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This research focus on the removal of Pb (II) ions from aqueous solution by adsorption process using
nanoadsorbent developed from agricultural waste Oryza sativa husk (OSH). Surface morphology of
nanoadsorbent was analyzed by FE-SEM, elemental composition by EDX and size by AFM. Attachment of
functional groups on nanoadsorbent was determined by FTIR. The effect of pH, dose, contact time, initial
concentration and temperature were investigated. Optimum adsorption of lead at pH 8, contact time

ﬁeywogds" b 70 min at 60 °C temperature with 0.6 g/50 mL nanoadsorbent dose obeyed pseudo second order kinetic
anoadsorbent model with R? 0.996. Pb (II) adsorption was analyzed by Freundlich, Langmuir and Temkin models.

Oryza sativa husk . . . . . > .

Adsorption Freundlich isotherm model with correlation coefficient R* 0.999 was best fitted. Thermodynamic

Lead parameters anticipated the adsorption process to be endothermic and spontaneous. Post adsorption
elution was carried out successfully. Results demonstrate that OSH is a low cost and eco-friendly choice
for Pb (II) remediation.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

Equilibrium
Kinetics

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Indefinite persistence of organic/inorganic pollutants (heavy
metals) causes pollution of air, soil and water that seems to be the
major environmental concerns [1,2]. Non-biodegradable pollu-
tants i.e. heavy metals can bioaccumulate in the living organisms
via food chain, drinking water and air [3] and getting dangerous for
human beings, aquatic life and ultimately the ecosystem [4]. Water
the most precious natural resource is getting affected by industrial
discharge of chemicals mainly heavy metals [5]. Among several
heavy metals viz. lead, zinc, copper, cadmium, arsenic, chromium
etc. lead is the grievous one due to its acute toxicity. Otherwise lead
is considered to be useful in water distribution system which
contains lead pipes or lead solders and in manufacturing products
like paints, cosmetics, ceramic glazes, crystal glassware etc. Highly
poisonous and non-biodegradable lead can cause renal disorders,
destroy RBCs, damage central nervous system and ultimately death
[6,7]. Prenatal lead exposure is associated with adverse effects of
maternal depression, gestational hypertension, low birth weight
and spontaneous abortion [8]. Emission of lead from various
industrial activities in mining, smelting, power plants, gasoline,
incinerators, plumbing and households and currently chronic
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toxicity of lead from generation of e-wastes tends to result in
severe health hazards [9]. Such heavy metals need to be addressed
and polished off.

To decelerate the trouble caused by heavy metal contamination
in the environment, different treatment technologies viz. chemical
precipitation [10], electrolysis, ion exchange [11], membrane
filtration [12] and reverse osmosis [13] have been adopted by
different researchers. These conventional technologies have
certain drawbacks such as toxic chemical sludge production in
excess, increased sludge production cost, high equipment cost,
high energy consumption, low purification efficiency in industrial
applications and non-ecofriendliness [14]. However, adsorption is
more focused and outmatching in terms of low economic cost, high
efficiency, regeneration efficiency and environment friendly
approach also reported by [15,16]. Adsorption occurs due to
physico-chemical interchanges of metal ions with different
functional groups viz. phosphate, sulphate, amino, carboxylic
and hydroxyl groups. Recently nanomaterials especially nano-
cellulose extracted from sustainable agricultural wastes because of
its exceptional properties viz. high surface area, greater metal
binding sites and high regeneration efficiency has been widely
studied as adsorbent to eliminate metal ions from synthetic
solution [17]. In present research work, agricultural waste-Oryza
sativa husk (OSH) which is a nuisance to the environment (due to
hazardous practice of stubble burning resulting into immense air
pollution rampantly) has been prominently harnessed to develop
nanocellulose by chemo-mechanical method. Nanocellulose has

2215-017X/© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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significant features like biodegradability, renewability, large
surface area and greater strength [18]. The novel product nano-
cellulose is further used as nanoadsorbent OSH for binding lead
metal and subsequent removal of lead from contaminated aqueous
channel.

2. Materials and methods
2.1. Materials

AR grade chemicals were used. Lead nitrate was supplied by TM
media Pvt. Ltd., India. SD Fine Chem. Ltd., Mumbai supplied NaOH
(pellets) and H,SO4. NaClO, was obtained from CDH.

