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Abstract: The adsorption of lead (I1) and cadmium (1) ions from aqueous solutions by
novel water hyacinth-based cellulose clay nanocomposite were studied and their
adsorption performance established using the Langmuir, Dubinim-Radushkevich,
Temkin and Freundlich isotherm models. The water hyacinth-based cellulose clay

Received 24 Dec 2023,
Revised 16 Jan 2023,
Accepted 18 Jan 2023

Keywords: nanocomposite (CCNC) was synthesized by solution blending method, with poly vinyl
j gfllulose alcohol solution as the dispersion medium. Characterization of the CCNC was done
v He?vy Metals using Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron
v Isotherms Microscopy (SEM). According to the adsorption studies, Pb (I1) ions were adsorbed by
v Nanocomposites the CCNC material through a heterogeneous process, whereas Cd (11) was adsorbed
v Water Hyacinth through both monolayer and heterogeneous processes. While Freundlich and D-R

isotherms were the best at explaining the adsorption of Pb (I1), Langmuir, Temkin, and
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Freundlich isotherm models were most effective at explaining the adsorption of Cd (l1).
The adsorption process was exothermic, according to thermodynamic analyses. The pH
value of 4, the adsorbent dose of 0.8g per 100 ml of contaminated water, the temperature
of 25 °C, and the contact period of 30 to 120 minutes were shown to be the most effective
conditions for the adsorption of Pb (1) and Cd (II) ions from wastewater. The highest
percentage metal ion removal was observed to be 99.6 % (Cd?*) and 99.9 % (Pb?*).

135

1. Introduction

Over the past 100 years, water use has increased by a factor of about 6, growing consistently at a
rate of about 1% per year (UN-Water, 2018). This is attributed to rapid population growth,
urbanization, changing climate, and shifting patterns of water consumption. This consequently has led
to an acute increase in wastewater production. With a consistent growth of approximately 3.4 % in
urbanization and industrialization, especially in developing countries, it can only mean water
contamination will increase (Kuwonu, 2017; Razzouki et al., 2015). Additionally, flooding and high
precipitation due to climate change, have been linked to high heavy metal concentrations. If efficient
methods to reclaim, reuse and recycle water are not utilized, it is estimated that the world will face
40% water deficiency by 2030 (Malone, 2016).

Kinoti et al., J. Mater. Environ. Sci., 2024, 15(1), pp. 116-135 116


http://www.jmaterenvironsci.com/
mailto:ismaelkinoti95@gmail.com

According to the United Nations World Water Development Report (UN Water, 2021), more than
80% of wastewater produced in developing countries is released back to the environment in untreated
form. With contaminants ranging from organic biodegradable compounds to inorganic toxic
compounds such as heavy metals, the dangers citizens of such countries are exposed to, are of concern.
Heavy metals are particularly high-risk contaminants owing to their ability to bioaccumulate. Some of
them, such as iron, copper, and manganese, participate in crucial metabolic processes in the human
body, including the formation of hemoglobin (Nih, 2022), connective tissues and blood vessels (Nih,
2021), and cholesterol metabolism (Rehman et al., 2018) in trace amounts. At higher concentrations,
heavy metals such as cadmium and lead have been reported to play a role in metal-induced
carcinogenesis through DNA damage (Azeh Engwa et al., 2019). Spot contaminations for lead and
cadmium include municipal, garage, car wash and industrial effluents such as battery manufacture and
repair, paint and metal work industries (Njuguna et al., 2017). In developing countries, these sources
are centered on urban centers characterized by a high population. According to a 2017 United Nations
report, 4 out of 10 people in Africa were living in urban centers (Kuwonu, 2017). With an urbanization
growth rate of about 3.4 %, it is possible that half of the population in Africa will be living in urban
centers by 2035 (Kuwonu, 2017). This would mean more cars burning fossil fuels, and an increase in
carwashes and garages, which would increase heavy metal contamination, if greener solutions are not
embraced. Consequently, growth in improved agriculture to cater for the urban population would mean
a greater use of agrochemicals, most of which are heavy loaded with toxic heavy metals (Tutic et al.,
2015). The housing sector too, in an attempt to shelter the population, would potentially exacerbate
heavy metal contamination through paint production and metal manufacture (Apanpa-Qasim et al.,
2016; Ogilo et al., 2017; Megertu & Bayissa, 2020). Furthermore, flooding and heavy precipitation
have been linked to an increase in heavy metal concentration in urban watercourses (Frogner-Kockum
et al., 2020; lordache et al., 2022). With the current state of climate change predicted to worsen
(UNEP, 2020), it is possible to face high concentrations of heavy metal contamination in water bodies,
soil and consequently flora and fauna.

Various methods have been studied and utilized to remove heavy metals and other contaminants
from wastewater with a goal for reuse in irrigation, human and animal consumption, among other
activities. Use of activated carbon (D. Saha & Grappe, 2017), reverse osmosis (Karunakaran et al.,
2021), ultrafiltration (Aloulou et al., 2020) and electrodialysis (Juve et al., 2022) are highly effective
methods in the removal of heavy metals. However, developing countries cannot sustain the extensive
use of these methods in relation to high costs of setting up, maintenance, and the technology required
to run them (Marshall, 2017; Nelligan et al., 2011). Low-cost adsorptive alternatives have recently
been of interest because of their efficiency and selectivity in the removal of wastewater contaminants
such as heavy metals. Such a low-cost material is clay. Clay and clay minerals have been used in
adsorption of various water contaminants such as heavy metals (Sdiri et al., 2011), cationic dyes (El
Kassimi et al., 2021) and pharmaceuticals (Arya & Materials, 2016).

