ously been affirmed as peaks representative of cellulose
and nanocellulose [10, 11, 26].

Absence of O-H in FCC is attributable to the activation
with H3PO, as it has been previously reported that acid
functionalization reduces/removes water moieties leading
to continuing loss of OH and thus creating cavities good
enough for adsorption [47, 48].

The presence of these characteristic peaks in these
adsorbents demonstrate their involvement in the adsorp-
tion process. Adsorption process is a surface phenomenon
that is dependent on the surface chemistry and charac-
teristic pores. The presence of these functional groups on
adsorbents’ surfaces would enhance electrostatic interac-
tions of adsorbent-adsorbate and would play important
role in the adsorption of MO [42, 49]. These functional
groups have been found to be responsible for removal of
dyes in other studies via formation of covalent bonds and
matrix between active sites on adsorbents and adsorbates
[38, 50].

The existence and appearance of nearly all functional
groups of nanocellulose in corncob is an indication of
non-destructive retention of intrinsic chemical properties
although some peaks were more intense. Chemical char-
acteristics in CCNC compared to CC were not significantly
altered as in contrast to FCC. These agree with studies of
Liu etal.[27] and Yang et al. [11].

3.2 Morphological and elemental characteristics
of CC, FCCand CCNC

Scanning electron micrograph (SEM) of CC (Fig. 2a)
shows a strictly compressed nearly non-porous rod-like
shapes with uneven particle surfaces having average size
248.72+124.37 um. SEM of FCC (Fig. 2b) reveals a greatly
developed, highly porous with clear-cut cavities that
could facilitate adsorption. Its pores have average size
of 27.40+14.31 um. SEM of CCNC (Fig. 2c) shows uneven
rhombic-like structure having crystalline smaller parti-
cles with average size 5.25+1.39 um. Smallest particle

sizes in synthesized nanocellulose is an indication of its
nanostructure which offer better adsorption performance
than macro-aggregated structure. Well-developed pores
and rougher cavities in SEM of FCC are connected with
loss of volatile materials especially water and breakdown
of cellulosic materials resulting in well-built cavities cou-
pled with gasification of phosphorus species impregnated
with H;PO, in FCC leading to the expansion of pores.
These results are consistent with reports that expansion
of porousity is related to amount of phosphorus [29, 30,
35-371. Since adsorption process is a surface occurrence,
adsorbent quality will be functions of number and nature
of pores [41, 42]. As obtained for SEM in this study, it indi-
cates CCNC had best qualities for uptake of MO as it has
been previously reported that rough surfaces with devel-
oped cavities are more favourable for adsorption of pol-
lutants [29, 49].

EDX analysis was used to reveal elemental compositions
and percentages of prominent elements present in the
three adsorbents (Table 2). Percentage of carbon content
increased by 41.42% in FCC and decreased by 71.13% in
CCNC over CC.There were reductions of 31.87 and 18.69%
in percentage oxygen contents in FCC and CCNC com-
pared with CC. Presence of phosphorus (3.81%) in FCC
and sulphur (17.24%) in addition to sodium (21.65%) in
CCNC was obtained. Percentage of carbon in an adsor-
bent is directly linked to its adsorption property and as
obtained in this study for FCC, it has highest carbon con-
tent stemming possibly from a reduction in water content,
burning-off volatile materials and release of tar from cel-
lulosic material produced by functionalization with H;PO,.
Existence of P in FCC, S and Na in CCNC is a confirmation
of their synthetic routes [33, 34, 37].

3.3 Batch equilibrium experiments

pH point of zero charge (pH,,.) for CC, FCC and CCNC
occurred at 4.82,4.91 and 5.25 respectively (Fig. 3) indicat-
ing adsorption of MO would be maximally effective below
these pH values due to the fact that the surfaces of these
adsorbents would be cationic and optimum removal of
MO (anionic dye) would be achieved. Maximum adsorp-
tion of MO on CC, FCC and CCNC occurred at pH 3.01,4.11
and 2.09 respectively (Fig. 4). Initial increase in percentage
MO removal with an increase in pH from 2 to 4 followed
by a gradual decrease in percentage as it increased from 4
to 8 was recorded. Adsorption studies were consequently
carried out at respective maximum pH of adsorbents.
pH facilitates and influences the mobility of the adsorb-
ate on adsorbent. The surface of adsorbent is cationic at
pH <pH,, whereas it is anionic at pH>pH,,.. pH,. plays
an effective role in determining the electrostatic surface
charge on adsorbent needed for optimum adsorption of
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Fig.2 SEM and EDX images
of a Corncob, b functionalized
corncob, ¢ nanocellulose