2.2. Methods

2.2.1. Preparation and characterization of nanocellulose

Nanocellulose was prepared from agricultural waste material
Oryza sativa husk (OSH) as reported earlier [19]. Oryza sativa husk
(OSH) was gathered from nearby agricultural store. It was soaked
in water and washed to cut down impurities, completely ground,
sieved and brought up for chemo-mechanical treatment. Sequence
of treatment steps followed were (i) alkali treatment, (ii) bleaching
treatment (iii) acid hydrolysis (iv) centrifugation, (v) ultrasonica-
tion and (vi) magnetic stirring as reported earlier [1]. The
homogenized mixture (nanocellulose) obtained was further
characterized by employing different techniques. The size of
nanocellulose was observed by Atomic Force Microscopy. Surface
morphology before and after lead adsorption was analyzed by
Field-Emission Scanning Electron Microscopy and Energy Disper-
sive X-ray spectroscopy was applied to find out elemental
composition. Attachment of functional groups on the nano-
adsorbent surface was identified by Fourier Transform Infrared
spectrum using KBr pellets with 400—4000cm ™! wavelength
range. The quantification of metal ion concentration in the solution
was observed by AAS (Atomic Absorption Spectrophotometer). The
characterized nanocellulose was further used as nanoadsorbent for
Pb (II) removal.

2.3. Batch adsorption experiments
Lead nitrate was used to prepare 1000 mg/L Pb (II) standard

stock solution. Thereafter dilution for the solution was made upto
required concentrations for further use in the experiments. pH of

Size -76.77 nm

the solution was maintained by HCl and NaOH (0.1 M). Adsorption
of Pb (II) onto nanocellulose (used as nanoadsorbent) was studied
in batch mode. The metal removal study was carried out with 50 ml
aqueous solution of respective metal (10—-100 mg/L known
concentration) by mixing 0.6 g adsorbent dose for 90 min at
180 rpm at 27 4+ 1 °C temperature. The mixture was filtered and
residual lead concentration was found out. The efficiency for lead
removal (% R) and equilibrium adsorption capacity of lead (qe)
were estimated by the Eqgs. (1) & (2):

Ci—Ce

of metal e

Removal

(% R) = x 100 (1)

(Ci—Ce) V

Equilibrium adsorption capacity (qe) = (2)

Where C; initial and C. final lead concentration (mg/L), ge (mg/g)
metal amount adsorbed on the adsorbent at equilibrium, V (L)
metal ion solution volume and M (g) mass of the adsorbent.

3. Results and discussion

3.1. Characterization

Three-dimensional image of the synthesized nanocellulose in
Fig.1 shows spherical particles on rough surface due to aggregation
after acid hydrolysis with sulphuric acid. The diameter range of
nanocellulose was 50—100 nm with some of the round patches
having 76.77 nm diameter. Similar trend was described by [20].
Surface morphology prior to deposition of lead ions and after
deposition of lead ions onto the surface of nanocellulose was
substantiated by field-emission scanning electron microscopy (FE-
SEM). The irregular broken fibres of nanocellulose after hydrolysis
with 100 wm diameter are clearly visible in Fig. 2 and after
adsorption there are bright agglomerations of lead ions on the
nanoadsorbent of diameter 10 wm as shown in Fig. 3. Elemental
composition of lead loaded nanoadsorbent exhibited in Fig. 4 is
weight percent of carbon (44.22 %), oxygen (44.20 %), lead (6.06 %),
Si (0.39 %) and Au (5.13 %) corroborating to their binding energies.
FTIR spectrum of nanocellulose with adhered functional groups is
presented in Fig. 5. The peak in the region 3400—3440cm™! is
imputed O—H group stretching. The peak at 2924cm™! corre-
sponds to C—H stretching vibration of methylene group. The
absorption peak near 1635—1651 cm ™! is assigned to O—H turning

Fig. 1. AFM image of nanocellulose synthesized from Oryza sativa husk.
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Fig. 2. (a) FESEM image of nanocellulose synthesized from Oryza sativa husk.

Fig. 3. FESEM image of lead loaded nanocellulose synthesized from Oryza sativa husk.
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Fig. 4. EDX spectrum of lead loaded nanocellulose synthesized from Oryza sativa
husk.

of water adsorbed and in the region 1155—1160cm~" peaks are
ascribed to glycosidic ether linkage C—O—C and C—C ring
stretching respectively. The corresponding at 1024 cm™ 'and
896 cm~! are due to C—O—C stretching vibration of glycosidic

linkage between glucose units in cellulose and pyranose ring
suggested by [19].

