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Abstract

Developing cheap and affordable materials for the removal of toxic heavy metal ions
such as Pb (II) ions from water is a challenge. In response to this, this work
evaluated the synthesis and use of hydroxamic acid modified Adansonia digitata
cellulose (ADHX) as a useful resource for the removal of Pb (II) ions from water.
ADHX was characterized using Fourier Transform Infrared spectrometry (FTIR),
Thermogravimetric analysis (TGA), X-ray Diffraction analysis (XRD), zeta poten-
tial, Particle Size Dispersion (PSD), Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS). The sorption of Pb (II) ions on ADHX
follows the pseudo-second order model, intra-particle diffusion and Liquid film
diffusion kinetic models. The adsorption capacity of ADHX was found to be
18.00 mg g!, which fitted well for Langmuir, Temkin and Freundlich isotherms.
PSD revealed ADHX to be monomodal while Gibb’s free energy change (AG®)
suggests a non-spontaneous process. The negative nature of enthalpy change (AH°,
—69.774 kJ mol™!) shows that the process is exothermic while entropy change (AS®,
—0.214 kJ mol™') suggests a stable configuration of Pb (II) ions on the surface of
ADHX. However, the desorption studies revealed a possible regeneration of ADHX
with a desorption capacity of 68.75% in 0.01 M NaNO; while quantum chemical
computation using Density Functional Theory (DFT) revealed the mechanism of
sorption to be via ionic interaction. This study revealed ADHX to be a promising
resource for removing Pb (II) ions from water.
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1 Introduction

Water pollution by chemical compounds is an environmental challenge. The pollution
may be caused by human activities, which leads to the generation of domestic and
industrial wastes. When these wastes get into the environment, they become pollutants,
especially when they get into the water system. Some of these are responsible for the
pollution of surface and groundwater in several countries of the world, particularly in
developing countries like Nigeria. Pollution of surface and groundwater makes access to
clean drinking water difficult. Contamination of rivers and streams in developing coun-
tries is a common problem, which makes the provision of potable drinking water a
challenge. An effort has been made in the past to mitigate contamination by employing
different techniques like oxidation, filtration, adsorption, catalysis, electrochemistry,
photo-degradation and phytoremediation (Merganpour et al. 2015; Babu et al. 2016;
Zhao et al. 2016; Ravulapalli and Kunta 2017); however, these approaches have short-
comings such as insufficient removal of pollutants, high-energy requirement, making
them expensive and unsustainable. Among the known methods, adsorption remains one
of the most promising methods for the removal of pollutants in water because it is
inexpensive and can be easily modified.

Several chemical pollutants have been identified in water (Triantafyllidou and
Edwards 2012; Koesmawati et al. 2017; Wasike et al. 2019) but the inorganic ones are
of serious concern in most African countries like in Nigeria (Orosun et al. 2016; Tenebe
et al. 2018). Pb is one of the inorganic pollutants found in water. Different concentra-
tions of Pb have been reported in water systems, which ranges from 100 to 1000 ppm
(Galadima et al. 2010; Galadima and Garba 2012; Oke et al. 2017). Several conditions
have contributed to the concentrations reported, such as activities in industries like
battery, mining and metallurgic, metal sheet, paint, and trash incineration. The presence
of Pb has been reported in water sources in both developed and developing nations
(Anyanwu et al. 2018; Bolisetty et al. 2019; Joseph et al. 2019). Most industries
generating Pb in their waste needs to properly treat the wastes so that Pb does not get
into the environment. Presence of Pb in water bodies such as river, lake, groundwater
and the ocean is a big concern in developing countries such as Nigeria. Continuous
exposure to Pb is dangerous, which may result in serious health problems such as
learning disability, and damage to the brain, the nervous system and the liver (WHO
2010). As local industries are emerging and developing, there is a need to develop
techniques for the treatment of effluents from these industries. Currently, most small
scale local industries in very low-income nations do not have an efficient technique that
can completely remove heavy metals like Pb from effluents because some of the efficient
techniques are expensive, not easily set-up and difficult to sustain. This has necessitated
the need to develop a technique that is cheap, efficient and easy to use. Previous studies
have reported the use of a variety of adsorbents such as synthetic mineral (Chen and Shi
2017) and molybdenum sulfide (MoS,)/thiol-functionalized multiwalled carbon nanotube
(Gusain et al. 2019). One major challenge with the use of synthetic mineral is the
technical viability mostly when treating large volume of polluted water with metal ions.
Composite materials using polymers and adsorbents have also been used (Abdeen 2015).
Such composite may include the elastomeric polyurethane foam as matrix materials to
support adsorbents like zeolite and activated carbon. However, the use of such composite
is limited due to difficulties in separating the adsorbed metal ions from the composite
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materials making it difficult to regenerate the composite material for further use (Choi
and Jeong 2008; Abdeen 2015). Use of nanomaterials has the challenge of sludge
generation, toxicity and high operation cost. The main drawbacks of the aforementioned
techniques are lack of sustainability and high operation costs, most especially when the
concentration of Pb ions is below 100 mg L™ (Escudero-Oiiate et al. 2017). However,
the use of biosorbent has shown much encouragement. Reported biosorbents includes
ion-imprinted magnetic biosorbent (He et al. 2019), modified residues of Anacardium
occidentale L (Coelho et al. 2018), Jatropha curcas (Nacke et al. 2016), and Moringa
oleifera biomass (Imran et al. 2019). Most biosorbents are plant-sourced, which shows
they are from a renewable source with low toxicity. They are biodegradable, which is an
advantage over synthetic materials from petrochemicals. Cellulose is a plant-sourced
material that can be used as a biosorbent.

