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New hybrid clay materials with good affinity for phosphate ions were developed from a combination of
biomass-Carica papaya seeds (PS) and Musa paradisiaca (Plantain peels-PP), ZnCl, and Kaolinite clay to
produce iPS-HYCA and iPP-HYCA composite adsorbents respectively. Functionalization of these adsor-
bents with an organosilane produced NPS-HYCA and NPP-HYCA composite adsorbents. The pHy;c for the
adsorbents were 7.83, 6.91, 7.66 and 6.55 for iPS-HYCA, NPS-HYCA, iPP-HYCA and NPP-HYCA respectively.
Using the Brouer-Sotolongo isotherm model which best predict the adsorption capacity of composites for
phosphate, iPP-HYCA, iPS-HYCA, NPP-HYCA, and NPS-HYCA composite adsorbents respectively. When

Ié?::;’ggist'e adsorbents compared with some commercial resins, the amino-functionalized adsorbents had better adsorption
Sustainable capacities. Furthermore, amino-functionalized adsorbents showed improved adsorption capacity and
Phosphate recovery rate of phosphate uptake (as much as 40-fold), as well as retain 94% (for NPS-HYCA) and 84.1% (for NPP-
Water HYCA) efficiency for phosphate adsorption after 5 adsorption-desorption cycles (96 h of adsorption time

Desorption kinetics with 100 mg/L of phosphate ions) as against 37.5% (for iPS-HYCA) and 35% (for iPP-HYCA) under similar
conditions. In 25 min desorption of phosphate ion attained equilibrium. These new amino-functionalized
hybrid clay composite adsorbents, which were prepared by a simple means that is sustainable, have
potentials for the efficient capture of phosphate ions from aqueous solution. They are quickly recovered
from aqueous solution, non-biodegradable (unlike many biosorbent) with potentials to replace expen-
sive adsorbents in the future. They have the further advantage of being useful in the recovery of phos-
phate for use in agriculture which could positively impact the global food security programme.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The occurrence of some anions at desirable quantity is crucial to
the environment, but the presence of these anions in the envi-
ronment and the ingestion by humans at high concentrations
could, however, be detrimental to both the environment and hu-
man health. For instance, anions such as phosphates and nitrates
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are essential nutrients for all life forms. They are crucial nutrients in
the aqua system to maintain a reasonable level of productivity in
lakes, rivers, and estuaries. However, high concentrations of
phosphates and nitrates have been linked to eutrophication of
water bodies and blue baby disease in infants (Oliveira et al., 2012;
Bekele et al, 2014). There are point and non-point sources of
phosphates in water which include discharge from industries and
effluent from municipal sewage treatment plants and factories for
the former and agricultural activities like runoff from farmlands
treated with phosphate fertilizers, atmospheric deposition, and
stormwater runoff for the later.
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Excess concentration of phosphates in surface water can lead to
excessive algal growth followed by decomposition, depletion in
dissolved oxygen, eutrophication and a reduction in water quality.
Consumption of high concentrations of phosphate has been
implicated in kidney damage and osteoporosis (Oliveira et al.,
2012). It has been shown that continuous discharge of phosphate
into a water body increases the level of toxins in such water body
(Zhang et al., 2011).

In this regard, different approaches and technologies have been
employed for removal of phosphates in water. These include bio-
logical treatment, chemical precipitation, and adsorption (Lin and
Juang, 2002; Shen and Wang, 1994; Unuabonah et al., 2013). Bio-
logical treatment and chemical precipitation technologies are,
however, not very efficient because of associated problems, such as;
limited versatility, operational difficulties, the high cost of opera-
tion among others. Adsorption technique has been found to be
more economical and efficient (Ugurlu and Salman, 1998) as it can
also serve the purpose of nutrient recovery (Oladoja et al., 2015)
especially in the face of depleting world supply of phosphate
resources.

It is, therefore, important to look for cheap, versatile and effi-
cient treatment technology which is applicable even in rural set-
tings to remove anions from contaminated water. In this regard, the
potentials of different adsorbents for the capture of phosphates in
water have been investigated. Such adsorbents include fly ash, red
mud, snail shell, hydrocalumite, (Huang et al., 2008; Oladoja et al.,
2014; Ugurlu and Salman, 1998; Xie et al., 2015). However, these
adsorbents were of low efficiency, adsorption capacity and rate of
uptake of phosphate because of the non-functionalization of their
surfaces.

In order to improve the efficiency and rate of phosphate uptake
of these adsorbents used in environmental pollution control,
several investigations have been dedicated to the surface func-
tionalization of different mesoporous materials using aminoalkoxy
silanes (Calvo et al., 2009; Hamoudi et al., 2010; Huang et al., 2008;
Najafi et al., 2012; Puglisi et al., 2009; Xie et al., 2015). Furthermore,
the uptake of several heavy metals such as mercury, lead, cobalt,
copper and zinc cations (Lee et al., 2016; Najafi et al., 2012;
Nakanishi et al,, 2014; Xin et al., 2012), and even organic mole-
cules (Ghorbani et al., 2016; Tu et al., 2015; Zhang et al., 2015) with
amino-functionalized mesoporous materials have been well
documented. The uptake of anions such as chromate, arsenate and
selenate, nitrate and phosphate with protonated amino-
functionalized mesoporous silicas has also been studied (Chen
et al,, 2015; Ebrahimi-Gatkash et al., 2015; Elwakeel et al., 2016;
Morales et al., 2016). Even though there have been reports on the
use of phosphate-modified clay adsorbents for removal of heavy
metal ions (Adebowale et al., 2008; Olu-Owolabi and Unuabonah,
2011; Unuabonah et al., 2010), there is however, no report on the
removal and recovery of phosphate from aqueous solution using
amino-functionalized agrogenic based hybrid clay composite
adsorbents.