Clay can be defined as soil with particle size falling below 0.005mm; or a rock, made up of clay
particles; that shows plasticity when wet and coherence when dry (Daumier et al., 2020). Such a rock
is made up of varying percentages of clay minerals such as kaolinite, mica, and illite, among others.
Clay minerals are usually phyllosilicates, made up of layered tetrahedral silica and octahedral
aluminium, magnesium, or iron sheets, classifiable through their structural arrangements (Gu et al.,
2019). The tetrahedral structures usually have a Si atom surrounded by four hydroxyl groups while the
octahedral structure has an Al, Mg or Fe atom surrounded by six hydroxyl or oxygen atoms. These two
layers can be arranged in the ratio 1:1 as in kaolinite, 2:1 as in smectites, illite and mica or mixed as
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2:1:1asin chlorite (Gu et al., 2019). Clay properties such as high cation exchange capacity, abundance
and high surface area, has had them utilized as heavy metal adsorbents for wastewater decontamination
(Hizal & Yilmazoglu, 2021). Functional groups and surface charges available to the clay minerals are
responsible for the heavy metal removal, especially in acidic environments (Gu et al., 2019).

In adsorptive studies, clay minerals (Azzaoui et al 2016) are good heavy metal adsorbents, but
achieve low metal ion removal especially in the presence of competing ions (Jiang et al., 2010). To
improve their adsorption, researchers have resulted to modification techniques that either improve
active adsorptive sites or make the material ion specific (Kennedy et al., 2018). Such a modifier, which
is commonly utilized in response to being abundant in natural environment, is cellulose. When
extracted from plants, unmodified cellulose exhibits low metal ion adsorption due to low specific
surface area (Suhas et al., 2016). Therefore, it is utilized in modified form or as a precursor for other
heavy metal adsorbents, to enhance removal (El-Aziz et al., 2018). Modifying clay with cellulose (to
form a nanocomposite) improves the surface area of the clay for heavy metal adsorption and thus
enhances removal (Kumar et al., 2012).

Nanocomposite materials are multiphase materials containing at least one dimension less than 100
nm, or the composite phase have distances within the nanoscale between them (Neitzel et al., 2012).
Such materials exhibit advanced capabilities due to enhanced specific surface area to volume ratio,
which in the field of water treatment, is indispensable. Nanocomposite materials are particularly
applied in water decontamination in relation to very high removal capacities, ease of regeneration, low-
cost fabrication, ease of modification and high selectivity in adsorbate removal. In heavy metal removal
different researchers have applied various modifications to clays, enhancing them at the nanoscale, to
achieve high removal capacities. (Soltani et al. (2019) used polyaniline clay hybrid material in the
removal of Cu (Il) and reported a high removal capacity of about 22.7 mg/g with just 0.05 g of the
material. Zhang & Wang (2015) used lignocellulosic montmorillonite nanocomposite in the adsorptive
removal of Ni (I1) ions reporting a maximum adsorption capacity of 94.86 mg/g. Tirtom et al. (2012)
used epichlorohydrin crosslinked chitosan clay composite beads in the comparative removal of Ni (1)
and Cd (I1) ions from aqueous solutions, reporting adsorptive capacity of 32.36 mg/g and 72.31 mg/g
respectively. However, low-cost adsorbents, inclusive of clay-based nanocomposites have only been
studied against low metal ions concentrations. There is a gap in the performance of these adsorbents in
the removal of heavy metals in relatively high metal ion concentrations. In this paper we report on
utilization of the clay cellulose nanocomposite in the adsorption of high concentration Cd (Il) and Pb
(1) ions from contaminated water (Aaddouz; et al; 2023). The adsorption parameters, isotherms,
characterization, and thermodynamic studies are also discussed.

2. Methodology
2.1 Materials

The cellulose used in the research was isolated from water hyacinth (Eichhornia crassipes) that was
collected from Lake Naivasha (-0.81247, 36.29464), Kenya. The clay used in the study was collected
from Meru (0.13166, 37.71257), Kenya. The chemicals used in the study were analytical grade and
were used without further purification. In the study, the shaking water bath model SHA-C, the
analytical balance model MA2104C, the magnetic stirrer and hotplate model MS/-H550-S, a scanning
electron microscope model Hitachi S-3400N, the Fourier Transform Infrared Spectroscopy (FTIR)
model IRTRacer-100 and the Shimadzu Atomic Absorption Spectroscopy (AAS) model AA-7000 with
an autosampler model ASC-7000 were used.
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2.2 Methods

2.2.1 Isolation of Cellulose

The cellulose was isolated following the method of Istirokhatun et al. (2015). Water hyacinth (WH)
samples were washed, roots were removed, and the stems and leaves cut to small pieces. Then they
were sundried for 12 hours and oven-dried overnight at 100 °C. The samples were then blended. 40 g
of WH powder was extracted using 2:1 toluene: ethanol solution for 3 hours. They were then bleached
with a 3 % NaOCI solution at 80 °C for 2 hours, followed by hydrolysis with 1 % NaOH at 60 °C for
another 2 hours. The second bleaching was carried out with 1 % NaOCI at 75 °C for 3 hours while
stirring, then 5 % HCI was added to act as a catalyst through acid hydrolysis. The temperature was
adjusted to 65 °C and the process continued for 6 more hours. The resultant cellulose was filtered and
washed with distilled water to remove the acid.