Cellulose is a linear chain polymer with (3-D-glucopyranose units joined by (3-1, 4
glycosidic linkages. It is insoluble in water and biodegradable. It is a semi-crystalline
polymer with methylol and hydroxyl functional groups. It has both crystalline and
amorphous phases. The presence of hydroxyl functional group in its molecule is an
indication that it can be modified to improve on its properties. It contains two types
of hydroxyl groups, primary hydroxyl in the methylol group (-CH,OH) at C-6 and
secondary hydroxyl groups (-OH) at C-3 and C-4 (Hokkanen et al. 2016). A few
modifications of cellulose have been reported such as etherification (Fox et al. 2011),
oxidation (Batmaz et al. 2014) and esterification (Yu et al. 2013). It is evident that
simple modification of cellulose may overcome the present challenge facing the
removal of Pb ions in water. Modifying the surface of cellulose may improve some
of its properties such as mechanical strength, thermal stability, hydrophobicity and
elasticity, which may enhance its adsorption capacity towards Pb ions and other toxic
heavy metal ions. Cellulose based material is eco-friendly, low-cost, readily available
and may become selective towards target Pb ions in water when modified (Sarkar and
Sarkar 2017). Buvaneswaria and Kannanb (2011) have shown that cellulose modified
with glycidyl methacrylate and diethylenetriaminepentaacetic acid exhibited encourag-
ing regeneration capacity when used for the adsorption of green and basic fuchsin dye
malachite. Despite this success, the use of cheap and simple chemicals to achieve
impressive modification for removal of toxic metals in water is limited. The study aim
at achieving this by proposing the use of hydroxamic acid for improving the property
of cellulose. Hydroxamic acid is an amide where the NH centre group has OH
substituent. The aim is to improve on the capacity of cellulose as a biosorbent for
the removal of Pb (II) ions in solution. The use of hydroxamic acid as a modifying
agent will introduce amide group on the cellulose with the presence of heteroatoms
that can interact with Pb (II) ions in solution.

Despite the role of cellulose as biosorbent, many studies have focused on the
preparation of cellulose nanocomposite, which ended up being expensive and with
low regeneration capacity as well as sludge generation. However, this study capital-
izes on imprinting the amide group on cellulose as a source of nonbonding electron
that can specifically interact with Pb ions in solution with the aim of cost reduction
with improved regeneration capacity. To achieve this, cellulose isolated from
Adansonia digitata was modified with hydroxamic acid to improve on the efficiency
of cellulose as a biosorbent for the removal of Pb (II) ions from the water.
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2 Material and Methods
2.1 Materials

Seeds of Adansonia digitata were collected from the Botanical garden at the University of
Ibadan, Nigeria. The seeds were defatted by extraction with n-hexane in a soxhlet extractor
(Adewuyi et al. 2012). Chloroacetic acid, thionyl chloride, sodium hydroxide, sodium chlorite,
glacial acetic acid, sodium sulphate, ethyl acetate, hydroxylamine hydrochloride, n-hexane and
all other chemicals were purchased from Sigma-Aldrich (Brazil). Stock solutions of Pb (II)
ions were prepared by dissolving an appropriate amount of Pb(NO;), in deionized water in
1000 mL standard flask. The stock solution was diluted with deionized water to prepare
different experimental solutions.

2.2 Isolation of Cellulose from the Defatted Seed of Adansonia digitata

The isolation of cellulose from the defatted seed of Adansonia digitata was achieved as
previously described by Flauzino Neto et al. (2013). Briefly, 2% NaOH was added to a
5 L beaker containing the defatted seed of Adansonia digitate, stirred for 5 h at 80 °C.
The filtrate obtained was washed with distilled water until alkali free. The filtrate was
bleached with a reagent containing acetate buffer and aqueous sodium chlorite in ratio
1:1. This was stirred continuously at 80 °C for 5 h. It was washed continuously with
distilled water until the residue became pH neutral. The bleaching step was repeated
three more times until the product was completely white. Cellulose obtained was dried at
60 °C for 24 h.

2.3 Synthesis of Hydroxamic Acid from the Seed Oil of Adansonia digitata

Hydroxamic acid was prepared using the oil extracted from the seed of Adansonia
digitata during defatting. The synthesis has been previously reported (Adewuyi et al.
2019). Briefly, synthesis was achieved by first converting the seed oil to methyl esters at
70 °C using 1% KOH as catalyst, followed by hydroxylation using formic acid
(0.0106 mol) and hydrogen peroxide (0.407 mol), and finally, reacting the hydroxylated
methyl esters with hydroxylamine hydrochloride in the presence of sodium methoxide as
a catalyst. The product was characterized by FTIR and 'HNMR as reported (Adewuyi
et al. 2019).