Table 2 Elemental
compositions of corncob,

15kV

15kV

15kV

X1,000

X1,000

X1,500

10um

104m

10pm

Element Weight percentage

. - (%)

functionalized corncob and

corncob nanocellulose CcC FCC  CCNC
C 17.19 2431 4.89
(0] 25.57 17.42 20.79
Si - 1036 -
Al - 032 0.39
Na - - 21.65
S - - 17.24
K 096 - 0.75
Ca 098 - -
P - 381 -

the adsorbate. It influences adsorbent surface charge and
dissociation of functional groups responsible for adsorp-
tion [2, 6, 8]. Maximum adsorption results at pH < pH,,, for
all adsorbents in this study are consistent with the anionic
nature of adsorbate and surface charges (cationic) of the
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Fig.3 pH point of zero charge (pH,,J) plot of corncob, functional-
ized corncob and nanocellulose

adsorbent. Sorption of adsorbate is hinged on adsorbent
surface charges/chemistry and influence of pH on the
mobility of adsorbate [47, 51].

Percentage adsorption of MO increased with increase
in the concentration of MO ranging from least (10 mg L™")
to highest concentration (50 mg L™" of MO obtained
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Fig. 4 Effects of pH on percentage adsorption of methyl orange

are 40.36-66.91% for CC, 59.39-87.27% for FCC and
54.74-95.62 for CCNC respectively. These increases in
percentage MO adsorbed are related to superior driving
forces to overcome mass transfer impediments as the
concentration increased hence this trend as has been
previously reported as findings by Adekola et al. [47] and
Abdelwahab and Amin [52].

A direct relationship between dosage and percentage
adsorption was obtained; the higher the dosage, the more
improved the adsorption was. Percentage adsorption with
respect to dosage from least (0.1 g) to highest (0.5 g) fol-
lows CCNC (80.08-96.53%) > FCC (70.79-91.92%) > CC
(32.71-48.13%). This is associated with more active sites
in higher dosage available to the same concentration and
volume of dye molecules, thus, the increase in percent-
age adsorption. More so, higher adsorption percentage
recorded for FCC and CCNC could be connected to more
reactive sites and larger pores in CCNC and FCC. Similar
experimental trend was obtained by Chan et al. [2], Ojedo-
kun and Bello [29], Ojo et al. [30] and Saravanan et al. [38].

Quantity of MO adsorbed (q,) at different time interval
(Fig. 5) was firstly promptly swift with time but gradually
attained equilibrium at 50, 35 and 30 min for CC, FCC and
CCNC respectively. g, increased from 5.12t0 27.97 mg g™,

CC ®FCC @CCNC

o ®

30 ¢ °
W 25 °
)
£ 20 .
15 8

10

5

(O J

0 10 20 30 40 50 60 70 80

Time (min)

Fig.5 Quantity of MO adsorbed by corncob, functionalized corn-
cob and nanocellulose at different contact time

16.44 to 35.44 mg g~ ' and 14.48 to 29.9 mg g~ for CC,
FCC and CCNC respectively. The behaviour of adsor-
bent-adsorbate relationship with respect to time shows
a robustly swift removal at the initial stage that became
gradual as adsorption reached equilibrium. The initial
prompt rise in g, is attributable to availability of reactive
sites on adsorbents that were occupied as time progressed
and this is consistent with reports of Adekola et al. [47]
Inyinbor et al. [53, 54] and Huang et al. [39].

The dependence of adsorption on temperature for
uptake of MO was carried out between 303 and 315 K.
Percentage removal of MO reduced with increase in tem-
perature for CC from 18.96 to 15.76% and 89.14 to 78.74%
for CCNC while it increased from 45.94 to 78.68% for FCC.
Reductions in percentage removal of MO with tempera-
ture on CC and CCNC signify exothermic nature whereas
adsorption was endothermic on FCC. Exothermic adsorp-
tion process is indicative of weak binding/sorptive forces
governing the mobility of adsorbate onto adsorbents at
different temperatures while endothermic nature in FCC
might be associated with increased mobility of MO onto
FCC. Similar observations were reported by Inyinbor et al.
[53] and Ojedokun and Bello [29].