3.2. Batch adsorption studies

3.2.1. Effect of pH on Pb (Il) removal

Speciation properties of metal, charge on the adsorbent surface
and ionization degree are the factors greatly affected by pH relative
to adsorption mechanism and uptake capacity of the lead ions
[21,22]. pH effect on the removal of Pb (II) by proposed
nanoadsorbent is presented in Fig. 6 which indicate gradual rise
in removal of lead i.e. 77%-87% when pH was varied from 2-8. Due
to greater strengthening of protons, active binding sites on
adsorbent surface get protonated at low pH, consequently binding
of metal ions get reduced [38]. The positively charged functional
groups may not associate for binding of metal ions. Whereas at pH
8, the surface of nanoadsorbent becomes negatively charged due to
ionization of functional groups OH— and COO- of nanocellulose
and exchange of ions takes place between the functional groups



pH

Fig. 6. Effect of pH on lead removal using nanoadsorbent of Oryza sativa husk.

and metallic cations that promotes binding of metal ions [1]. At pH
8, precipitation of metal ions occur in the form of hydroxides (as Pb
(OH), in the present study). Removal of Pb (II) is affected more by
precipitation than adsorption. It is supported by the fact that van
der Waals forces of attraction tends to increase Pb (II) binding onto
nanocellulose when precipitation occurs. Therefore, pH 8 was set
for further experiments.

3.2.2. Effect of adsorbent dose on Pb (1) removal

The influence of dose on Pb (II) removal was carried out in the
range of 0.1 g-0.9 g/50 mL keeping other experimental parameters
constant. Fig. 7 shows that with increment of nanoadsorbent dose
Pb (II) removal raised from 65 % to 83 % and at 0.6g dose the
removal was maximum. It may be due to progressive increase in
surface area or availability of exchangeable active sites on the
surface of adsorbent that make easy incursion of lead ions to the
adsorption sites. At dose 0.6 g, an equilibrium was achieved and on
further addition of adsorbent dose percent removal of lead slightly
increased. However, adsorption capacity of the adsorbent de-
creased from 16.26 to 3.46 mg/g when adsorbent dose was
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Fig. 7. Effect of dose on lead removal using nanoadsorbent of Oryza sativa husk.

increased as presented in Fig. 7a. It is supported by the fact that
the active sites get overlapped on the nanoadsorbent surface due to
overcrowding [23].

3.2.3. Effect of contact time on Pb (II) removal

The removal efficiency of nanoadsorbent used is affected by
contact time parameter because of equilibrium nature of Pb (II)
removal. Therefore, the effect of time on the removal of Pb (II) by
nanoadsorbent was analyzed in batch mode. It can be ascertained
from the Fig. 8 that Pb (II) removal increased from 69 % to 84 % with
increase in contact time from 10 min to 70 min and arrived at
nearly constant amount at equilibrium conditions after 70 min.
This sorption variation may be due to relatively high concentration
gradient and vacant surface active sites in the beginning [37]. Later
on at 70 min the surface active sites get saturated with lead metal
ions and almost constant removal efficiency was acquired [24].

3.2.4. Effect of metal ion concentration on Pb (1) removal
The concentration of Pb (II) was varied in the range 10 mg/L to
100 mg/L to study its effect in batch mode. Fig. 9 depicts the
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Fig. 8. Effect of time on lead removal using nanoadsorbent of Oryza sativa husk.
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Fig. 9. Effect of concentration on lead removal using nanoadsorbent of Oryza sativa
husk.

decrease in Pb (II) removal from 91.9 %-75.74 % when initial metal
ion concentration was raised. At lower concentration i.e. 10 mg/L,
maximal Pb (II) removal was due to availability of many active sites
on the surface of nanoadsorbent. However, with increase in
concentration surface active sites got saturated with metal ions
and resulted in decreased removal of Pb (II). Similar results were
given by [21]. Contrarily adsorption capacity increased from 0.75 to
4.41 mg/g with increase in metal ion concentration presented in
Fig. 9a. This can be ascribed to upraised mass transfer rate owing to
strengthening of driving force [25].

3.2.5. Effect of temperature on Pb (II) removal

The effect of temperature on Pb (II) removal was investigated
with 10 °C-60 °C temperature range for 60 min at pH 8 with 0.6 g
adsorbent dose. As the temperature increased the Pb (II) removal
increased from 81 % to 91 % as depicted in Fig. 10 indicating the
process to be endothermic in nature. Pb (II) removal pertains to
physical as well as chemical sorption. This may be due to busting of
internal bonds at higher temperature resulting in increased active
sites at the nanoadsorbent surface. Similar trends were observed
by [26].