2.4 Preparation of ADHX

Thionyl chloride (0.04 mol) and chloroacetic acid (0.03 mol) were mixed in chloro-
form in a 500 mL three-neck round bottom flask at 75 °C for 30 min (Fig. la). The
isolated Adansonia digitata cellulose (5.00 g) was added to the mixture while heating
and stirring at 80 °C for 3 h. This was cooled in ice while removing the excess
reagent. Hydroxamic acid (0.04 mol) was added to the residue left in the round
bottom flask while stirring at 80 °C for 6 h. The product obtained was washed with
deionized water to remove any unreacted hydroxamic acid and dried in the oven at
60 °C for 12 h. ADHX obtained gave a yield of 96% (wt/wt). The reaction scheme is
shown in Fig. 1b.
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Fig. 1 (a) Synthesis of chloroacetylchloride, (b) Synthesis of ADHX

2.5 Characterization of ADHX

ADHX was blended with KBr, pressed into pellets and subjected to FTIR (FTIR,
Perkin Elmer, spectrum RXI 83303) to determine the functional groups it contains.
The X-ray diffraction pattern was recorded from 10 to 80 °C of 268/s with a scanning
speed of 2.00° at 20 min~! using XRD (7000X-Ray diffractometer, Shimadzu) with
filtered Cu K« radiation operated at 40 kV and 40 mA. The PSD and zeta potential
were determined using a zeta potential analyzer (DT1200, Dispersion technology).
Thermal stability was monitored via TGA while surface morphology was examined
using SEM (JEOL JSM-6360LV, Japan) coupled with EDS (EDS, Thermo Moran,
6714A-ISUS-SN, USA).

2.6 Equilibrium Study

Removal of Pb (II) ions by ADHX (0.5 g) was conducted at various time intervals using
100 mL varying concentration of Pb (II) solution (5-100 mg L™!) in 250 mL beaker at 298 K
and 200 rpm for 170 min. The equilibrium time was established by trying several agitations at
298 K and 200 rpm. During the process of adsorption, clear samples were withdrawn at a
different time interval to determine the equilibrium concentration of Pb using Atomic Absorp-
tion Spectrometer (Varian AA240FS).
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2.7 Effect of ADHX Dose, pH and Temperature on Sorption of Pb (ll) lons

Effect of the weight of ADHX on the sorption of Pb (II) ions was determined by varying its
weight used during the adsorption process from 0.1 to 1.0 g. To determine the effect of pH on
the sorption of Pb (II) ions, 0.5 g of ADHX was used while adjusting the pH (2.7 to 5.8) using
0.1 M HCI and NaOH as appropriate. Furthermore, the effect of temperature on the sorption
process was evaluated using 0.5 g of ADHX while varying concentration of Pb (Il) ions (5 to
100 mg L) at different temperatures (303 to 323 K) in 100 mL solution of Pb (II). This was
stirred continuously at 200 rpm in a 250 mL beaker for 170 min. Clear samples were
withdrawn at a different time interval to determine the equilibrium concentration of Pb using
Atomic Absorption Spectrometer (Varian AA240FS).

2.8 Desorption Study

Desorption was carried out by weighing 0.5 g of ADHX into 250 mL beaker containing
100 mL solution (100 mg L) of Pb (II) ions and agitated for 170 min at 298 K. This was
filtered and the ADHX-Pb air-dried overnight. The dried ADHX-Pb was poured into a 250 mL
beaker containing 100 mL of 0.01 M NaNO; and agitated for 3 h at 200 rpm and 298 K
(Adewuyi and Pereira 2017). The sample was withdrawn at a different time interval and
analyzed using Atomic Absorption Spectrometer (Varian AA240FS). Amount of Pb (II) ions
desorbed was estimated from the difference between the amount of Pb (II) ions fully loaded on
ADHX and the amount of Pb (II) ions in solution.

2.9 Quantum Chemical Parameters

Quantum chemical parameters for sorption of Pb (II) ions on ADHX were determined using
DFT electronic structure programs at B3LYP/6-31G level theory on Spartan 14.1 software.
The molecular electronic structure of ADHX was modelled. This also included the distribution
of frontier molecular orbitals in order to establish the reactivity of ADHX with Pb (II) ions as
well as its active sites for the sorption.

3 Results and Discussion
3.1 Synthesis and Characterization of ADHX

The seed of Adansonia digitata gave an oil yield of 19.64 +0.20% after extraction with n-
hexane to defat it. As previously reported (Adewuyi et al. 2019), the fatty acid composition of
the extracted oil was determined using Gas Chromatography and was found to contain C18:1
(36.55%) and C18:2 (28.19%) as the most abundant fatty acids. The proton nuclear magnetic
resonance (1.1-1.5, 3.4, 3.6 and 7.3 ppm) and FTIR (1665, 1564, 3455 and 1425 cm™) results
revealed prominent peaks that confirmed the synthesis of hydroxamic acid just as previously
reported (Adewuyi et al. 2019). The FTIR and TGA results of ADHX are presented in Fig. 2.
The FTIR spectrum (Fig. 2a) shows a peak at 3370 cm™!, which may be attributed to the
presence of —OH functional group. The peak at 2835 and 2962 cm™! is attributed to the CH,
and CHj of alkane from the modifying agent (hydroxamic acid). The peaks at 1560 and
1660 cm™! are assigned to the bending of the CNH group and carbonyl group, respectively.
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Fig. 2 (a) FTIR spectrum and, (b) TGA of ADHX