3.4 Adsorption isotherms studies on CC, FCC
and CCNC

This study investigated the suitability and fitting of param-
eters of adsorption to four isothermal models: Langmuir,
Freundlich, Temkin and Dubinin—Radushkevich and results
presented in Table 3. The appropriateness of each model
was determined with the correlation coefficient (R?); the

Table 3 Adsorption isotherm parameters for the uptake of MO on
different adsorbents at 303 K

Isotherms Constants cC FCC CCNC
Langmuir Gmax (Mg g™") 17.86 60.82 206.67
K (Lmg™ 0.951 0.687  0.250
R, 0.021 0012  0.074
R? 0.970 0920 0991
Freundlich n 2.08 3.02 343
Ke 21.04 5845  66.23
R? 0.664 0.873 0982
Temkin B 14247 33107  33.76
ALg™ 3.09 14.25 1.055
b (Jmol™) 17.68 761  16.14
R? 0.626 0751  0.903
Dubinin- gomg g™ 670.44 1609.75 882.05
Radushk- g5 107¢ (mol? K" J)) 3.58 3.02 1.08
evich E (kJ mol™) 373 1286 342
R? 0.922 0.649  0.853
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higher it is, the more appropriate the fittingness of the
model.

Correlation coefficients for the three adsorbents in
each model follows Langmuir (Rgc—0.970, Rfcc—0.920,
—0.991) > Freundlich (R2.—0.664, R;..—0.873,

2
RCCNC FCC

2 H 2 2 2
R2.,—0.982) > Temkin (R2.—0.626, R%..—0.751, R2 , .—

0.903) > Dubinin-Radushkevich (R2.—0.922, R2 .—0.649,

RéCNC—0.53). Langmuir (Fig. 6) was the most appropriate
model best fitted to parameters of adsorption indicating
adsorption of MO was on monolayer uniform surfaces of
CC, FCCand CCNC.

Maximum monolayer adsorption capacity (g4, of
17.86, 60.82 and 206.67 mg g‘1 were calculated for CC,
FCC and CCNC respectively. g, values of adsorbents in
this study are compared with nanostructured and func-
tionalized adsorbents previously reported (Table 4). In

terms of performance, CCNC out performed some of the
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Fig.6 Langmuir isotherm plot for the adsorption of MO on differ-
ent adsorbents. Scale—FCCx 10

adsorbents listed implying its excellent suitability for dye
removal.

The favourability of adsorption study is deduced from
the values of R, ranging between 0 <R, < 1. In this study,
R, was found to be 0.021,0.012 and 0.074 for CC, FCC and
CCNC respectively which is indicative of favourability of
adsorption processes on the three adsorbents [8].

Constants K and from Freundlich isotherm model
are used to explain favourable or cooperative process
of adsorption when is greater or lower than 1 while
a relatively high value of K¢ in comparison with other
adsorbents favours higher adsorption capacity. CC, FCC
and CCNC have values of 2.98, 3.02 and 3.43 indicating
favourable adsorption which equally supports the find-
ings of R,. It also validates g,,,,, values as adsorption was
most intense on CCNC with the highest value of . K; range
follows CCNC > FCC > CC indicating highest removal of MO
was by CCNC [2, 58].

Tempkin isotherm sorption binding constant was
highest in FCC followed by CC and CCNC signifying the
decrease in the involvement of chemical adsorption dur-
ing the uptake of MO [53, 54].

Characteristics of adsorbents as related to porosity and
energy of adsorption were calculated from Dubinin-Radu-
shkevich isotherm. Energies of adsorption are 3.73, 12.86
and 3.42 kJ mol™" for CC, FCC and CCNC respectively sug-
gesting physical adsorption with respect to CC and CCNC
while the adsorption was chemical on FCC[29, 30].