2.2.2 Synthesis of the Nanocomposite

To synthesize the clay-cellulose nanocomposite, the method by Abunah et al., (2019) was adopted. 2
kg of raw clay was first washed to remove impurities and suspended for 72 hours to drip off water.
Then it was converted to sodic form using 1M NaCl. 20 g of polyvinyl alcohol were hydrated for 2
hours at 90 °C in 2 L of distilled water, then sodic clay was added and stirred for 20 minutes. Cellulose
was then added while stirring for an additional 20 minutes. The solution was allowed to cool and
drained off for 72 hours. The residue was oven dried at 100 °C for 12 hours, ground and sieved through
75-micron sieve before use in adsorption studies.

2.3 Characterization of Samples

FTIR characterization was performed using an FTIR (IRTracer-100) instrument in the 4000-400 cm™
range with a resolution of 1 cm™, in attenuated total reflectance (ATR) mode. The dried clay and clay-
cellulose samples were first ground on hand using a mortar and pestle. The resultant fine powder was
placed on the ATR sample holder and the spectrum recorded within the forementioned range.
Electron microscopy technique was used for the characterization of morphology. To prepare powdered
sample for the technique, small volumes of 2 - 3mg were dispersed in 200mL ethanol solution in an
Eppendorf, that were sonicated for 15 minutes. A silicon wafer held the samples that were dried and
then scanned through the SEM. Samples were gold-coated to make them conductive. SEM
characterization for both clay and clay-cellulose nanocomposite was done using a scanning electron
microscope model Hitachi S-3400N, and the micrographs provided at a magnification of 25 kX.

2.4 Optimization of Experimental Parameters

To determine the optimal parameters of metal ion adsorption, one parameter was variated, while all the
others were kept constant. The optimum condition was utilized for a subsequent step. To determine the
effect of pH on adsorption, 0.8 g of the nanocomposite was added to 250 ml conical flasks with 30
mg/L metal ion concentration at a pH of 2, 3, 4, 5 and 6. The samples were fixed in a shaking water
bath set at 170 rpm and 25 °C and run for 120 minutes. The pH was adjusted using 0.1M NaOH or
0.1M HCIl solution. To study the effect of temperature on metal ion adsorption, 0.8 g of nanocomposite
was added to water with 30 mg/L of metal ion concentration and temperature studied at 20, 25, 35 and
45 °C in a shaking water bath set at 170 rpm for 120 minutes each. The effect of metal ion concentration
was studied at concentrations 10, 20, 30, 50, and 100 mg/L with 0.8 g of the nanocomposite, for 120
minutes. To study the effect of contact time on adsorption, 0.8 g of the nanocomposite was added to
100 ml of 30 mg/L of metal ion solution, pH 4, and run at 170 rpm, shaking water bath 25 °C, reading
taken at 10, 20, 30, 60 and 120 minutes. Experiments were conducted in triplicate and mean data was
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calculated. To calculate the distribution ratio, adsorption percentage and capacity, Eqn 1, 2 and 3
respectively, were used (Ostovaritalab & Hayati-Ashtiani, 2019).

Ci—Ce 14
Kd = C—e X - Eqnl
o _ 100xKq
% R Kd+% Eqgn. 2
Q.= K; X C, Eqgn. 3

Where K, is distribution ratio, C; (mg/L) the initial concentration of metal ion concentration, C, (mg/L)
the concentration of metal ions at equilibrium, V' the volume of solution in litres, m the mass of the
adsorbent in grams, % R the adsorption percentage and Q. the adsorption capacity in mg/g.

2.5 Adsorption Studies

To study the adsorption mechanism, the adsorption isotherms and thermodynamics were investigated.
To study the adsorption isotherms, five solutions with 20, 30, 50, 100 and 200 mg/L of Pb (I1) and Cd
(1) ion separately, were prepared. In each 1.4g and 0.8g for of the nanocomposite were added in the
Pb (1) and Cd (1) ion solutions respectively. The solutions were placed in the shaking water bath for
120 minutes at room temperature at a speed of 170 rpm. The samples were then filtered, and the metal
ion concentrations were determined using AAS. The obtained data was fitted to Langmuir, Dubinim-
Radushkevich, Temkin and Freundlich isotherm models. Langmuir isotherm assumes a monolayer
adsorption process, typical in a single solute saturated non-linear process (Matouq et al., 2015). The
Langmuir non-linear equation is given by Eqn. 4.

_ QmkCe
Qe ="Tic Eqn. 4

And in the linear form in Eqn. 5

C 1 1
L =—C,+— Egn. 5
Qe Om e+lem 9

Where Q,, and k; are Langmuir constants representing monolayer adsorption capacity in mg/g and
adsorption constant in mg/L respectively. These values were estimated from the gradient and intercept

of the plot of % versus C, respectively. Kl values relate to the energy released during adsorption and
e

are useful in the estimation of a unitless constant, R, through Eqgn. 6 (Inyinbor et al., 2016).