The peak at 1280 cm™! is attributed to C-O stretching of carbonyl functional group while the
peak at 1320 cm™! accounts for the C-N stretching at the surface of ADHX. The peak at
1020 cm™ may be assigned to the C-O-C pyranose ring stretching of cellulose while the peak
at 897 cm! accounts for as being the stretching at 3-(1 — 4) glycosidic linkages. The peak at
1450 cm™! is assigned to the symmetric CH, bending vibration, which is the crystallinity band
(Ciolacu et al. 2011). The FTIR results can be used to calculate the Empirical Crystallinity
Index (ECI). The ECI may be expressed as:

A -
ECI (%) :%‘"’;x 100 (1)

The peak at 1450 cm™ is attributed to the crystalline structure of ADHX while the band at
897 cm™! is assigned to the amorphous region of ADHX. The ECI value was found to be
58.35%, which is an expression of the degree of order in the structure of ADHX (Poletto et al.
2014). The TGA and DTG curves of ADHX are shown in Fig. 2b. ADHX exhibited four
distinct stages of mass loss during decomposition; however, the previous study has revealed
cellulose to decompose mainly by dehydration, depolymerization and glucosan formation
(Chauhan et al. 1999), and the observed extra stage might be due to the modification by
hydroxamic acid. The curve from the TGA reveals an initial loss in mass between 50 °C and
120 °C, which may be attributed to the loss of water molecules in ADHX. A loss in mass is
observed in the range 120-180 °C, which may be attributed to the loss of volatile compounds
within the temperature range. This loss might also be considered as being due to the loss of
internally bonded water molecules as a result of the ionic interaction around ADHX molecules.
A large loss in mass was observed above 180 °C in the range 180-350 °C, which was
considered as being the degradation leading to 1,4 and 1,6 anhydroglucopyranoside and
depolymerization at 1,4 glycosidic bond (Sharma 2012). The fourth stage of mass loss at
temperature above 350 °C may be considered as being pyrolysis to lower molecules.
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The X-ray diffraction pattern of ADHX was achieved on X-ray diffractogram, the result is
presented in Fig. 3a. The peaks at around 18° and 22.5° 20 angles are attributed to the

diffraction planes of (110) and (002) (Lu et al. 2013). The crystallinity index was calculated as
59.10% from the expression:

Toor—1
1.(%) = (%) x 100 )

using the height of (002) peaks (Iygz, 20 =22.5°) and the minimum intensity between the (002)
and (110) peaks (Iam, 26 = 18°) where I, represents both crystalline and amorphous material.
Ianm represents the amorphous material only. Both ECI (from FTIR) and 7. (XRD) measures the
crystallinity of materials. In this study, crystallinity of ADHX was measured comparing both
techniques (FTIR and XRD). Previous studies have shown that although FTIR technique is
much simpler, it only measures relative heights or areas, which gives only a relative value
because the spectrum contains contribution from both the crystalline and the amorphous region
(Akerholm et al. 2004; Park et al. 2010). However, on measuring the crystallinity of ADHX,
the value obtained for the ECI (58.35%) relates closely to the 1. (59.10%). The zeta potential is
shown in Fig. 3b. The values obtained increased as the pH increased but slightly reduced at
pH 5 and 6. However, there was a sharp rise in the value of the zeta potential at pH 8.8 but
dropped at pH 9.2, this picked up again as pH increased, although the zeta potential later
reduced again with an increase in pH. The lowest zeta potential value was obtained at pH 1.5
and the highest value was obtained at pH 12.1. This value of zeta potential helps in
understanding the charges that exist at the surface of ADHX, which guides in finding the
most suitable operating pH for the sorption of Pb (II) ions from solution since the zeta potential
value helps in knowing the stability and electrostatic repulsion with surrounding particles
(Hanaor et al. 2012). The obtained result shows that ADHX is stable in a liquid medium within
the studied pH range, which suggests its suitability for solid-liquid interaction, and in this case,
the removal of Pb (II) ions in solution. The particle size distribution is presented in Fig. 4a. The
distribution of the particles of ADHX is monomodal with the mean distribution size being
10.22 pm. The SEM is shown in Fig. 4b. The surface looks homogeneous with compact
structure, which appears rough.
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Fig. 3 (a) XRD and, (b) zeta potential of ADHX
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Fig. 4 (a) Particle size distribution and, (b) SEM of ADHX

3.2 Adsorption Process

At the initial stage, this study compared the adsorption capacity of Adansonia digitata
cellulose (10.30 mg g™!) with ADHX (18.00 mg g™!) as well as their Pb (II) ion percentage
removal. The percentage removal of Pb (II) ions increased from 68.32% (Adansonia digitata
cellulose) to 89.46% (ADHX). The initial comparison revealed that there was an improvement
in the adsorption capacity and percent removal when the Adansonia digitata cellulose was
modified with hydroxamic acid. Therefore, this study focused more on understanding the use
and efficiency of ADHX as a means of removing Pb (II) ions from water. The adsorption of Pb
(1) ions from solution by ADHX was studied over a time interval of 170 min. The study
showed that ADHX can remove Pb (II) ions from solution as shown in Fig. 5. The EDX result
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(Fig. 5a) confirmed the presence of Pb (II) ions at the surface of ADHX after the adsorption
process. The SEM image further supported this observation as shown in Fig. 5b. The
percentage removal of Pb (II) ions from solution is shown in Fig. 6a while the adsorption
capacity exhibited by ADHX towards Pb (II) ions is shown in Fig. 6b. The adsorption capacity
of ADHX towards Pb (II) ions was calculated as:

(Co_ce)

ey G)

qe =
where, C, and C, are the initial and final concentrations (mg L) of Pb (II) ions in solution,
respectively. M represents the mass (g) of ADHX, V stands for the volume (L) of Pb (II) ion
solution and ¢, (mg g™!) represents the adsorption capacity of ADHX. The adsorption capacity
of ADHX for the removal of Pb (II) ions at 100 mg L™ was 18.00 mg g~!. The adsorption
capacity of ADHX for the removal of Pb (I) ions from solution increased with time and
achieved equilibrium after 100 min. The capacity of ADHX to remove Pb (I) ions from
solution also increased as the concentrations of Pb (II) ion increased from 5 to 100 mg L1
This affirms the claim that the initial concentration of adsorbate is important in mass transfer
resistance between the adsorbate solution and solid-phase interaction (Rafatullah et al. 2009).
The percentage removal also followed a similar trend like the adsorption capacity, this also
increased with time and with concentrations of Pb (II) ions. A maximum of 89.46% removal
was attained by ADHX for the removal of Pb (II) ions, which reached equilibrium after
100 min.

The effect of pH on the removal of Pb (I) ions from solution is shown in Fig. 7a. The
pH of the solution was not allowed to go beyond 6 to prevent Pb from precipitating out of
solution. It became obvious that the adsorption capacity of ADHX towards Pb (II) ions in
solution, as well as the percentage removal of Pb (II) ions from solution by ADHX,
increased as the pH of solution increased. This indicates that the surface of ADHX became
more readily available for interaction with Pb (II) ions as pH increased. This suggests that
the surface of ADHX must have become negatively charged as pH increased, just as the

32+« C a

Counts (K)

00 05 10 15 20 25
Energy (Kev)

Fig. 5 (a) EDX and (b) SEM showing surface of ADHX after adsorption
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Fig. 6 (a) Percent removal of Pb?*; and (b) ¢, of ADHX at different times

zeta potential increased with increase in pH. The removal of Pb (IT) ions from solution may
have been promoted via ionic interaction. This may have resulted in a complexation
reaction between the heteroatoms (Nitrogen and oxygen) at the surface of ADHX and
the Pb (II) ions in solution as described in Fig. 8. The lone pair of an electron from the
heteroatoms may have driven the interaction as the surface of ADHX may have become
less electropositive as pH increased. The effect of the weight of ADHX on the adsorption
capacity and percentage removal of Pb (II) ions from solution is described in Fig. 7b. The
percent removal increased with an increase in weight of ADHX whereas the adsorption
capacity increased with a reduction in weight of ADHX. The observed increase in percent
removal with an increase in weight of ADHX may be due to the increase in the availability
of the active site for interaction with Pb (IT) ions in solution. As weight increased from 0.1
to 1.0 g, the surface must have increased with the possibility of more active sites being
available for ionic complexation with Pb (II) ions. However, the observed reduction in
adsorption capacity with an increase in weight of ADHX may he explained in terms of
mass transfer between the Pb (II) ions in solution and surface of ADHX as weight
increased. This suggests an ineffective mass transfer of Pb (II) ions over the surface of
ADHX as weight increased. It became obvious that the availability of effective sites for
adsorption of Pb (II) ions was hampered or the ratio of effective sites for removal of Pb (II)
ions to an ineffective site is small. This means that although the percent removal increased
with an increase in the active site as weight increased, the number of active sites available
is smaller compared to the ineffective site. This is an indication that the ratio of weight of
ADHX to solution volume plays an important role in the sorption of Pb (II) ions.

3.3 Kinetic Studies
Sorption of Pb (II) ions by ADHX was studied by fitting data kinetically for pseudo-first-order,

pseudo-second-order, intra-particle diffusion, elovich and liquid film diffusion equations. The
linearized form of pseudo-first-order equation is given as:
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In(q.~q,) = Inq.~kt (4)

where ¢ is time, ¢, and ¢, are the concentrations of Pb (II) ions at equilibrium and time ¢,
respectively, and k; represents the pseudo-first-order rate constant (min~'). To estimate ;, the
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Fig. 8 Complexation mechanism for the removal of Pb (II) ions from solution by ADHX
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pseudo-first-order, /n(q.~q,) was plotted against time ¢ from which &; and ¢, were obtained
from the intercept and slope of the plot, respectively. The data did not fit well for pseudo-first-
order equation with R? value 0.846 (Table 1). The data was fitted for pseudo-second-order
equation using a linearized expression as:

t . 1 I t (5)
q: kZ qg q.