In this present study, new amino-functionalized Zn-doped
agrogenic-clay (Zn-HYCA) composite adsorbents were prepared
from Kaolinite, Carica papaya seed and Plantain Peels (Musa para-
disiacal), characterised and applied for phosphate ion removal in
water. Microwave-assisted technique was used prior to amino-
functionalization. It has been suggested that microwave irradia-
tion provide efficient pre-treatment of biomass for adsorption
(Simha et al., 2017). Amino-functionalization, aside from improving
the adsorption capacity of the adsorbents for the adsorption of
phosphate ions, enhanced the rate of uptake of phosphate and
helped retain more of the adsorbents' capacity even after 5
adsorption-desorption cycles. The technique employed in the
preparation of these adsorbents is simple and could be upscaled for

large-scale treatment of water.
2. Materials and methods
2.1. Materials

Raw kaolinite clay was obtained from Redemption City, Ogun
State, Nigeria and the Carica papaya seeds and plantain peels were
collected from different locations in Nigeria. Zinc chloride, [3-(2-
aminoethylamino) propyl] trimethoxysilane (AEPTS, CgH,2N,0,Si,
> 80.0 wt%) were Sigma-Aldrich Chemie products; Toluene, Iso-
propanol, Potassium dihydrogen phosphate, Ammonium meta-
vanadate, Ammonium molybdate hexahydrate, the Hydrochloric
acid used were of analytical grade.

2.2. Methods

2.2.1. Preparation of hybrid clay adsorbents with microwave
assisted method

Raw kaolinite clay was processed for the removal of stones and
other heavy particles present in the sample. The clay material was
purified according to the method described by Adebowale et al.
(2005) via several washes and filtration processes with a 100
mesh size sieve after treatment with 30% H,0,. The biomasses
(Carica papaya, and Plantain peels) were pretreated by sun drying
until constant weight was obtained and subsequently pulverised.
They were collected and stored in separate airtight containers.

Kaolinite, crushed Carica papaya seeds or plantain peels, and
ZnCl, were weighed in the ratio (1:1:2) and thoroughly mixed in a
beaker with 50 mL deionized water. The mixture was allowed to
stand for 24 h with intermittent stirring and was subsequently
dried in an oven. The impregnated mixture was transferred into a
microwave transparent reactor, purged with nitrogen gas for about
5 min and calcined for 15 min at 450 W in a microwave oven
(Kenwood model K30GSS13). The product was allowed to cool in a
desiccator, washed with dilute HCl and washed several times with
deionized water until a clear solution was observed. These mate-
rials were dried in an oven at 105 °C, cooled in the desiccator,
packed in sample bottles and labelled as iPS-HYCA and iPP-HYCA
composite adsorbents (where PS and PP represent Carica papaya
seeds and Plantain Peels respectively).

2.2.2. Functionalization of adsorbents

The hybrid clay composite adsorbents iPS-HYCA and iPP-HYCA
prepared were functionalized using the method described by Li
et al. (2008). The materials were dried at 105 °C in an oven to
remove adsorbed water molecules on the surface of the materials,
and 10 g of the materials was stirred vigorously in toluene con-
taining [3-(2-aminoethylamino) propyl] trimethoxysilane (AEPTS,
CgH22N70,Si, > 80.0 wt%). The reactant mixture was refluxed at
100 °C for 6 h. The product was filtered and washed with 50 mL
isopropanol, then dried at 50 °C. The amino groups on the surface of
the materials were then activated via interaction with 0.1 M HCI for
6 h. This step is aimed at converting surface amino groups to
ammonium moieties. The materials were washed to a neutral pH
and dried to constant weight at 50 °C. The materials were packed
and labelled as NPS-HYCA and NPP-HYCA composite adsorbents.

2.3. Physicochemical characterization

The crystallinity and mineralogical assemblage of the adsor-
bents were determined via X-ray diffraction (XRD). The X-ray
diffraction patterns were recorded on a Siemens D-5000 X-ray
Diffraction equipment from 3.0 to 70° 26 at 0.02° s~ .. The surface
morphology and elemental composition were determined by
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scanning electron microscopy (SEM) equipped with energy
dispersive X-ray (EDX). Scanning electron microscopy (SEM) was
done on a JEOL JSM 6510 SEM fitted with an EDX spectrometer of
Oxford (INCAx-act SN detector). Fourier transformed infrared
spectroscopy (FTIR) spectra for the adsorbents prepared as well as
the raw materials used for the preparation was obtained from
Shimadzu FT-IR 8400S (class 1, Laser product) Spectrophotometer.
The pH point of Zero charge (pHp,c) was determined by using the
salt addition method (Li et al., 2008) in which 0.03 g of the adsor-
bent materials interacted with 10 mL of 0.01 M sodium chloride
solution with pH ranging of 2.0—12.0 for 24 h. After 24 h the final
pH of the solution was recorded and subtracted from the initial pH
values. The change in pH was plotted against the initial pH, and the
pH at which the change in pH is equaled to zero was noted as the
pH point of zero charge.

2.4. Batch adsorption studies

2.4.1. Kinetic studies

The batch adsorption kinetic studies were carried out by
agitating 250 mL of 100 mg/L phosphate in a beaker containing 2 g
of the adsorbent for 2 h at an initial pH of between 6.0 and 6.3 at
room temperature of 30 °C. A 0.5 mL solution was withdrawn using
a micropipette at a predetermined time interval (between 1 and
120 min). The samples were diluted to 5 mL mark and filtered. The
residual phosphate concentration was determined using APHA
4500 P Vanadomolybdophosphoric acid method (Greenberg et al.,
1992) via the addition of 1 mL of the colour developing reagent
to 3.5 mL of the filtered sample, followed by the addition of 1 mL of
deionized water. The absorbance was determined with Shimadzu
UV-VIS spectrophotometer at a wavelength of 420 nm. The
adsorption capacity, q; (mg/g) was estimated using the mass bal-
ance relationship:

<C,‘ — Cf) xV
qr = w (1)
where C; and C; are the initial and equilibrium concentrations (mg/
L) of phosphate ions respectively, V is the volume of the solution (L),
and w is the mass in grams (g) of dry adsorbent used.