_ 1
T (1+kiCo)

R; Eqgn. 6

When the value of Ry is above 1, the adsorption is unfavorable for fitting with Langmuir, R; = 1
translates to a linear adsorption, 0 < R; <1 tell that the adsorption favorably fitted to Langmuir and if
R; =0, the adsorption process is irreversible (Hua & Li, 2014).

The Freundlich non-linear isotherm is given in Egn. 7 (Ayawei et al., 2017).
Q. = ks - Ce'/n Eqn. 7
In linearized form, Freundlich isotherm becomes Eqn. 8.

In(Q.) = Ink; + (i) Inc, Eqn. 8
ng
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Where k¢ (L/g) and ng (unitless) are Freundlich constants estimated by the intercept and gradient of

the plot of In(Q,) versus In C,.

Freundlich isotherm is applied to non-uniform distribution of heat of adsorption, common on
heterogenous surfaces, assuming multilayer adsorption, thereby not limited to monolayer adsorption
(Fosso-Kankeu et al., 2017). The nf parameter on Freundlich isotherm indicates the deviation of the
adsorption process from linearity and intensity (Mu & Sun, 2019). When the value is close to 0, the
adsorption process is more heterogeneous. If below 1, the metal ions are adsorbing by chemisorption.
If it is greater than 1, the adsorptive process is cooperative (physisorption) in nature (Foo & Hameed,
2010). A high R? value in Freundlich isotherm implies multilayer adsorption of adsorbates.

The Temkin isotherm, given in Eqgn. 9, ignores extremes of adsorbate concentration to focus on a linear
decrease of the heat of adsorption (Inyinbor et al., 2016. Jodeh et al 2018).

Qe = %hl(ﬁce) Eqgn. 9
The linear form is given in Eqgn. 10.
Qe ==K, +=1InC, Egn. 10

Where b (j/mol) and Kt (L/g) represent Temkin constants, calculated from the slope and intercept of
the plot of Q, versus InC, respectively. This isotherm is applicable to adsorption data without a
saturation plateau, characterized by Type I, Il and V isotherms (Chu, 2021). Temkin isotherm
assumes uniform distribution of bonding energy limited by a maximum energy of bonding. The term
‘b’ in Temkin isotherm is related to the heat of adsorption, whereby a positive value indicates an
exothermic process and a negative value, an endothermic process (Altaher, 2016).

The Dubinim-Radushkevich isotherm is given in Eqgn. 11 and 12 in non-linear and linear forms,
respectively.

Q. =0Q, exp(—ﬁgz) Egn. 11
InQ, =InQ, — f&? Eqgn. 12

Where ¢ is Polanyi potential, B (mol?/kJ? an activity coefficient that is useful in determination of mean
sorption energy, E (kJ/mol), Qo the maximum adsorption capacity in mg/g. ¢ and E are calculated from
the Egn. 13 and 14 respectively.

1
e=RTIn(1+ C—e) Eqn. 13
1
E= Neri Eqgn. 14

A plot of In Qe versus ¢? is used to calculate the values of In Qo and B from the intercept and slope,
respectively. When the value of E is between 8 — 16 kJ/mol, that implies that the adsorption process
proceeds through chemisorption or ion exchange. If the value is below 8 kJ/mol, the adsorption is
physisorption (Matouq et al., 2015; Akartasse et al ; 2022).

To evaluate the thermodynamic parameters Gibbs free energy (4G°), enthalpy (4H®) and entropy
(4S5°) of the Pb (I1) and Cd (I1) adsorption, Eqn. 15, and 16 were used (Yeganeh et al., 2019).

AG® = —RTInky, Egn. 15
Ink, = —26° — _AH 458 Eqn. 16
RT RT R
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Where R is the universal gas constant, T temperature in Kelvin, and k, as given previously in Eqn. 1.

3. Results and Discussion
3.1 Characterization of Clay and Nanocomposite
3.1.1 Characterization by Infrared Spectroscopy
The clay and clay-cellulose peaks as characterized by Fourier Transform Infrared Spectroscopy
are presented in Figure 1.
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Figure 1: FTIR spectra for clay and cellulose-clay nanocomposite.

Fourier transform infrared spectroscopy (FT-IR) is a technique used intensively to determine
the chemical structure of a material by studying the adsorption or transmission of functional groups in
IR (Gaffney et al., 2012). Specific functional groups show IR peaks at specific points in the IR spectra
and therefore are identifiable through this technique. Generally, IR spectra show bands in distinct
regions known as the group frequency region (4000 — 1300 cm™) and the fingerprint region (1200 -
700 cmY) (Bruice, 2016). The fingerprint region is the most important region, as most functional groups
are detectable in this region. Therefore, it is used in the identification of compounds (Bruice, 2016).