From Eq. (5), k» (g mg™ min™!) represents the adsorption rate constant. The ¢,, h (initial
sorption rate) and k, were obtained from the slope and intercept of the plot of #/g, versus ¢. The
data fitted well for pseudo-second-order with good regression coefficient (0.944) when
compared to the pseudo-first-order (0.846). The ¢, for the pseudo-second-order was found
to be 19.194 mg g1, and this value is close to the value (18.000 mg g™!) obtained from the
experimental data. This suggests that the pseudo-second-order model describes the process
better than the first-order-model, which suggests the adsorption process to be chemically rate
controlled suggesting a chemisorption process. The data were further fitted for intra-particle
diffusion model to understand the sorption rate-limiting step. This was achieved as follows:

g =Kyt +C (6)

In Eq. (6), C (mg g™') is the constant that expresses the thickness of the boundary layer, and Kj,
represents the intra-particle diffusion rate constant (mg g~! min''2). The plot of g, versus ¢
gave a straight line with R2 value of 0.949, which indicates that the removal of Pb (II) ions was
also controlled by intra-particle diffusion. C and Kj; values were obtained from the intercept
and slope, respectively. However, the regression of the plot did not pass through the origin,
which suggests that intra-particle diffusion could not have been the sole rate-limiting step
during the sorption of Pb (II) ions by ADHX. Due to this, data were further subjected to a
liquid film diffusion model, as described as follows:

In(1-F) = K q4 1 (7)

Table 1 Kinetic model parameters for the sorption of Pb (II) ion on ADHX

Model Parameter ADHX
Pseudo-first-order g. (mg g™ 11.094
K (min™") 0.012
R2 0.846
Pseudo-second-order ge (mg g™ 19.194
K; (g mg™! min™!) 0.002
R2 0.944
h (mg g7! min) 0.883
Intra-particle diffusion Ky (mg g7! min!?2) 0.066
C@mggh 15.152
R? 0.949
Elovich B(gmg") 0.396
« (mg g7! min™") 0.267
R2 0.781
Liquid film diffusion Ky 0.019
R? 0.900
Experiment g. (mg g 18.000
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where F is the fractional attainment of equilibrium given as g./q, and Kj; is the adsorption rate
constant. To estimate this, —In(1-F) was plotted against z. The R? value was found to be 0.900,
which further corroborate the fact that film diffusion must have played a role in the rate-
limiting step. To further probe the possibility of chemical sorption, the data obtained were
treated for Elovich model using its linearized form, as follows:

1 1
q, == In(af) + = Int 8
where « is the initial adsorption rate (mg g' min), and (3 is the extent of surface coverage
(g mg™). The R2 value for the plot of g, vs Int was found to be 0.781. «w and (3 were determined
from the intercept and slope of the plot.

3.4 Isotherms

Data generated for the sorption of Pb (II) ions on ADHX were subjected to Temkin, Langmuir
and Freundlich isotherm models. The Temkin model is an important isotherm, which is
characterized by the distribution of binding energies up to some maximum binding energy
due to ADHX-Pb (I) ions interactions. The model can be expressed as:

0= (%) macy o)

g, = BInA + BInC, (10)

where A (L g™!) represents the Temkin isotherm equilibrium binding constant, B (J mol™)=R
T/b, and b is the Temkin constant. 7 (K) is the absolute temperature and R (8.314 J mol™! K) is
the gas constant. On plotting ¢, against InC,, a straight line with R? value of 0.997 was
obtained from which B and A were estimated from the slope and intercept (Table 2).

The Langmuir adsorption isotherm was used to describe the performance of ADHX based
on the assumption that the uptake of Pb (II) ions takes place on the homogenous surface by
monolayer sorption without interaction between the molecules of Pb (II) ions. The linear
equation for the Langmuir isotherm model is given as:

C. 1 1

) C6+KL o, (11)
The equilibrium amount of Pb (I) ions is represented as C, (mg L™), ¢, (mg g™!) represents
the amount of Pb (II) ions removed at equilibrium, Q, (mg g™!) is the maximum monolayer
coverage capacity, and K; (L mg™!) represents the Langmuir isotherm constant. On plotting
C./q. vs C,, a straight line was obtained having a slope of 1/0,, and an intercept of KLL 0O, where

K; represents the essential features of the Langmuir isotherm, described by:

1

Rp=———
L 1+ K; C,

(12)

where C, (mg L™) is the equilibrium concentration of adsorbate, ¢, (mg g™!) is the amount of
metal adsorbed at equilibrium, O, (mg g™!) is the maximum monolayer coverage capacity, and
K; (L mg™) is the Langmuir isotherm constant. The values of O, and K; were obtained from
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Table 2 Pb (II) ion sorption parameters for Temkin, Langmuir and Freundlich models

Isotherm ADHX
Temkin
ALgh 11.638
B (J mol™) 35.301
b 70.184
R2 0.977
Langmuir
0, (mg g 18.018
Ky (L mg™) 138.750
R? 1.000
R 7.206 x 1073
Freundlich
K, (L mg™) 1.623
1/n 0.997

2 1.000

the slope and intercept of the Langmuir plot. From Eq. (12), C, represents the initial
concentration of Pb (Il) ions, and K; is the Langmuir constant, which relates to the energy
of adsorption. The value of R; is very important and can be interpreted as: when R; > 1, the
adsorption process is considered to be unfavourable; the process is considered linear if R, = 1;
the process is favourable if 0 < R; < 1; and it is irreversible if R; = 0. For the sorption of Pb (II)
ions on ADHX, R; was found to be 7.206 x 107> which suggests that the process is favourable
(0<R;<1). This also shows that the sorption of Pb (II) ions on ADHX occurred on a
homogenous surface and it is a monolayer sorption with an R2 value of 1.000, which supports
the feasibility of the process. The maximum monolayer coverage capacity Q, was found to be
18.018 mg g7!; this value is similar to the adsorption capacity values obtained from the
experimental data. The K; was found to be 138.750 L mg™!. This high magnitude of K;
suggests a high heat of sorption, and thus, a strong bond is formed at the surface of ADHX
due to the interaction between ADHX and Pb (II) ions. The Freundlich isotherm is an
important model that can be used to describe the sorption process. It describes the adsorption
process on the heterogeneous surface as an exponential distribution of active sites and their
energies (Ayawei et al. 2015), which can be considered as multilayer sorption. It is expressed
as:

9. =Ky C; (13)

where g, (mg g™!) is the amount of Pb (II) ions adsorbed at equilibrium on ADHX, K,
(mg g™') represents the Freundlich isotherm constant, n is the adsorption intensity, and
C, (mg L) is the equilibrium concentration of Pb (1) ions. The plot of /nC, against Inq,
gave a straight line with R2 value of 1.000. This is an indication of surface heterogeneity
of ADHX suggesting that the surface of ADHX is heterogeneous in its approach for the
sorption of Pb (II) ions. 1/n, as shown in Table 2, is a parameter that reflects the
adsorption strength. When 1/n =1, then it means that the process is independent of the
concentration of Pb (II) ions; when 1/n<1, then the sorption is normal; and 1/n>1
shows a cooperative adsorption process. The sorption of Pb (II) ions on ADHX had a
value of 0.997 for 1/n, which shows that the process is a normal adsorption process.
When the value of 1/n is small, the heterogeneity becomes more feasible (Goldberg
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2005); during the sorption of Pb (II) ions on ADHX, the value was close to unit (1)
which suggests less feasibility.

3.5 Thermodynamics of Adsorption

The removal of Pb (II) ions from solution was thermodynamically evaluated from its exper-
imental data obtained from the effect of temperature on the adsorption process. Data were
processed to determine thermodynamic parameters such as Gibb’s free energy change (AG°),
enthalpy change (AH°) and entropy change (AS°). The adsorption equilibrium constant b, was
estimated from the expression (Ekpete et al. 2012):

by =—% 14
"=, (14)

AG® =R T Inb, (15)
AG® = AH°~TAS® (16)

In Eq. (14), C, and C, are initial and equilibrium amounts of Pb (II) ions. In Eq. (15), R is the
universal gas constant (8.314 J mol™! K1) while T (K) is the absolute temperature. A straight
line was obtained on plotting Inb, against the reciprocal of temperature (1/T) to determine AH®
and AS° from the slope and intercept. The values for AG° and ¢, obtained at different
temperatures are presented in Table 3. The values for both AG? and ¢, increased as temperature
increased from 303 to 323 K. The highest AG? value obtained was 0.540 kJ mol™! K™! while
the least was 0.507 kJ mol~! K~1. The value is positive, which is an indication that the process
is non-spontaneous. The adsorption capacity also increased from 18.00 to 19.60 mg g~!. The
values for AH° and AS° are presented in Table 4. The negative nature of enthalpy shows that
the process is exothermic while the negative nature of entropy suggests that the process is well
ordered indicating a stable configuration of Pb (II) ions on the surface of ADHX.

The parameters obtained for the sorption of Pb (II) ions on ADHX was compared with
other biosorbents found in literature as presented in Table 5. Values obtained for ADHX
compared favourably with previously reported biosorbents. The adsorption capacity compared
better than other plant-sourced biosorbents reported except in the case of Ficus benghalensis
(Nagpal and Rezaei 2010; Surisetty et al. 2013), activated carbon (Salihi et al. 2017) and
Peanut shells (Tasar and Ozer 2020). The adsorption isotherm reported for most of the
biosorbent was Langmuir isotherm while sorption of Pb (II) ions on ADHX favours Langmuir,
Temkin and Freundlich, isotherm models. The AG?,,, value for ADHX was positive while for
other reported biosorbents was negative, which suggests the current process to be non-

Table 3 AG and g, obtained at various temperatures

ADHX
T (K) 303 308 313 318 323

ge(mg g™ 18.00 18.10 18.40 19.00 19.60
AG (kI mol! K1) 0.507 0515 0.523 0.532 0.540
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Table 4 Thermodynamic parameters obtained from plot of /nb, vs 1/T for sorption of Pb (II) by ADHX

Parameters ADHX
AH (kJ mol ™) —69.774
AS (kJ mol™! K1) —0.214

spontaneous. However, ADHX has a negative AS°,,, value while other reported biosorbents
showed a positive value, which suggests the suitability of ADHX over other reported materials
as this indicates the formation of a stable configuration of Pb (II) ions on the surface of ADHX.

3.6 Desorption

The desorption study was conducted to evaluate the economic viability of ADHX. This
includes its regeneration capacity and how it can be reused over time. This also helps to check
and control the disposal of ADHX after use. Mostly, this guides on the recovery of Pb (1) after
it had been adsorbed by ADHX, which means it can be regained and reused. Desorption of Pb
(IT) ions from the surface of ADHX was calculated as:

Desorption (%) = WLW x 100 (17)

q.(adsorption)

During this study, a desorption capacity of 68.75% was attained for the removal of Pb (II) ions
from the surface of ADHX. This suggests that Pb (II) ions may probably be chemically bonded
to the surface of ADHX. Moreover, the kinetic and isotherm models pointed towards
chemisorption as the adsorption mechanism with the AS° suggesting a well-ordered and stable
configuration of Pb (II) ions on the surface of ADHX, a configuration or bond which might not
be easily broken.