2.4.2. Kinetic models

To understand the kinetics of the adsorption processes, the
experimental data of the adsorption processes are usually fitted
into rate equations or kinetic models. For the sake of this study, the
experimental data obtained from kinetic studies were analysed
with three kinetic models namely; the Pseudo first-order (PFOM),
Pseudo second-order (PSOM) and the Bruoers-Sotolongo Fractal
(BSF [n,a]) kinetic models. Details of these kinetic models are
shown in Supporting Information document (S1.1-51.3).

2.5. Equilibrium isotherm studies

For the isotherm studies, 0.02 g of the adsorbents was added to
50 mL of adsorbate solution (pH 6.0 at 30 °C) with a predetermined
concentration range (between 5 and 200 mg/L). The reaction was
continuously agitated on a Forma Scientific orbital shaker 416
(19600-35) for 2 h. After 2 h of interaction, the mixture was filtered,
the residual concentration and adsorption capacity were deter-
mined as described in sections 2.4.1 and S.2.1—S2.4 respectively.

2.5.1. Adsorption isotherm models
To optimise the design of an adsorption system for the removal
of adsorbates, it is important to establish the most appropriate

correlation for the adsorption equilibrium curves. Various isotherm
including Langmuir-Freundlich (LF), Freundlich, and Bruoers-
Sotolongo (BS) isotherm equations have been used to describe
the equilibrium nature and mechanism of adsorption. Details of
these equations are shown in the Supporting information docu-
ment (S2.1-S2.4).

All equilibrium and kinetic plots were made using KyPlot®
version 2.0 software with the non-linear mathematical versions of
the equilibrium and kinetic models. The software used the Quasi-
Newton (least square) optimization tool for fitting the data to the
models. The Normalized Deviation (ND) and Normalized Standard
Deviation (NSD) were used to determine the model that best
describe both kinetic and equilibrium data for the various adsor-
bents. The mathematical equations for ND and NSD (Ganesapillai
and Simha, 2015) are:

Qe(exp) — Ge(pred)

2
Ge(exp) )

. . 100
Normalized Deviation = TZ

Normalized Standard Deviation

_ 100\j > ((qe(exp) - ‘];\(]pred))/qe(exp))2 3)

For equilibrium data, the separation factor was calculated using
the mathematical equation:

1
R =——— 4
L715D6 )
where R; is the dimensionless separator factor, b is the Langmuir
constant and G, is the initial concentration of phosphate ions in
solution (mg/L.

2.6. Adsorption-desorption cycles

The adsorption-desorption cycle was studied using phosphate-
loaded composites which were agitated with either 0.01 M or
0.1 M NaOH solution for 2 h in Erlenmeyer flasks to desorp the
phosphate ions from the composites. After filtration and washing
with deionized water, the composite adsorbents were dried at
room temperature and acidified with 0.01 M HCl solution to reac-
tivate the composite adsorbents. Adsorption was performed batch-
wise in Erlenmeyer flasks placed on a temperature-regulated
shaker under the following conditions; temperature, 30 °C;
adsorbent loading, 0.1 g/L; initial phosphate concentration, 20 mg/
L; and pH ca. 5.5. Agitation of samples was for 2 h before the
mixtures were filtered with 0.45 um filter papers for all the
adsorption tests.

These steps represent the first adsorption-desorption cycle,
which was followed by four other cycles using the same adsorption
batch. Desorption capacity and Regeneration efficiency were
calculated using the equation given below:

GV
w

Qt(desorbed) = (5)
where g; is the desorption capacity (mg/g); Cp is the final concen-
tration of adsorbate in desorption solution (mg/L), V = volume of
desorption solution (L), and w is the weight of the adsorbent used
for desorption (g.

The residual phosphate in desorbed solution was analyzed using
APHAs Vanadomolybdophosphoric acid method. The absorbance
was determined with Shimadzu UV-VIS spectrophotometer at the
wavelength of 420 nm, and phosphate concentration was
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calculated from the calibration plot.

2.6.1. First order two-site desorption kinetic model

Cy = Cq exp( — kqt) + G, exp( — kyt) (6)

where Cp, is the concentration (mg/L) of phosphate ions adsorbed
onto the composite adsorbents at time t, C; and C, are the con-
centrations (t = 0) of desorbed phosphate ions bound to sites 1 and
2 (mg/L) with first-order kinetic desorption rate constants, k; and
ko, (min~!) respectively.

2.6.2. Modified Statistical Rate Theory (MSRT) Desorption Kinetic
Model

qt = Ges €XP(& — Kgest) (7)

where ¢; is the amount desorbed at time t, qqes is the predicted
amount of phosphate ions to be desorbed (mg/g), o is the SRT
constant and kge; is the rate of desorption.

Fitting equations (6) and (7) to experimental desorption data
was achieved by optimising values for C;, Cy, ki, ko, k, qges, and «
using the KyPlot® version 2.0 software with the non-linear math-
ematical versions of the equilibrium and kinetic models. The soft-
ware used the Quasi-Newton (least square) optimization tool for
fitting the data to the models.

3. Results and discussion
3.1. Physicochemical analysis

3.1.1. Fourier transform infrared (FTIR)

Figure 1 shows the Fourier Transformed Infrared Spectra of
various modified Kaolinite adsorbents (solvothermal synthetic
materials - iPP-HYCA and iPS-HYCA and surface functionalized
materials -NPP-HYCA and NPS-HYCA) used in this study. The
Fourier Transform Infra-red spectra of the raw Kaolinite exhibited
bands for —O-H stretching vibrations between 3698 and 3611 cm ™.
The —O-H groups in the octahedral surface, which forms interlayer
weak hydrogen bonds with the oxygen present in the Si-O-Si of
each layer were indicated by the peaks at 3698, 3659 and
3621 cm™! (Vilar et al, 2007). Antisymmetric and symmetric
coupling vibrations of —O-H were associated with the bands at
3698 and 3659 cm™' respectively (Frost and Vassallo, 1996;
Unuabonah et al. (2007a) while the inner surface —0O-H symme-
try was indicated by the peak at 3621 cm~! (Farmer and Russell,
1964; Vilar et al., 2007). The —O-H stretching and bending vibra-
tions of silanol + aluminol and absorbed water were indicated by
the peaks at 3414 and 1620 cm™! respectively. Bands at 1068 and
910 cm™~' correspond to the Si—O and Al-OH in-plane bending
vibrations respectively (Moore and Reynolds, 1989; Ogundiran and
Winjobi, 2015).