3.3. Adsorption experiments study

The experimental data for lead metal uptake and heteroge-
neity or homogeneity of adsorbent was justified by adsorption
isotherm models including Langmuir [27], Freundlich [28] and
Temkin [29]. Representation of models in linear form is given by
Egs. (3)-(5) respectively.

Ce 1 Ce
ge gmaxb g max

3)

92

80 T T T T T T |
0 10 20 30 40 50 60 70
Temperature®C

Fig. 10. Effect of temperature on lead removal using nanoadsorbent of Oryza sativa
husk.

logq. = logKs¢ +%log Ce (4)

ge=B In K1+B In Ce (5)

Where qmax (mg/g) is maximum monolayer adsorption capacity,
b (L/mg) is Langmuir constant. The linear plot was derived
between C./qe versus C. to calculate adsorption parameters. K
(mg/g (L/mg)"/™) is Freundlich constant associated with adsorp-
tion capacity and n is heterogeneity factor. The Kf and n values
were calculated from the linear plot drawn between log q. versus
log C.. The n value should lie between 1 and 10 for favourable
adsorption. In B=RT/b, b (Jmol~!) is Temkin constant related to
heat of adsorption and Kr (Lg~!) is equilibrium binding constant.
The values of Kt and B were calculated by graph between q. and
In C.. The values of adsorption parameters and correlation
coefficient are given in Table 1.

Comparative correlation coefficient (R?) values 0.999, 0.9576
and 0.934 of Freundlich, Langmuir and Temkin models
respectively indicate fitness of the adsorption data. However,
higher value of correlation coefficient R?> 0.999 of Freundlich
model in comparison to other studied models is correlative of
the multilayer distribution of lead on heterogeneous active sites
present on the nanoadsorbent. R? value greater than 0.980 and
higher than 1.0 n value expressed favorable adsorption. The
Langmuir model with 6.101 mg/g adsorption capacity exhibits
monolayer adsorption on homogeneous active sites of nano-
adsorbent. This contributes to the fact that the said nano-
adsorbent has a high surface area specifically in nano
proportions [24].

The adsorption capacity of Pb (II) was compared with different
studied nanocellulose adsorbents and encapsulated in Table 1.

Table 1

Comparative study of adsorption capacity of different adsorbents for Pb (II) removal.
Adsorbent qmax References
Rice straw nanocelluose 10.20 mg/g [30]
Wheat pulp nanocellulose 1.2 m mol/g [31]
Clinoptilolite nanoparticles NCP 0.283 m mol/g [32]
NCP-DTZ 0.275 m mol/g [32]
NCP-Pb-HDTMA-DTZ 0.393 m mol/g [32]

Rice husk nanoadsorbent 6.101 mg/g Present study
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Table 2
Thermodynamic parameters for adsorption of lead onto nanocellulose.
Temp. (K) AG (kj mol™1) AS (Jmol 'K 1) AH (kJ mol~1)
283 -12.19 4314 14.634
293 -12.62
303 —-13.06
313 -13.48
323 -13.92
333 -14.35
Table 3
Parameters for lead adsorption onto nanocellullose through Kinetic models.
Kinetic model Parameters Values
Pseudo-first order qe (mg/g) (cal) 2.2187
ky (min~1!) 0.0683
R? 0.9311
Pseudo-second order qe (mg/g) (cal) 3.783
ky (g/mg min) 0.048
R? 0.996
Intraparticle diffusion kia (mg/g/min~1) 0.1586
Cr 2.18
R? 0.906

3.4. Thermodynamic study

Thermodynamic parameters viz. (i) Gibb’s free energy (AG°),
(ii) enthalpy (AH°) and (iii) entropy (AS°) were calculated using
equilibrium constant varying with temperature. The Gibb’s free
energy was given by Vent Hoff's equation

AG® = —RTInKq (6)

_ Ca(Amount of Pb (II) in adsorbent)
" Ce(Amount of Pb (Il) in solution)

Kq (7)
Where R (8.314] mol ! K™!) is gas constant, K4 is equilibrium
constant and T (K) is temperature. The change in Gibb’s free energy,
enthalpy and entropy is represented by following equations:

AG® = AH°® -T AS® (8)
AS _AH
InKa =5 3038 + 2.303RT ®)
OH

——=5s0HZ

Where AS° is entropy and AH° is enthalpy. The values of AH° and
ASe are given by slope and intercept obtained from plot between In
Kq vs 1/T. The positive value of AH° 14.634 k] mol~! indicates
endothermic nature of the lead adsorption process presented in
Table 2. The positive value of AS° 43.14kJmol~' account for
increased randomness during lead adsorption. The negative value
of AG® —12.193 k] mol~! confirms feasibility and spontaneity of
adsorption process. Chemical sorption was confirmed by negative
values of Gibb’s free energy and supported by [33].