The infrared spectrum of the clay sample (black) showed peaks at 3615.63, 1108.12, 998.18,
910.42, and 670.27 cm™. The characteristic peak at 3615.63cm™ (vOH) is assigned to stretching
vibration of AIOH and MgOH on the structure of the clay (Ashouri et al., 2021; Hayati-Ashtiani, 2012).
The peaks at 1108.12 and 670.27 cm™(vSi-O) are assigned to SiO stretching vibrations in the clay
interlayers (Hayati-Ashtiani, 2012; Imam et al., 2020). The peak at 998.18 cm; Si-O-Mg)
corresponds to Si-O-Mg bending vibrations in the internal structure of the clay, indicating a possible
substitution of AP by Mg?*, which is common in montmorillonite clays. This substitution effect is
responsible for high cation exchange capacity and swelling in such clays (Daumier et al., 2020). The
peak at 910.42 cm™ (8Al-Al-OH) is assignable to bending vibration of Al-AIOH (Alsawalha et al.,
2016). Peaks at 3615.63 cm™ (Al (Mg) -OH), 1108.12 cm (Si-0), 998.18 cm™ (Si-O-Mg) and 910.42
cm? (AI-Al-OH) which are in very close agreement with literature values show the presence of a
montmorillonite clay mineral in the sample (Ostovaritalab & Hayati-Ashtiani, 2019; Putro et al., 2017,
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El Hammari et al 2022). In research by Alexander et al. (2018) investigating the physicochemical
characteristics of bentonite clay, the authors reported -OH vibrations due to clay structure and water
molecules in the region 3750-3500 cm™. Characteristic bands of the silicates in the clay were observed
in the fingerprint region (1200 — 700 cm™). Other bands correlating to Si-O and AI-O were observed
at 600 — 400 cm regions of the IR spectra. Other researchers investigating montmorillonite-based
clays reported similar findings (Yildiz et al., 2004; Chashechnikova et al., 2005; Jia et al., 2011;
Ostovaritalab & Hayati-Ashtiani, 2019) reported presence of Si-O-Si, Si-O-Al in the region 550-450
cm-1 and Si-O and Al-O bonds in the region 1150 - 1000 cm™.

When the cellulose structure is introduced into the clay, most bands are shifted and enhanced,
as shown in Figure 3 and Figure 4. The clay peak at 3615.63 cm™ is intensified and shifted to 3623.34
cmL. This shift is related to the effect of -OH functional groups present in the cellulose. New bands in
the nanocomposite structure are noticed at 3698.57 and 3389.95 cm™ which correspond to -OH
vibrations due to absorption of interlayer water (Yildiz et al., 2004). This was an indication of surface
hydration of the nanocomposite with respect to the introduction of cellulose into the structure. In
similar research, Chashechnikova et al. (2005) reported fairly weak -OH stretching in the region 3500
— 3200 cmt in organically modified clays, which indicated weak surface hydration of the composite
samples based on hydrophobic benzene rings. The nanocomposite also introduces a peak at 1635.66
cm representing C=0 and C=C vibrations due to cellulose (Ostovaritalab & Hayati-Ashtiani, 2019).
The peaks at 3389.95 cm™ and 1635.66 cm™ have been reported before in cellulose studies (Jia et al.,
2011). The peaks at 1108.12 and 670.27 cm™, in the clay sample, were observed to have shifted to
1113.91 and 673.17 cm™ respectively, which indicate a shift in the Si-O bonds with introduction of
cellulose structure into clay. It is possible that the Si-O bands due to clay overlap C-O bands in the
cellulose in the 1200-1000 cm™ region (Jia et al., 2011). The peaks at 998.18 and 910.42 cm™ are also
shifted to 993.36 and 909.45 cm™ respectively in the nanocomposite, indicating a shift in Si-O-Mg and
Al-Al-OH structures, respectively, due to cellulose incorporation into clay layers. These findings
indicate strong interactions between the cellulose and the clay interlayers.

3.1.2 Characterization by Scanning Electron Microscopy
The morphology of clay, water hyacinth cellulose and clay-cellulose nanocomposite as
observed by SEM, is shown in Figure 2 (a, b and c).

Figure 2: SEM image of clay(a), water hyacinth cellulose (b) and clay-cellulose nanocomposite (c).

According to Figures 2, the effect of incorporation of cellulose into the clay structure was seen
to improve the surface porosity, thus increasing the surface area of the nanocomposite. Clay (Figure
2a) was seen to have a much smoother surface in comparison to the nanocomposite (Figure 2c). The
increased porosity observed in the nanocomposite was responsible for providing more adsorptive
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surface for the metal ions removal from contaminated water. Similar findings were reported by Soltani
et al. (2019) who reported increased porosity in a polyaniline clay nanocomposite after incorporation
of the polymer.

3.2 Optimization of Experimental Parameters
3.2.1 Effect of pH on Adsorption

In the current investigation, the effect of pH on the adsorption of Pb (11) and Cd (1) ions onto
the clay-cellulose nanocomposite is illustrated in Figure 4, with an initial concentration of metal ions
of 100 mg/L, adsorbent dose of 0.8 g, contact time Of 120 minutes, shaken at 170 rpm.
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Figure 1: Effect of pH on the adsorption of Pb (I1) and Cd (I1) ions.