The Fourier Transformed Infrared (FTIR) spectra for the
modified adsorbents showed characteristic peaks for -N-H
stretching at 1620 cm~' and Si-O- bending vibration at
1069 cm™! similar to those identified in hybrid clay composite
adsorbent (HYCA) previously prepared by Unuabonah et al.
(2013). Considering the FT-IR spectra of the adsorbents modi-
fied under inert condition (N, atmosphere), iPS-HYCA and iPP-
HYCA adsorbents, they show similar peaks to those found in raw
kaolinite clay apart from the loss of the in-phase and out-phase
surface hydroxyls (3698 cm~!, 3659 cm~ ') and inner-hydroxyl
(3621 cm™!) peaks found in the spectrum of the raw kaolinite

— T 1
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iPS-HYCA

iPP-HYCA

Raw Kaolinite : : ]
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Fig. 1. FI-IR spectra of raw Kaolinite, microwave assisted solvothermal synthetic ma-
terials (iPP-HYCA and iPS-HYCA) and surface functionalized materials (NPP-HYCA, NPS-
HYCA).

clay (Fig. 1). This may be due to the microwave high-temperature
heating of kaolinite during its modification with biomasses. There
is also a noticeable increase in the intensities of the band asso-
ciated with the —O-H bending vibration at 1620 cm~! which
could be —O-H contribution from agrogenic biomasses (Carica
papaya seeds and plantain peels) used in the modification of
kaolinite.

Furthermore, the spectrum of iPP-HYCA adsorbent presents a
new peak at 1698 cm~! indicating the presence of -C=0 in the
adsorbent(Bello et al., 2012). The spectra of all the modified ad-
sorbents exhibit a strong band at 3414 cm~! which suggest the
presence of a combination of -N-H/-O-H stretching vibrations
(Vilar et al., 2007) which may have formed —N-H- - - - - 0O-Si (Cheng
etal., 2012). The presence of NHJ - - - -O-Si is observed at 1620 cm!
(Bacsik et al., 2011). The presence of —N-H in these adsorbents is
further supported by the peak at 679 cm~' for —N-H bending vi-
bration (Adebowale et al., 2005). The —O-H is possibly a combi-
nation of that from the silanol (Vilar et al., 2007) in the clay and
those from phenolics and carboxylic acid in the agrogenic bio-
masses (Vilar et al., 2007). The peak around 773 cm™! suggests Si-
0-Si vibrations associated with the formation of condensed silica
structure (Adebowale et al., 2005). The band at 447 cm™! confirms
the presence of ZnO (Raevskaya et al., 2014) in the modified
samples resulting from the use of ZnCl, in preparing the
adsorbents.

For the amino functionalized adsorbents, NPS-HYCA and NPP-
HYCA, similar spectra were observed when compared with those
of raw kaolinite and adsorbents prepared under inert condition
(iPS-HYCA and iPP-HYCA) as shown in Fig. 1, except for the
development of new peaks at 2340 and 2363 cm™~! (Fig. 1) that are
indicative of the presence of —C = NH™" stretching vibrations (Attia
et al., 2015).
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3.2. Scanning electron microscopy (SEM) analysis

3.2.1. SEM image analysis

Fig. 2 shows the SEM images of iPS-HYCA, NPS-HYCA, iPP-HYCA
and NPP-HYCA adsorbents. The SEM images for the adsorbents
demonstrated that the shapes and sizes of their particles were
irregular and heterogeneously distributed. The average particle size
of the adsorbents (ca. 0.5 pum measured from the SEM EDX equip-
ment) was above those of nanomaterials. Hence, the materials
prepared cannot be classified as nanomaterials but composites of
clay and agrogenic biomasses. The average particle size for the
amino-functionalized adsorbents; NPS-HYCA and NPP-HYCA were
observed to be more uniform than those of the parent adsorbents,
iPS-HYCA and iPP-HYCA, respectively. Fig. 2E SEM images of Carica
papaya seeds while Fig. 2F shows particles that are platy in nature
consistent with Kaolinite clay.

3.2.2. Elemental mapping and micro-analysis

The electron density analysis of the parent adsorbents (iPS-
HYCA and iPP-HYCA) prepared under inert condition using the
elemental mapping function of the SEM equipment (Supplemen-
tary data Figs. S3.1 and S3.2) shows that Zn was present in both
adsorbents but was more evenly distributed in the iPS-HYCA
adsorbent (Fig. S3.1, Table 1). The presence of Zn in these adsor-
bents indicates the successful doping of this metal into the

Table 1

Energy Dispersive X-ray (EDX) Analysis for raw kaolinite, iPS-HYCA, NPS-HYCA, iPP-
HYCA and NPP-HYCA adsorbents (atomic percent composition of each atom in the
adsorbents).

Element iPS-HYCA NPS-HYCA iPP-HYCA NPP-HYCA
(0] 27.59 37.30 20.70 13.48
Al 25.86 4.68 6.78 12.22
Si 17.84 36.01 61.76 59.22
P 1.16 1.24 - —

S 9.86 1.45 0.52 —

cl 413 4.70 1.86 0.92
Ti 0.27 1.30 - 2.40
Fe 1.58 0.66 1.26 1.92
Zn 11.47 11.65 6.23 2.00
K 0.23 0.12 0.18 7.83

Note: These amounts are given in atomic percent composition of each atom in the
adsorbents.

composite adsorbents. The presence of Cl in both adsorbents (iPS-
HYCA and iPP-HYCA) is as a result of the chloride salt of Zn used in
the preparation of the adsorbent materials.

