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Abstract In this research, adsorption properties of
an Algerian kaolinite (KNTs) for removal of phos-
phate from aqueous solutions was compared with
those of a commercial activated carbon (AC) in term
of kinetics, equilibrium, and thermodynamic stud-
ies. Fourier Transform Infrared (FTIR) spectros-
copy and X-ray diffraction (XRD) was used to char-
acterize the adsorbants. Effect of various reaction
parameters such as pH, adsorbent dose, adsorption
time, and temperature on PO,>~ adsorption by both
adsorbents were explored and compared. Adsorption
experiments showed that KNTs is a good adsorbent
of phosphate. However, it is not superior to AC in
terms of adsorption capacity. The maximum uptake
capacity of AC and KNTs (71.89 and 16.93 mg/g)
have been reached after 60 and 250 min, respec-
tively. The two adsorbents showed a higher phos-
phate removal rate of 93.74% for AC and 69% for
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KNTs. The pH of the solutions, affect considerably
the adsorption mechanism. The removal capacity
results of PO,*~ by KNTs showed significant fit
with both pseudo-first-order and pseudo-second-
order models proving the dominance of both phy-
sisorption and chemisorption mechanisms during
the uptake of phosphate. Whereas, the adsorption of
PO,*>~ by AC found to be controlled by physisorp-
tion only. Isotherm simulation studies of the adsor-
bents showed that KNTs presented high heterogene-
ity degree than AC and the adsorption of phosphate
is well described by Temkin model. Adsorption/des-
orption experiments suggested that KNTs could be
successfully regenerated in multiple times (at least
three). Based on theoretical calculations, differ-
ent configurations of KNTs@PO,*~ were obtained
after minimizing their energy using MM?2 Server.
The later revealed that phosphate with more charged
(HPO,*"), showed greater interaction energy than
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H,PO,~, which indicated that HPO,’>~ interaction
with KNTs are more stable. The adsorption experi-
ments in real hydroponic wastewaters further indi-
cated the application potential of KNTs. This research
offered potential candidate (Algerian kaolinite) for
water cleaning up against phosphate contamination.

Keywords Adsorption - Kaolinite - Activated
carbon - Phosphate

1 Introduction

Designated in chemistry by the letter P, phospho-
rus is a vital element present in all living organisms
(Kong et al., 2023) and it is one of the main growth-
limiting nutrients for crops (Peng et al., 2022; Tao
et al., 2022). The worldwide utilization of fertilizer
based phosphate is increasing due to elevated-input
modern agricultural activities (Zheng et al., 2023).
For example, cultivation of crops with hydroponic
methods or soilless cultivation system is almost in
100% carried-out in open fertilization systems, from
where the surplus of nutrient solution is released in
an uncontrolled mode to the surface water (Hossein-
zadeh et al., 2017, 2019). Typically, large quantity of
wastewater containing high phosphorus (15-100 mg
PO,-P /L) and other elements such as nitrates (Gag-
non et al., 2010; Park et al., 2015; Richa et al., 2020)
could be generated from hydroponic system. The
well-known source of water quality deterioration is
the excessive phosphate discharge from hydroponic
wastewaters which may lead to the eutrophication
(>30 pg PO43—P/L) that generates aquatic plant
bloom and the related depletion of dissolved oxy-
gen, and that severely alters the quality of water (Nie
et al., 2023). In another hand, the danger of phos-
phate effects human health as it is the origin of liver
and kidney failure in addition to damage to the intes-
tines, and bones (Eltaweil et al., 2023). Thus, World
Health Organization stated that the suitable dosage
of phosphate in drinking water should be less than
5 mg/L (Isiuku & Enyoh, 2020; Kong et al., 2019).
Consequently, elimination of excess phosphate from
water is necessary.

In another hand, the good quality mineable rock
phosphate (mineral P) supply is in the way to get
exhausted in 100 years if the consumption rate con-
tinues (Li et al., 2023; Peng et al., 2022; Yang et al.,
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2023). Accordingly, finding alternate sources of phos-
phorus or find a feasible technique to recover it from
wastewaters is urgently needed and the sustainability
will be enhanced by its exploitation in agriculture
(creation a cyclic process).