3.5. Kinetic study

Transport rate mechanism of adsorbate in adsorbent was
provided by kinetic data. Langergran’s pseudo first order [34] and
Ho’s pseudo second order [35] kinetic equations were used to
describe kinetics of Pb (II) on to OSH nanoadsorbent.

k1
log q. ~a; = 10g q. ~ (5505 )¢ (10)

t 1 t

a:k2q62+% (an

where k; (min~!) is pseudo first-order rate constant and k, (mg/
gmin~') is pseudo second-order rate constant in adsorption
kinetics, qe (mg/g) and q (mg/g) are adsorption capacities per unit
weight at equilibrium and at any time t. Eq. (10) can be drawn from
log (ge — q¢) Vs t plots gives k; and q. values. Eq. (11) can be drawn
by Slope and intercept of the plot gives values of k, and (e.
Experimental data for both the kinetic models represent high
correlation coefficients.

Comparing the values of correlation coefficient for both the
models indicate that R? (0.996) for pseudo second-order is higher
than R? (0.9311) of pseudo first-order as depicted in Table 3. It is
indicative of better fit of Pb (II) adsorption data into pseudo
second-order kinetics. Further Pb (II) removal results indicate that
adsorption may be rate limiting step that possess valence forces
among adsorbent and sorbate with exchange or share of electrons
[36].

3.6. Adsorption mechanism
Adsorption mechanism of metal ions depends on various

factors viz. pH of the solution, metals chemistry in solution,
binding characteristics. Usually metal ion adsorption is

> |=850: s == 50, (")

Electrostatic Interactions

. 20M — J
=GN, [+ (B ) » 50, MW '
Bhanu elhulose PR st e “‘f'l }
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Fig. 11. Schematic mechanism of lead interaction with OSH nanoadsorbent.
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Fig. 12. Reusability of nanoadsorbent for lead from aqueous solution.

accomplished by ion exchange, complex formation, electrostatic
interaction and precipitation. In present study, Pb (II) adsorption is
explained by pH effect and characterization techniques viz. FTIR,
FESEM and EDX which supported the binding of metals on OSH
nanoadsorbent as oxides and hydroxides. These groups electro-
statically interact with Pb®" and Pb (OH)* and at higher pH lead
hydroxides get precipitated on the surface of OSH nanoadsorbent.
Fig. 11(a&b) illustrated the adsorption of lead ions onto the surface
of OSH nanoadsorbent.

3.7. Reusability efficiency

The reusable demonstration of adsorbent is very important for
sustainability and economic point of view. The reusability of
nanoadsorbent OSH for Pb (II) was investigated upto three
successive cycles with 0.1 M HCL. The Pb (II) adsorption was
observed after the addition of 0.6 g nanoadsorbent in 50 mL metal
ion solution keeping 8 pH, 10 mg/L metal ion concentration and
60 min time constant. The spent adsorbent was separated from the
solution after adsorption and washed with distilled water. At 80 °C
temperature the spent adsorbent was dried for 3h and used
further for Pb (II) adsorption. The removal efficiency of nano-
adsorbent for Pb (II) decreased to 87 % after third cycle as depicted
in Fig. 12. It may be due to the loss of surface active sites during
adsorption-desorption process.

3.8. Conclusion

The present study concluded as: (i) nanoadsorbent from OSH
(Oryza sativa husk, an abundantly available agricultural waste)
synthesized by chemo-mechanical method is efficacious for
removal of lead from aqueous solution. (ii) The surface morphology
and size of nanocellulose was measured by FE-SEM and AFM and
adsorption of lead onto nanocellulose and elemental composition
were confirmed by FESEM and EDX. (iii) Pb (II) adsorption is pH,
adsorbent dose and temperature dependent. (iv) Equilibrium data
with Freundlich isotherm model is best fitted to Pb (II) adsorption
with R? 0.9991 supporting the multilayer adsorption. (v) Rate
transport mechanism is in good agreement with Pseudo-second
order having genuine correlation and adsorption capacity
3.783 mg/g. (vi) Spontaneous nature and feasibility of Pb (II)
adsorption process was confirmed by thermodynamic studies. (vii)
These results incrusted OSH nanoadsorbent to be economically
executable for Pb (II) removal from aqueous solution.
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