At low pH, the H* in the solution is highly dissociated and therefore competes for adsorptive
sites on the adsorbent material. In this manner, metal ions tend to have low adsorption rates at low pH,
which increases to a certain point and then deprecates again. Increase in pH towards alkalinity is
associated with metal ion precipitation. At low pH, the nanocomposite exhibited a relatively low
adsorption for Pb (I1) ions and much lower for Cd (II). An increase in pH had a gradual increase in
adsorption of the metal ions up to pH 4 for Cd (1) ions and Pb (I1) ions, achieving 98.3% and 99.8%
percentage removal, respectively, at equilibrium. The findings for Pb (Il) ions adsorption are in
agreement with Putro et al. (2017), who reported the highest adsorption of lead ions onto
nanocrystalline cellulose bentonite nanocomposite at pH 5. Kanchana et al. (2012) observed a similar
trend of metal ion adsorption with increasing pH in chitosan-based adsorbent where increasing pH
from 4 to 8 had the highest adsorption of the Pb (1) ion at pH 6. Abunah et al., (2019) reported data in
agreement with Cd (I1) ion adsorption, reporting the highest removal at a pH of 4.

3.2.2 Effect of Adsorbent Dosage

Effect of the dosage of the adsorbent on the adsorption of Pb (I1) and Cd (Il) ions at 25 °C, pH
4, contact time 120 minutes, and initial metal ion concentration 100 mg/L is illustrated in Figure 5.
Increasing the adsorbent dose gradually increases the metal ion adsorption up to a certain point beyond
which adsorption stabilizes or decreases. The initial gradual increase in metal ion adsorption is

Kinoti et al., J. Mater. Environ. Sci., 2024, 15(1), pp. 116-135 124



attributed to the increase in adsorption sites with increase in adsorbent dosage. However, at higher
doses, addition of the adsorbent onto the solution has no increase in adsorption due to depletion of
adsorbable ions in the solution (Saber-Samandari et al., 2016). In some instances, an increase in
adsorbent mass has a decrease in adsorption of metal ions due to agglomeration of nanoparticles
(Razzaz et al., 2016). In the current research, the adsorption of 0.2, 0.8, 1.4, 2.0 and 2.6 g of
nanocomposite mass was studied against the adsorption of lead and cadmium ions. The findings are
presented in Figure 5.
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Figure 2: Effect of adsorbent dosage on adsorption of Pb (I1) and Cd (I1) ions

Increase in adsorption dosage had a gradual increase in adsorption of Cd (1) ions up to 1.4g
beyond which adsorption slowed down. This is due to the depletion of adsorbates in the solution, and
therefore a further increase in the adsorbate dose did not result in a large increase in adsorption (Fosso-
Kankeu et al., 2017). Similarly in the case of Pb (II) ion adsorption, the nanocomposite exhibited very
high (99.28 %) initial adsorption of the metal ions even at small masses, which increased gradually up
to 2.0 g of the nanocomposite, achieving 99.96 % removal, then decreased. Several factors could have
contributed to this behavior inclusive of surface saturation, aggregation, diffusion limitations and
hindered mass transfer. Initially, when the adsorbent dosage is low, the available surface area of the
clay-cellulose nanocomposite is not fully utilized, and there are plenty of active sites available for metal
ions to adsorb (Fosso-Kankeu et al., 2017). As the dosage increases, more active sites become
accessible, leading to increased adsorption. However, beyond a certain point, as the adsorbent dosage
continues to increase, the particles may start to aggregate or form clusters (Ramkumar et al., 2021).
This aggregation reduces the accessibility of active sites for metal ions and restricts their diffusion
through the adsorbent matrix, limiting further adsorption. This was well observed for Cd (II) ion
adsorption, beyond 1.4 g of the nanocomposite. As the adsorbent dosage increases further, the distance
between the active sites and the bulk solution increases due to the increased thickness of the adsorbent
layer (Nasir et al., 2019). This leads to an increase in the mass transfer resistance, making it harder for
Pb (Il) ions to reach the active sites on the surface of the adsorbent. Consequently, the overall
adsorption efficiency decreases. The current findings are in agreement with other studies (Fosso-
Kankeu et al., 2017; Abunah et al., 2019).
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3.2.3 Effect of Initial Metal lon Concentration

The effect of ion metal concentration at an adsorbate dosage of 1.4g, pH 4, contact time 120
minutes, temperature 25 °C and initial metal ion concentrations 10, 20, 30, 50, 100 mg/L is shown in
Figure 6.
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Figure 3: Effect of initial metal ion concentration.

A low initial concentration of metal ions is associated with low adsorption. Increasing the
concentration of metal ions increases adsorption up to a certain point beyond which the adsorption
decreases (Fosso-Kankeu et al., 2017). This occurs as a result of the flooding of adsorbate ions for an
unchanging number of active sites on the adsorbent. In Figure 6, it is observed that both Pb (1) and
Cd (1) ion adsorption reached optimal at a relatively low initial metal ion concentration of 30 mg/L.
Beyond this concentration, the adsorption deprecated steadily. This was because with high initial metal
ion up take, most active sites of adsorption on the adsorbent became saturated, thus blocking further
adsorption with increasing metal ion concentration (Abunah et al., 2021). Similar trends for Pb (I1) and
Cd (1) ion adsorption with increasing concentration are reported by Hua & Li (2014) and Rao et al.
(2010) using magnetized sulfhydryl functionalized hydrogel for Pb (1) removal and Foeniculum
vulgari biomass for adsorption of Cd (I1) ions, respectively.