3.7 Quantum Chemical Computations

Sorption of Pb (II) ions by ADHX may be described by ionic interaction between the surface
of ADHX and Pb (II) ions in solution. This interaction may have occurred as described in Fig.
8. However, this interaction could have resulted in the formation of strong bonds, which could
probably account for the 68.75% desorption obtained. Nonetheless, this interaction was further
viewed using DFT at B3LYP/6-31G level theory using Spartan 14.1 software as previously
described (Adewuyi et al. 2019; Adewuyi and Oderinde 2019). Fig. 9 shows the electronic
properties of ADHX, which includes the optimized geometry, highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) density distribution,
electron density, electrostatic potential map, local ionization potential map, Mulliken charge
and electrostatic charges of ADHX. The presence of oxygen and nitrogen atoms in the
molecular structure of ADHX as revealed by the optimized geometry suggests the presence
of non-bonding electrons in ADHX, which may participate in chemical bonding, thus adsorp-
tion interaction. Presence of non-bonding electrons in the molecules is indicative of electro-
negative sites, which is further corroborated with the exhibition of negative Mulliken charges
as well as negative electrostatic charges as shown in Fig. 9. This showed that ADHX can
exhibit nucleophilic characters towards Pb (II) ions. The negative charges are indications that
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Fig. 9 Electronic properties of ADHX: Optimized geometry of ADHX (A), HOMO density distribution of
ADHX (B); LUMO density distribution of ADHX (C), Electron density of ADHX (D), Electrostatic potential
map of ADHX (E), Local ionization potential map of ADHX (F), Mulliken charge of ADHX (G) and
Electrostatic charge of ADHX (H)

ADHX tends to donate electrons to the d-orbital of Pb for interaction. Such nucleophilic
interaction may have occurred at the HOMO, which represents the site on ADHX with high
electron density. This site may probably be the active site for the interaction between ADHX
and Pb (II) ions. This interaction may have led to the formation of a strong covalent bond. This
also explains the AS° value, which suggests an ordered and stable configuration of Pb (II) ions
surface coverage on ADHX. Table 6 presents the molecular properties exhibited by ADHX.
The surface area was found to be 407.60 A2, the solvation energy was —62.85 kJ mol~! and
dipole moment was 4.94 debye. The energy gap (AE) was calculated as:
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Table 6 Molecular properties of ADHX calculated using DFT at B3LYP/6-31G basis set level
Quantum Chemical Property Value
Molecular surface area (A2) 407.60
Energy (au) —1417.92
EHOMO (eV) -10.70
Erumo (eV) 3.82
Erumo-nomo (€V) 14.52
Dipole moment (debye) 4.94
Volume (A3) 377.13
Solvation energy (kJ mol™) —62.85
Group CI
Polarizability (C2 m N1) 68.57
n (V) 7.26
(18)

AE = Erymo—Enomo

The value was found to be 14.52 eV. The value is an expression of electronic interaction

between ADHX and Pb (II) ions. The lower the value, the better the interaction, and hence, the
sorption of Pb (II) ions on ADHX (Adewuyi and Oderinde 2019). The absolute hardness (1)

was calculated as:

HOMO

Fig. 10 Molecular orbitals of ADHX
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ELUMO_EHOM()
— DLUMO ZHOMO 19
2 (19)

Absolute hardness is an expression of the softness of ADHX. Adsorption is expected
to take place at soft regions on ADHX. The softer the molecule, the more reactive the
molecule becomes and in this case, the better the adsorption process. Figure 10 shows
the molecular orbitals of ADHX revealing the HOMO and LUMO electronic interac-
tion, which suggests the mechanism of sorption to be via ionic interaction.

3.8 Cost Analysis and Economic Prospect

The cost of removal of Pb (II) ions from solution by ADHX was estimated taking
into consideration, process treatment, transportation, energy consumption, maintenance,
regeneration, and desorption. With the assumption of a 1 million liters capacity, the
cost of treatment ranged between US $8.70 — US $21.50 per million liters. This is
cheaper than the report by Daniel et al. (2020), which involved the use of citric acid
modified cellulose for the removal of Cr (III) ions. Removal of Pb (II) ions by
ADHX is economically feasible compared to techniques such as electrodialysis,
electrothermal, reverse osmosis, and advance oxidation, which cost about US $450
per million liters, although the cost of water treatment per million liters is estimated
as US $10-US $200 (de Andrade et al. 2018) for biologically sourced materials. As
the world population increases, the demand for provision of clean water will also
increase. However, the use of adsorption as a means for water treatment remains a
viable means through which this may be achieved due to the low cost and ease of
process optimization.

4 Conclusions

Cellulose isolated from the seed of Adansonia digidata was modified with hydroxamic
acid (synthesized from the seed of Adansonia digidata). The modified cellulose
(ADHX) was characterized using FTIR, XRD, SEM, EDX, TG and particle size
analyzer. ADHX was also evaluated for its capacity to serve as a resource for the
removal of Pb (II) ions in solution. The result from the characterization confirmed the
production of ADHX. From the adsorption experiment, ADHX exhibited the capacity
to remove Pb (II) ions from solution with an adsorption capacity of 18.00 mg g™! in
an adsorption process that is non-spontaneous, exothermic and that obeys Langmuir,
Freundlich and Temkin isotherm models. The mechanism for the process is described
by chemisorption and ionic interaction with a desorption capacity of 68.75%. The
process was also described by quantum chemical computation.
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