Iron and sulphur are chemical components of Carica papaya
seeds and plantain peel (Okareh et al., 2015) which supports their
presence in the elemental mapping images (Supplementary data
Figs. S3.1 & S3.2) of both modified composite adsorbents.
Conversely, P found in Carica papaya seed modified adsorbent is not

WOTOmm.  Ss4C x5.000 Sum. S p—
0003 23 Aug 2011

SEl «8kV
2

Fig. 2. Scanning Electron Microscopy images of (A) iPS-HYCA (B) NPS-HYCA (C) iPP-HYCA and (D) NPP-HYCA composite adsorbents (E) Carica papaya seed (F) Kaolinite Clay

Magnification-(A) x1,500 (B) x5,000 (C) x1,500 (D) x1,000.
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a chemical component of plantain peel. This makes P a unique
element in Carica papaya seeds (Okareh et al., 2015).

However, with the functionalization of iPS-HYCA and iPP-HYCA
adsorbents using an organosilane (AEPTS) to produce NPS-HYCA
and NPP-HYCA adsorbents, the silica content of the functionalized
materials increased (Table 1) as expected. Nitrogen is expectedly
absent from the electron mapping images in supplementary data
Figs S3.3 and 3.4. This is because the best accelerating voltage
which provides the best efficiency for ionisation of nitrogen is 1 kV.
However, the accelerating voltage used in this study for electron
mapping analysis was (20 kV) and will thus produce less ionised
nitrogen that could be detected by the SEM equipment (Stephant,
2016). Furthermore, elements of Ti present in our composite ad-
sorbents from the clay can interfere with spectra lines of nitrogen
(Love and V.D., 2001). This thus explains why nitrogen was seen in
the FT-IR spectra as previously shown in Fig. 1 but not in the
elemental mapping images as shown in supplementary data Figs
S$3.3 and 3.4.

3.3. X-ray diffraction analysis

The X-ray Diffraction (XRD) pattern of raw kaolinite, iPS-HYCA,
iPP-HYCA, NPS-HYCA, and NPP-HYCA adsorbents are shown in
Fig. 3. Peaks common to all the adsorbents include the quartz peaks

at 21.09 and 50.08°, the Kaolinite peaks at 26.98, 45.90, and 55.00°
and the peaks at 36.56, 39.26 and 42.47° (Fig. 3) indicating the
presence of hexagonal wurtzite structure of Zn (Satyanarayana
et al.,, 2012). A new peak showing hexagonal Wurtzite of ZnO was
also observed at 27.44° (Satyanarayana et al., 2012) on the spectra
of all composite adsorbents. This confirms the successful incorpo-
ration of Zn into the adsorbents. The highest intensities of the ZnO
peak at 27.4° were observed with adsorbents prepared from plan-
tain peels, NPP-HYCA and iPP-HYCA (Fig. 3), which indicates vari-
ations in the properties of the agrogenic materials used in the
preparation of these adsorbents. However, there is a loss of the
kaolinite peaks at 12.48° (001 reflection) and the peak at 25.01°
(002 reflection) on the spectra of all agrogenic-modified adsor-
bents, suggesting a change in the crystalline structure of the
kaolinite clay during the modification process. This supports our
previous observation of the loss of out-phase hydroxyls of kaolinite
(3698 cm™!, 3669 cm™!) and in-phase hydroxyl of kaolinite
(3621 cm™") using the FTIR technique.

3.4. Point of zero charge (pHpzc)

The ease of adsorption of ions to the surface of adsorbents is
dependent on the pHp,c of such material. The pHp,. can be used to
understand and manipulate the net surface charge of adsorbent. If
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Fig. 3. X-ray Diffraction pattern for raw kaolinite, NPS-HYCA, iPS-HYCA, NPP-HYCA and iPP-HYCA composite adsorbents.
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the pH of the solution containing the adsorbent is less than the
pHp;c of the composite adsorbent, the net surface charge of the
adsorbent becomes positive because of the adsorption of excess H*
and the net surface charge becomes negative when the pH of so-
lution is higher than the pHp,, because of the desorption of H* (Li
et al., 2008). The situation where the pH of solution is lower than
the pHy,c favours the adsorption of phosphate ions on the surface of
the adsorbent which is predominantly positively charged due to
coulombic attraction (Li et al., 2008).

The pHp,c of the four adsorbents - iPS-HYCA, NPS-HYCA, iPP-
HYCA and NPP-HYCA as shown in Fig. 4, are; 7.83, 6.91, 7.66 and
6.55 respectively. However, the pHp, for raw kaolinite used in this
study is 4.98 (Unuabonah et al., 2013). This implies that all the
modified adsorbents have a good pH range for the adsorption of
phosphate ions with iPS-HYCA adsorbent having the best pH range
since adsorption of anions in this study was carried out at pH range
of 6.0—6.5 or less.

3.5. Adsorption studies

3.5.1. Kinetic analysis

The various parameters in kinetic models used in studying the
kinetic data obtained from our study are shown in Table 2. For all
the adsorbents prepared, the Brouers-Sotolongo Fractal, ‘BSF(n,a.)’,
kinetic model (Gaspard et al., 2006; Unuabonah et al, 2016;
Brouers, 2014; Al-Musawi et al., 2017) used to describe very com-
plex adsorption systems provided better fitness to experimental
data than other kinetic models based on the Normalized Deviation
(ND) and Normalized Standard Deviation (NSD) values obtained
from the nonlinear regression modeling (Fig. 5a-d) of experimental
data with the various kinetic models (Table 2). The n parameter in
the BSF(n,a) kinetic model predicts a first order rate of uptake of
phosphate ions on all prepared composite adsorbents except iPP-
HYCA composite adsorbent. The BSF(n,a) kinetic model suggests
that adsorption onto these adsorbents is via a complex mechanism
including electrostatic, and weak Van der Waal forces (Guo et al.,
2009; Al-Musawi et al., 2017).