3.2.4 Effect of Contact Time

The effect of contact time (10, 20, 30, 60 and 90 minutes) on the adsorption of Pb (1) and Cd
(1) ions at a pH of 4, adsorbent dosage of 1.4 g (Cd) and 2.0 g(Pb), temperature of 25 °C, and initial
metal ion concentration of 30 mg/L is given in Figure 7. In Figure 7, it was observed that the
nanocomposite material adsorbed both Pb (11) Cd (11) ions drastically up to the 30" and 20" minutes
respectively, beyond which a state of equilibrium was achieved. In the case of Pb (lI) ion adsorption,
the adsorbent material may not have fully equilibrated with the lead ions in the solution. At the
beginning of the adsorption process, there may be a rapid initial uptake of metal ions due to the
availability of vacant adsorption sites on the adsorbent surface (Inyinbor et al., 2016). As the contact
time increases from 10 to 20 minutes, the adsorbent sites might have been partially occupied, leading
to a slight decrease in the rate of adsorption. As the contact time progresses beyond the initial phase,
more metal ions have the opportunity to interact with the adsorbent surface. In the instance of Pb (1)
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ions, the adsorption sites that were initially occupied may become desorbed or replaced by lead ions
with a higher affinity for the surface (Ramkumar et al., 2021). This can result in increased adsorption
and a more efficient utilization of available adsorption sites. Additionally, during this period, the
diffusion of metal ions into the internal structure of the adsorbent might take place, allowing for more
complete interaction and adsorption. After a certain point, the adsorption process reaches a state of
equilibrium where the rate of adsorption and desorption become balanced. At this stage, the adsorption
capacity becomes relatively constant as the number of vacant adsorption sites decreases, and the overall
metal concentration in the solution remains relatively unchanged. Therefore, from 30 to 60 minutes,
the metal ion adsorption reaches a plateau, indicating that equilibrium has been reached. Similar
adsorption trends were reported by Abunah et al. (2019) and Jiang et al. (2010).
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Figure 4: Effect of contact time on adsorption of Pb (I1) and Cd (I1) ions.

3.2.5 Effect of Temperature

The effect of temperature (20, 25, 30, 35 and 40 °C) on the adsorption of lead and cadmium
ions is shown in Figure 8 under shaking conditions with adsorbent dose of 0.8 g (Cd) and 2.0 g (Pb),
pH 4, 30 mg/L metal ion concentration contact time 60 minutes and 170 rpm. According to Figure 8,
Pb (1) ion adsorption was observed to initially decrease in removal with increase in temperature up to
25 °C, beyond which percentage removal increased to 35 °C. This trend implied a possible endothermic
mechanism of adsorption. Endothermic adsorption is a common indicator if chemical adsorption
whereby a metal ion is expected to be removed from the solution through chemical bonds with the
adsorbent. Adsorption increases with increase in temperature since more energy is required to attach
the ion to the adsorbent. However, at higher temperatures (beyond 35 °C in this case) it seems that the
energy provided is strong enough to detach the ions from the adsorbent’s surface, thereby a decrease
in adsorption is observed. A similar trend of adsorption was reported by Hizal & Yilmazoglu (2021,
Azzaoui et al 2023). The adsorption of Cd (1) ions follows an opposite trend to Pb (I1), whereby there
was an initial increase in adsorption up to 25 °C, beyond which adsorption reduced gradually. The
initial increase in adsorption with increase in temperature can be attributed to the need for activation
energy for metal ion adsorption, although seemingly low for this case. Further increase in temperature
contributed to a decrease in adsorption. This implied an exothermic adsorption process. Temperature
affects adsorption depending on the nature of interaction between the adsorbate and the adsorbent.

Kinoti et al., J. Mater. Environ. Sci., 2024, 15(1), pp. 116-135 127



Therefore, an increase in temperature can either decrease or increase adsorption of the metal ion
depending on whether the adsorption process is exothermic or endothermic (Munagapati et al., 2010).
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Figure 5: Effect of temperature on the adsorption of lead and cadmium ions.

An exothermic adsorption process will cause a decrease in metal ion adsorption with increase
in temperature while an endothermic adsorption mechanism will cause an increase in adsorption with
temperature increase (Fil, 2016). The effect on exothermic adsorption occurs due to increased ion
mobility with increase in temperature. The ions gaining energy from higher temperature vibrate more
rapidly to break the van der Waals forces attaching them to the adsorbate and therefore lower
adsorption capacity is recorded with increase in temperature (P. Saha & Chowdhury, 2011). In this
regard, exothermic adsorption is associated with physisorption.

3.3 Adsorption Studies
3.3.1 Thermodynamic Studies

Thermodynamic studies were conducted between the temperature range 298 — 318 K, with the
goal of predicting the Gibbs free energy of adsorption, enthalpy, and entropy. The thermodynamic
parameters are presented in Table 1. Gibbs free energy of adsorption was calculated from Eqn. 15,
while enthalpy and entropy were calculated from the slope and intercept of the Van’t Hoff plots
respectively, using Eqn. 16 (Yousefzadeh et al., 2018). The values of Gibbs free energy give insight
into the spontaneity of the adsorption process. According to Table 1, the adsorption of both Pb (I1) and
Cd (1) ions showed a negative Gibb’s free energy for all the studied temperatures which indicated a
spontaneous adsorption mechanism (Fosso-Kankeu et al., 2017). This implies that adsorption is
feasible at any temperature. The negative values of enthalpy indicated an exothermic adsorption
process by nature (P. Saha & Chowdhury, 2011). From Table 1, the absolute enthalpy values for Pb
(1) and Cd (I1) are 170.059 kJ/mol and 7.368 kJ/mol. Since physisorption requires little energy to
initiate the adsorption of a metal ion onto the adsorbent, the related enthalpy values are usually much
lower, below 40 kJ/mol (Escudero et al., 2016). In this regard, the value of the absolute enthalpy of Cd
(1) ions implies a physisorption mechanism of removal. Pb (I1) ions on the hand have an absolute
enthalpy value in the range of physicochemical adsorption (below 240kJ/mol).
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Table 1: Thermodynamic Parameters of Adsorption of Pb (I1) and Cd (1) lons