3.5 Adsorption kinetics and mechanism of MO
on RH and FRH

Adsorption is either exclusively controlled by the rate of
uptake of adsorbate on adsorbent or combination of rate

Table 4 Comparative
assessment of dye removal

capacities of nanostructured
and functionalized adsorbents

Adsorbent Omax (Mg g™")  Pollutant Reference
H;PO,-functionalized corncob 50.00 Congo red Ojedokun and Bello [29]
H;PO,-functionalized wall nut shell 40 Congo red Ojo et al. [30]
H;PO,-activated cotton fibre 476.19 Methylene blue  Duan et al. [33]
Nanocellulose (cellulose fibre) 118 Methylene blue  Batmaz et al. [6]
Cellulose nanocrystals 122.2 Methylene blue  Chen et al. [23]
Nanocrystalline cellulose 101.16 Methylene blue  He et al. [55]

Acid modified carbon coated monolith 147.06 Methyl orange  Willie et al. [56]

De-oiled biomass

H,S0,-modified Enteromorpha intestinalis

Microwave assisted sawdust
Modified Pinus wallichiana

Microwave-assisted corncob carbon

Corncob
H;PO,-functionalized corncob
Nanostructured corncob

9.9 Fuchsin dye Renita et al. [41]

95.27 Methylene blue  Saravanan et al. [38]
58.14 Methylene blue  Suganya et al. [57]
456.23 Malachite green  Gautam et al. [21]
82.71 Methylene blue  Tharaneedhar et al. [42]
17.86 Methyl orange This study
60.82 Methyl orange This study
206.67 Methyl orange  This study
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Table 5 Adsorption kinetics of
MO on the three adsorbents

Constants CcC FCC CCNC
e experimental (M 97) 30.27 37.01 31.30
Pseudo first order e, calculated (MI g 7") 37.34 36.29 27.39
K, (min™) 0.052 0.088 0.097
R? 0.987 0.996 0.993
x? 1336 0.014 0.556
Pseudo second order e, calculated (MI g7 43.58 42.05 15.64
K,x1073(g mg™' min™") 0.68 2.89 1.46
R? 0.976 0.950 0.794
x? 4.064 0.603 1.167
Elovich a(mgg™' min™) 2.838 13.221 20.796
B(gmg™) 0.102 0.121 0.164
R? 0.976 0.952 0.908
Intra-particle diffusion Kigitr (Mg g~" min~""2) 476 5.12 473
Ky (Mg g~" min~"72) 0.0036 0.004 0.24
R12 0.998 0.995 0.903
R2 0.943 0.907 0.844
@®CC ®FCC ®CCNC

of adsorbate on active sites and diffusion mechanisms
[30, 50, 59]. Hence, the mechanism and rate of adsorp-
tion were studied for the adsorption of MO on CC, FCC
and CCNC. The description of rate and mechanistic path-
way of adsorption of MO on CC, FCC and CCNC (Table 5)
in order of correlation coefficients follow the trend

pseudo first order (R2.—0.987, R2..—0.996 and R, .—

0.993) > pseudo second order (Rgc—0.976, R,ECC—O.950 and
2 ; 2 2 2
RCCNC—O.794) > Elovich (RCC—0.976, RFCC—O.952 and I’?CCNC

—0.908). Calculated quantity adsorbed at equilibrium (q,)
for pseudo first order kinetics is the closest to the experi-
mental g, coupled with lowest values th

Pseudo first order kinetics (Fig. 7) with highest R?, low-
est X2 and closest g, calculated to g, experimental was the
most accurate and precise to describe the rate of adsorp-
tion of MO on all adsorbents indicating a monomolecular
layer of MO on CC, FCC and CCNC [1, 6, 571.

Adsorption mechanisms that explain the effects of
mass transfer resistance on the adsorption of MO on
different adsorbents were studied with intra-particle
diffusion and film diffusion. Adsorption mechanism
may involve film, surface and intra-particle diffusion
taking place independently or concurrently [38]. Intra-
particle diffusion displays a two-layer stage: rapid (first)
describing the rate controlling steps and steady (sec-
ond)—describes the rate limiting step (Fig. 8). The first
rapid part provides the information about diffusion of
MO onto the surfaces of adsorbents while the second
steady part indicates predominance of intra-particle
diffusion [58]. Two-stage plots and deviations from ori-
gin suggest that intra-particular diffusion mechanism
was involved in adsorption process but not the sole
rate-determining step [8, 50, 57]. Higher values of K, 4«
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Fig.7 Pseudo first order kinetics plot of corncob, functionalized
corncob and nanocellulose for MO removal