Judging from the BSF(n,o) kinetic model data in Table 2, the ty3
(min) for the adsorption of phosphate onto the various composite
adsorbents is in the increasing order of NPS-HYCA < iPS-
HYCA < NPP-HYCA < iPP-HYCA indicating that the amino-
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Fig. 4. pHy,. of the amino functionalized adsorbents; NPS-HYCA and NPP-HYCA and
the parent adsorbents; iPS-HYCA and iPP-HYCA.

functionalized composite adsorbents had better rate of phosphate
uptake compared with the parent adsorbents. The NPP-HYCA
adsorbent showed the best overall rate of uptake (Table 2). These
results were also confirmed from PFOM and PSOM kinetic models
where the overall rate of phosphate uptake improved by more than
8-fold for the composite adsorbents and as much as 40-fold in the
case of NPS composite adsorbent, one of the amino-functionalized
adsorbents (Table 2). Using the Normalized Deviation and
Normalized Standard deviation models for determining the best
model for rate uptake of phosphate adsorption onto these com-
posite adsorbents, it is observed that the BSF(n,o) kinetic model
best describe the kinetic data. This imply that the adsorption of
phosphate onto these composite adsorbents involves a complex
adsorption phenomenon which may include simultaneous chemi-
cal interaction between the solute and the chemical groups on the
surface of the composites via electrostatic interactions, Van der
Waals, hydrogen bounding, and ligand exchange (Guo et al., 2009).
This might also suggest that the surface sites on these composite
adsorbents are heterogeneous in nature.

3.5.2. Isotherm analysis

Experimental isotherm data obtained in this study were ana-
lysed with into four theoretical models-Freundlich (two-parameter
isotherm model), Langmuir-Freundlich, Brouers-Sotolongo, and Sip
isotherm models (three-parameter isotherm models). Plots of the
fittings of these theoretical models compared to experimental data
are shown in Fig. 6(a—d). The values of the parameters for the
various theoretical models are presented in Table 3 a and b.

Then heterogeneity factor (n) in the Freundlich model can be
used to indicate the degree of favorability of adsorption (Chung
et al., 2015; Nemes and Bulgariu, 2016). The Freundlich constant,
n should have values lying in the range of 1-10 for classification as
favorable adsorption (Rao and Bhole, 2001). The values of n for all
the adsorbents used in this study are all greater than 1 (Table 3) but
less than 10 suggesting that the adsorption of phosphate ions onto
these composites is favourable.

From the analysis of all the isotherms used in this study
(Table 3), it can be deduced, with respect to ND and NSD, that the
equilibrium data for the adsorption of phosphate ions onto these
composite adsorbents is best described by the Freundlich isotherm
model which predicts non-ideal and reversible adsorption on
heterogeneous adsorption sites with no formation of monolayer on
the adsorbent's surface (Olu-Owolabi et al, 2010). Since the
Freundlich models do not predict adsorption maximum for an
adsorbent (Kr is a constant indicative of the relative adsorption
capacity of the adsorbent [Hamdaoui and Naffrecheoux, 2007]), the
better model between Bruoers-Sotolongo and Langmuir-Freundlich
models, which is Brouers-Sotolongo (BS) model, is then used to
predict and discuss the adsorption capacities of the composites
prepared in this study.

Considering Table 3 and using the BS model, it can be seen that
amino-functionalization of iPS-HYCA and iPP-HYCA adsorbents
increased their adsorption capacity from 59.16 to 67.37 mg/g and
from 61.53 to 63.28 mg/g. The adsorption capacities of both agro-
genic modified composite adsorbents (iPS-HYCA and iPP-HYCA)
and amino-functionalized composite adsorbents (NPS-HYCA and
NPP-HYCA) for phosphate adsorption are higher than those ob-
tained for reduced steel slag and iron ore concentrate-2.74 mg/g at
30 °C (Wang et al., 2015), Ce (Ill)-impregnated crosslinked chitosan
complex-45.37 mg/g at 30 °C (Hu et al., 2016), Mg-Al hydrotalcite-
loaded kaolin clay-11.922 mg/g at 25 °C (Deng and Shi, 2015),
Chitosan bead crosslinked with copper at 21 °C-53.6 mg/g (An et al.,
2014), and Ce(Ill)-loaded gel from orange waste at 30 °C-13.94 mg/g
(Biswas et al., 2007). When compared with commercial resins like
the commercial cellulose-based resin (14.3 mg/g) Dowex 21K XLT
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Table 2
Various kinetic data from model fittings for the adsorption of phosphate onto iPS-HYCA, NPS-HYCA, iPP-HYCA and NPP-HYCA composite adsorbents.
PFOM PSOM BSF(n,a)
Iy 2 ND (NSD) kz r2 ND/NSD n 2 ND/NSD
NPS-HYCA 1.20 0.9330 0.02 (0.06) 0.40 0.9615 0.005 (0.01) 1.05 0.9691 9.2 xE-5 (2.6 x E-4)
iPS-HYCA 0.07 0.9360 0.37 (1.05) 0.01 0.9436 0.14 (0.41) 1.00 0.9461 0.04 (0.10)
NPP-HYCA 2.8 0.9963 1.6 x E-4 (4.4 x E-4) 1.67 0.9983 49 X E-5 (1.4 X E-4) 1.04 0.9992 5.5 x E-7 (1.6 X E-6)
iPP-HYCA 0.29 0.8231 0.04 (0.12) 0.08 0.9260 0.01 (0.04) 229 0.9332 0.001 (0.03)

PSOM = pseudo-second-order model, PFOM = pseudo-first-order model, BSW = Brouers, Weron and Sotolongo model, k; (min~"); ky (g.mg~".min); n is the fractional order of

adsorption, t/; = half-life of adsorption process (min), ND = Normalized Deviation, NSD = Normalized Standard Deviation.