Adsorbent Adsorbate T (K) AG® AH° AS°

(kJ/mol) (kJ/mol) (J/mol/K

Clay cellulose Pb (1) 298 -7.086 -170.059 -421.785
nanocomposite 308 -7.194
318 -6.805

Cd (I 298 -1.311 -7.368 -20.144
308 -1.278
318 -0.901

The value is high since much more energy is required to make a chemical bond than a physical
bond (Abunah et al., 2021). The negative values of entropy calculated indicated less randomness at the
adsorption interface between the solid/liquid interface. The decrease in randomness is attributed to the
formation of an activated complex between the metal ion (adsorbate) and the nanocomposite
(adsorbent). This implies associative adsorption that does not cause significant alteration of the internal
structure of the adsorbent (P. Saha & Chowdhury, 2011).

3.3.2 Adsorption Isotherms

To gain more understanding on the mechanism of adsorption based on adsorbate concentration,
Langmuir, Dubinim-Radushkevich, Temkin and Freundlich isotherm models were used. The linear fits
of these isotherm models on Pb (11) and Cd (1) ion adsorption and their computed terms are given in
Figures 11, 12 and Table 2 respectively.
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Figure 6: Pb (I1) adsorption isotherm fits.

According to Table 2, Cd (Il) adsorption was best described by Freundlich isotherm of all the
isotherms it was fitted. This showed that it followed heterogenous adsorption process. Furthermore,
the correlation to Langmuir isotherm also showed a high R? value of 0.9453, which showed that
monolayer adsorption also took place in the adsorption of Cd (1) ions. From the literature, the value
of n in Freundlich isotherm can provide insight on the type of adsorption that occurred.
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Figure 7: Cd (II) adsorption isotherm fits.

Table 2: Adsorption Isotherm Model Term Derivations

Adsorbent Isotherm Model Pb (1) Cd (1)
Clay Langmuir Qmax - 30.79
Cellulose Isotherm (mg/g)
Nanocomposite Ki - 0.40
R? - 0.9453
Freundlich Kt 9.438 8.4351
Isotherm n 0.055 1.9999
R? 0.9444 0.9706
Temkin b 90.349 496.756
Isotherm (J/mol)
Kt 0.571 9.509
(L/9)
R? 0.8124 0.8558
Dubinim- Qo 55.00 12.6177
Radushkevich (mg/g)
Isotherm B 0.0000006 0.00000005
E 0.9 3.1
(kJ/mol)
R? 0.8150 0.2283

The cadmium (11) ion showed an n value above 1, indicating that the binding forces of the ion
to the clay cellulose nanocomposite are principally physical forces, viz. van der Waals forces. This is
supported by the value E in Dubinim-Radushkevich which is 3.1 kJ/mol, and the thermodynamic
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studies previously discussed. Values of E below 8 kJ/mol imply a physisorption process, according to
Matouq et al. (2015). From the Temkin isotherm, it is observed that both lead and cadmium have
positive values of b. The term b refers to the heat of adsorption and, therefore, a positive value of b
implies an exothermic adsorption process (Inyinbor et al., 2016). This information agrees with the
thermodynamic studies of the adsorption of Pb (1) and Cd (11) ions by the clay cellulose nanocomposite
in this study. Freundlich's isotherm best described Pb (I1) ion adsorption with an R? factor of 0.9444.
This showed that the ion’s adsorption was best describable as heterogenous. In addition, the value of n
is very close to 0 compared to that of Cd (I1) adsorption. This implies a highly heterogeneous nature of
adsorption of the ion into the nanocomposite (Inyinbor et al., 2016).

Conclusion

From the study of the adsorption of Pb (I1) and Cd (lI) ions by clay cellulose adsorption reported, it
can be concluded that clay cellulose nanocomposite is efficient in adsorption of Pb (I1) and Cd (I1) ions
with percentage removal ranging 98-99.6%. The most favorable parameters for the adsorption of Pb
(1) and Cd (I) ions from wastewater are a pH of 4, an adsorbent dose of 0.8g per 100 ml of
contaminated water, a temperature of 25 °C, and a contact time of 30 — 120 minutes. The adsorption
of Pb (I1) ions onto the clay-cellulose nanocomposite is best fitted to the Freundlich adsorption
isotherm, which means that it underwent a heterogeneous adsorption process. Cd (11) ion adsorption
followed both homogeneous and heterogeneous adsorption according to the adsorption isotherms, but
was more correlated to the heterogeneity. The adsorption of both Pb (1) and Cd (Il) ions was an
exothermic process that was feasible at any temperature.
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