¢CC AFCC @CCNC

A—A A A A4 44

.7'—7.*.*.*.‘."7.7.
¢ o o o v

A 4
*

3y .
S
vd 20 *
E -
, &

15
o [ pe

10 &

5 | @

/2
Fig. 8 Intra-particle diffusion plot of corncob, functionalized corn-

cob and nanocellulose for MO removal
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Fig.9 Boyd plot for the removal of MO on corncob, functionalized
corncob and nanocellulose
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Fig. 10 Van't Hoff’s plot of MO adsorption on corncob, functional-
ized corncob and nanocellulose

over K, it is an indication of greater driving force in the
first part than second [58]. The thickness of boundary
(Table 5) follows FCC > CCNC > CC implying the contri-
bution of boundary layer diffusion during the adsorp-
tion process. The thicker the boundary, the greater the
boundary diffusion effects which was most pronounced
in FCC [8, 50]. The Boyd plot (Fig. 9) used to predict
adsorption mechanism shows that film diffusion was
the rate-controlling step as no line passed through the
origin. This is in consonance with reports of Azeez et al.
[8] and Oyelude et al. [50].

3.6 Adsorption thermodynamics

Thermodynamic parameters were evaluated from the plot
of Van't Hoff (Fig. 10). The values of AG®, AH® and AS° for
adsorption of MO on CC, FCC and CCNC are presented in
Table 6.

AH° and AS° were negative for CC and CCNC while they
were positive for FCC. AG® values were negative for all
adsorbents increasing with increasing temperature for CC
and CCNC whereas they decreased with increasing tem-
perature for FCC. AG° ranges from —6.21 to —5.65 kJ mol ™'
for CC, —10.08 to — 14.16 kJ mol™" for FCC and —31.13 to
—30.98 kJ mol™" for CCNC.

The nature of energy associated with the adsorption
process as well as feasibility/spontaneity are determined
with deductions from thermodynamic parameters. Nega-
tive values of AH® and AS°® for adsorption of MO on CC and
CCNCimply exothermic nature and manifestation of high
degree of randomness was involved during adsorption
process suggesting direct affinity of CC and CCNC for MO
[38, 41, 42]. In contrast, removal of MO was endothermic
on FCC as indicated by positive values of AH® and AS°® sig-
nifying indirect affinity for MO [29, 30]. Adsorption on all
adsorbents was favourably feasible as revealed by values
of AG° decreasing with increase in temperature for FCC
while it increased with increasing temperature for CC and
CCNC. This is in agreement with reports of Tharaneedhar
et al. [42]. Differences in energy natures and affinities of
adsorbents could be linked to the modification of surface
chemistry and reduction in particle sizes [29, 47, 55, 60].

3.7 Regeneration/desorption studies of MO
from CC, FCC and CCNC

Percentage desorption ranges in order CC (87.13%) > CCNC
(80.74%) > FCC (65.23%). With over 80% desorption, it
indicates that CC and CCNC can be easily regenerated for
more adsorption processes. Relatively higher desorption
percentages obtained for CC and CCNC imply MO was
weakly bonded onto CC and CCNC. This is consonance
with energy of adsorption which indicate physiosorp-
tion while relatively lower desorption percentage of FCC
indicates MO strongly bonded to FCC suggesting chemi-
cal adsorption process. Similar results were reported by
Inyinbor et al. [53, 54] and Olajire et al. [58].

Table 6 Thermodynamic

i Adsorbent  AH° (kdmol™)  AS°(JK'mol™) AG® (k) mol™)
parameters of MO adsorption
303K 306 K 309K 312K 315K
CcC —20.340 —46.639 -6.209 -6.069 -5.929 -5.789 -5.649
FCC 92.894 339.84 -10.077 -11.097 -12.117 -13.136 -14.156
CCNC —34.705 -11.814 -31.125 -31.090 -31.054 -31.019 -30.983
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4 Conclusion

This study has described and reported the characteri-
zation of nanostructured and functionalized corncob
via acid hydrolysis as adsorbents for MO uptake. Acid
functionalization greatly influenced surface chemistry
and morphology whereas nanocellulose had similar
surface chemistry comparable to corncob although
with smallest particle sizes. Adsorption processes on
the three adsorbents were best described by Langmuir
isotherm and explained by pseudo first order kinetics.
There were improvements in adsorption capacity by 3.7
and 11 folds in functionalized corncob and nanocellu-
lose respectively. Adsorption of MO was spontaneous
on all adsorbents, exothermic and physical on CC and
CCNC however it was endothermic and chemical on FCC.
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