(38.6 mg/g) and Amberlite IRA-400 (32.2 mg/g) (Hamoudi et al.,
2007; Nur et al.,, 2016), it was also observed that the amino-
functionalized adsorbents used in this study had better adsorp-
tion capacities.

Using the b values from the Langmuir-Freundlich model in this
study (Table 3) to calculate the separation factor as shown in
equation (4), it is observed that the adsorption of phosphate ions
onto the composites prepared in this study is favourable since they
are all below 1.0 (Unuabonah et al., 2007b) for all initial phosphate
ions concentrations used in this study (Table 4).

3.6. Regeneration

There is economic and environmental importance in regener-
ating spent adsorbents for reuse rather than discarding them into
the environment (Omorogie et al., 2016). Since interaction between
phosphate ions and adsorbents in this study involves some
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electrostatic interaction, there is a need to use chemical reagents to
enhance regeneration of the adsorbents, though care must be taken
such that the chemical reagent does not end up blocking or
destroying the sites after regeneration.

In this study, the various adsorbents were regenerated with
0.01 M and 0.1 M NaOH in 5 adsorption-desorption cycles. Fig. 7
shows the adsorption capacity after every regeneration cycle.
From Fig. 7, the adsorbents all show decreasing adsorption capacity
with increasing adsorption-desorption cycle. The amino-
functionalized adsorbents (NPP-HYCA and NPS-HYCA) retained
84.1% and 94% respectively of their adsorption capacity after 5
adsorption-desorption cycles with 0.01 M NaOH and 37.5 and 35.5%
for iPSHYCA and iPP-HYCA adsorbents. However, with 0.1 M NaOH,
the plantain peel-based adsorbents (iPP-HYCA and NPP-HYCA)
were favoured such that they retained ca. 33% of their adsorption
capacity after 5 adsorption-desorption cycles as compared with
between 5 and 35% for the Carica papaya-based adsorbents (iPS-
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Fig. 5. Kinetic model plots for the adsorption of phosphate onto (A) NPS-HYCA,(B) iPS-HYCA, (C) iPP-HYCA and (D) NPP-HYCA composite adsorbents.
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Fig. 6. Plots of isotherm model for the adsorption of phosphate onto (A) iPS-HYCA, (B) NPS-HYCA,(C) iPP-HYCA and (D) NPP-HYCA composite adsorbents.

Table 3
Freundlich, Langmuir-Fruendlich and Brouers Sotolongo isotherm model data for the adsorption of Phosphate onto NPS-HYCA, iPS-HYCA, NPP-HYCA and iPP-HYCA composite
adsorbents.
Freundlich Langmuir -Freundlich BS
Ky n I ND/NSD Qmax b n I ND/NSD Qmax kgs o ? ND/NSD
NPS-HYCA 2.27 1.47 0.9350 0.55/1.33 74.19 0.019 2.17 0.9760 0.96/2.34 67.37 4 %107 1.90 0.9848 0.91/2.24
iPS-HYCA 0.59 1.10 0.9293 0.10/0.24 60.34 0.015 4.42 0.9723 1.94/4.75 59.16 46 x 1077 3.36 0.9734 1.89/4.62
NPP-HYCA 1.27 1.30 0.9722 0.41/0.99 78.15 0.014 1.60 0.9908 0.46/1.14 63.28 0.0018 1.48 0.9935 0.45/1.10
iPP-HYCA 135 1.36 0.9613 0.67/1.64 69.48 0.015 1.89 0.9952 0.44/1.07 61.53 9x 10 1.63 0.9975 0.34/0.84

ND = Normalized Deviation, NSD = Normalized Standard Deviation.

HYCA and NPS-HYCA). This suggests that increasing the concen-
tration of NaOH for regeneration purposes does negatively affect
the efficiency of the composite adsorbents when they are regen-
erated and reused for phosphate removal in aqueous solution over
several adsorption-desorption cycles. The 0.01 M NaOH is a better
desorbing agent for phosphate-ladened adsorbents used in this
study especially for the amino-functionalized adsorbents.
Furthermore, the adsorption-desorption studies suggest that
the amino-functionalized adsorbents (NPS-HYCA and NPP-HYCA)

Table 4
Separation factor values for the various composite adsorbents used in the adsorption
of Phosphate lons from aqueous solution.

Co Kz

NPS-HYCA iPS-HYCA NPP-HYCA iPP-HYCA
5 0913242 0.930233 0.934579 0.930233
10 0.840336 0.869565 0.877193 0.869565
20 0.724638 0.769231 0.78125 0.769231
50 0.512821 0.571429 0.588235 0.571429
100 0.344828 0.4 0.416667 0.4
Average 0.667173 0.708091 0.719585 0.708091

are better candidates for phosphate capture and recovery from
aqueous solution especially because of their better rate of uptake of
phosphate from aqueous solution (Table 2) and phosphate
adsorption capacity (Table 3). Increasing the concentration of NaOH
could have lead to the damage of the structure of the composites or
their active sites, thereby reducing their capacity after every
adsorption-desorption cycle.

In studying the desorption kinetics for recovery of phosphate
ions from these composite adsorbents, the First order two-site
Desorption kinetic model (Willis et al., 1970; McLaren et al., 1986)
and Modified Statistical Rate Theory (MSRT) Desorption Kinetic
Model (Bashiri, 2011) were employed. The non-linear mathematical
expressions for both models are shown in equations (3) and (4)
respectively.

Table 5 and Fig. 8 shows the various parameters values from and
desorption model plots for the First-Order Two-site Desorption and
Modified Statistical Rate Theory (MSRT) Desorption Kinetic models.
When the Normalized Standard Deviation (NSD) values are used to
determine the kinetic desorption model that best describes the
desorption kinetic data, it is observed that the First-Order Two-site
Desorption kinetic model best describes the amino-functionalized
adsorbents (NPP-HYCA and NPS-HYCA). This strongly indicates
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Fig. 7. Desorption of phosphate ions in 5 adsorption-desorption cycles for the various adsorbents where (A) 0.01 M NaOH and (B) 0.1 M NaOH.

Table 5
Fitting parameters of Desorption Kinetic Models of phosphate ion desorption from
iPS-HYCA, NPS-HYCA, iPP-HYCA, and NPP-HYCA adsorbents using 0.01 M NaOH.

First Order 2-site Desorption Kinetic Model

Adsorbent G ki min 1) G k3 (min 1) I NSD
NPS-HYCA 143 0.16 420 4x10™* 09911 143 x E-5
NPP-HYCA 0.90 0.13 223 0.002 0.9774 0.0024
iPS-HYCA 149 0.11 371 4x10* 09867 1.56 x E-5
iPP-HYCA 222 2x10% 139  0.053 09959  0.00
Modified Statistical Rate Theory (MSRT) Desorption Kinetic Model

Adsorbent Qdes « Kes I NSD
NPS-HYCA 11 1.45 0.001 0.5442 0.0045
NPP-HYCA 1.17 133 0.001 0.5817 0.053
iPS-HYCA 1.05 0.92 0.003 0.8302 0.010
iPP-HYCA 1.01 1.13 0.002 0.6843 0.037

that amino functionalization of the composites does introduce
another adsorption site onto the composite surfaces. This could be
related to their better adsorption capacity on the unfunctionalized
adsorbents. Additionally, it is observed that for First-Order Two-site
Desorption kinetic model, the rate of phosphate desorption from
1st adsorption site is relatively faster than from the 2nd adsorption
site as shown by the kinetic desorption rate constants, k; and k; in
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Table 4. Furthermore, the rate of phosphate ion desorption is more
rapid with amino-functionalized composite adsorbents than with
unfunctionalized composite adsorbents (Table 5).

We can understand the mechanism by which phosphate ions
was adsorbed onto these composite adsorbents via the First-Order
Two-site Desorption kinetic models. It is thus logical to suggest that
adsorption onto amino-functionalized composite adsorbents will
follow a mechanism wherein phosphate ions are adsorbed onto the
two different sites simultaneously in support of the assumption
made by the First-Order Two-site Desorption kinetic model
(McLaren et al., 1986). It has been suggested that strong adsorption
is a result of small rate constant [which in this case is site 2], while
weak adsorption is a result of larger rate constant [which in this
study is site 1] (Machida et al., 2004). Thus, there are more phos-
phate ions desorbed from site 2 (as depicted by C, in Table 5) than
from site 1 (as represented by C; in Table 5).

It is noted that NPS-HYCA composite adsorbent showed a better
rate of desorption of phosphate ions from aqueous solution than
other three composite adsorbents prepare in this study. In ca. 25
min, desorption of phosphate ions from all composite adsorbents is
90% at equilibrium. The combination of C; and C; (Table 5) suggests
that NPS-HYCA has a better adsorption efficiency for the removal of
phosphate ions from aqueous solution than other three composite
adsorbents. This result is mainly supported by our initial result

gt (desorption)

1.0

T T T T T T
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Fig. 8. Plots of kinetic models for phosphate ion desorption from the various composite adsorbents (A) First Order Two-site Desorption Kinetic Model (B) Modified Statistical Rate

Theory Desorption Kinetic Model using 0.01 M NaOH.
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from adsorption studies in this article which predicted NPS-HYCA
composite adsorbent as the better adsorbent for phosphate
adsorption than NPP-HYCA, iPP-HYCA and iPS-HYCA composite
adsorbents. Furthermore, these regeneration results supports our
earlier deduction that these composites adsorbents have hetero-
geneous adsorption sites as described by the Freundlich model that
best described equilibrium data from this study.

These regeneration studies provides results that suggests that
there could be an overall reduction in the cost of utilizing these
composites especially NPS-HYCA composite adsorbent, in a large-
scale water treatment system. Furthermore, these regeneration
studies offer an advantage of recovery of phosphate that could be
used in the agricultural sector. At the moment phosphate, a non-
renewable resource shows a serious decline in its global reserves
which obviously threatens the priority agenda for global food se-
curity (Cordell et al., 2009; Kunaschk et al., 2015).

4. Conclusion

The present work reports the successful preparation of Zn-
doped hybrid clay adsorbents from two biomasses (papaya seed
and plantain peel) and kaolinite clay. From the physicochemical
characteristics of the composite adsorbents it can be concluded that
the Zn exists as ZnO in the adsorbents.

The Brouers-Sotolongo Fractal (BSF) kinetic model provides a
better fit to experimental data from Kkinetic studies for all adsor-
bents than other kinetic models based on the Normalised Deviation
and Normalised Standard Deviation values obtained from the
nonlinear regression modelling of experimental data. The BSF ki-
netic model suggests that adsorption onto these adsorbents is via a
complex mechanism including electrostatic, and weak Van der
Waal forces (Guo et al., 2009). The adsorption isotherm models
showed that the adsorbents prepared were relatively effective in
the adsorption of phosphate ions. The Brouers-Sotolongo isotherm
model suggests that amino-functionalized Carica papaya hybrid
clay composite adsorbent has the greater affinity for the phosphate
ions. Regeneration of the amino-functionalized adsorbents
was more effective with 0.01 M NaOH than 0.1 M NaOH and their
capacity for phosphate removal after five consecutive adsorption-
desorption cycles were 94.6%, and 84.13% for amino-functio-
nalized Carica papaya hybrid clay and amino-functionalized Musa
paradisiaca hybrid clay composite adsorbents respectively. The
amino-functionalized adsorbents retained more of their adsorption
capacity than their parent materials (37.5 and 35.5% for Carica
papaya hybrid clay and Musa paradisiaca hybrid clay composite
adsorbents respectively).

Desorption studies further confirmed the heterogeneous nature
of the surfaces of the composite adsorbents used in this study via
the First Order two-site Desorption Kinetic Model. The NPS-HYCA
(hybrid clay prepared from Carica papaya seed and kaolinite and
subsequently functionalized with an amino compound) has the
best adsorption capacity for and rate of uptake of phosphate ions
from aqueous solution.
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