There are many publications dealing with phos-
phate remediation from aqueous system where plen-
tiful technologies have been developed for aqueous
phosphate removals which include chemical precipi-
tation (Haiming Huang et al., 2017a, b), biological
method (Zhang et al., 2023), reverse osmosis (Sem-
inskaya et al., 2017), electrochemical methods (Ren
et al., 2022), crystallization (Xuechu et al., 2009),
constructed wetlands (Park et al., 2017), nanofiltra-
tion (Loh et al., 2022), and ion exchange (Ali et al.,
2022). These technologies showed high efficiency
even at low phosphate concentration and generate
no waste. However, it suffers from serious draw-
backs. For example, high infrastructural investment
and highly skilled personal is required in biological
methods (Owodunni et al., 2023). Nanofiltration, ion
exchange and reverse osmosis have a high opera-
tional and maintenance cost (Zhang et al., 2022).
Electrocoagulation required high capital cost and
skilled labor as well (Hu et al., 2022). Constructed
wetland process need larger land areas (Konadu-
Amoah et al., 2022). It is widely recognized the most
efficient methods for phosphate removal with advan-
tages of low-cost, high efficiency (a wide range of
concentration), and simple operation (Manna et al.,
2022) is adsorption. Recovering phosphate for use in
agriculture is a feasible strategy that can be attained
by adsorption process. Differents adsorbents with
unique sorption characteristics and surface regener-
ation-capacities have been examined. Activated car-
bon (AC) (Ouakouak & Youcef, 2016; Shao et al.,
2022), carbon nanotubes (Liu et al., 2022) and gra-
phene oxide (Lee et al., 2020) as single materials or
anchored with polymers such as chitosan, or alginate
(Eltaweil et al., 2023) are commonly used due to
their high efficiency and large surface area; however,
they have a higher cost relative to other adsorbents
(Fizir et al., 2022a, b). In addition, researchers now
are committed to find an efficient, economic and
simple adsorbent instead of complicated adsorbents
that contain different materials.

More recently, the development of an economic
adsorbents such as kaolinite (KNTs) and halloysite
nanotubes (HNTs) due to their relative abundance,
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environmental compatibility, and adsorption effi-
ciency have been gaining attention for aqueous inor-
ganic pollutants removal (Almasri et al., 2019; Kami-
yango et al., 2009; Kumar & Viswanathan, 2020;
Zheng et al., 2023). Kaolinite is a hydrous aluminum
phyllosilicate member belonging to the dioctahedral
1:1, kaolin mineral group (Awad et al., 2017). Kaolin-
ite usually shows platy morphology, the basic plane
of oxygen atoms in a crystal unit is confronted with
the basal plane consisting of OH ions in the next layer
(Murray, 2006). Besides the biocompatibility and
economic properties of KNTs, it possess high poros-
ity, unique compositions (abundant hydroxyl groups
on the surface), and large specific surface area that
allow them to interact with a variety of organic and
inorganic molecules (Mustapha et al., 2019, 2021). To
date, the scientific literatures on the use of kaolin for
the treatment of phosphate wastewater are very scarce
compared to AC. In these studies, encouraging results
were obtained since the maximum removal capac-
ity (69.7%,~ 0.8 mg/g) of phosphate from aqueous
solution was obtained by using a high dose of Lin-
thipe kaolinite (80 g/L) (Kamiyango et al., 2009). In
another research, 2 g of kaolin clay showed removal
capacity of 45.6% € 0.46 mg/g) toward phosphate
(Al-Zboon, 2018). These findings could be enhanced
under optimum laboratory conditions. Consequently,
the adsorption process and mechanism of phosphate
on KNTs need to be explored more and optimum
condition for phosphate removal along with kinet-
ics; isotherm and thermodynamic behavior should
be elaborated by using non linear regression analysis
method instead of linear method as it is more relia-
ble and suit better the adsorption process of various
analytes. What’s more, the practical application of
KNTs in real wastewaters has not been reported any-
wherelese. Thus, a comprehensive and detailed study
of the phosphate removal capability of low-cost kao-
lin should be conducted to assess the applicability of
this attractive nanomaterial in the treatment of phos-
phate contaminated wastewater such as hydroponic
wastewaters in the future. The aim of this study was
to evaluate for the first time the ability of Algerian
kaolinite clay to remove phosphates from an aqueous
solution and hydroponic wastewaters and to compare
its adsorption capacity with commercial activated
carbon. Moreover, the role of the kaolinite mineral
in phosphate removal was carefully investigated
through kinetic, isotherm, thermodynamic studies.

In addition, the adsorption mechanism of phosphate
onto KNTs by molecular mechanical method (MM?2)
was explored for the first time through using Chem3D
Pro which is software that provides computational
tools based on molecular mechanics (MM) for opti-
mizing models, conformational searching and molec-
ular dynamics (Debbaudt et al., 2004; Huang et al.,
2019; Jawla & Kumar, 2013; Yoo et al., 2023). The
regeneration ability of KNTs has been examined as
well.

2 Material and Method
2.1 Materials

Potassium dihydrogen phosphate (KH,PO,), hydro-
chloric acid (HCI), sodium hydroxide (NaOH), sul-
furic acid (H,SO,), ammonium molybdate, Ascorbic
acid and potassium antimonyl tartrate were obtained
from Merck Chemicals (Darmstadt, Germany).
KH,PO, was dissolved in purified water to prepare
a stock solution containing 1 g/L of PO,*~. Direct-Q
3UV purification system is used for water generation.
Kaolinite was obtained from the Djebel Debbagh
deposit located in the eastern region of Algeria. The
preparation of KNTs involved following the method
described by Zhao et al. (Zhao et al., 2011). In sum-
mary, the samples were dispersed in deionized water
and filtered using a 53 um (270 mesh) sieve to elimi-
nate most of the sand particles. The clay fraction,
consisting of particles with a diameter less than 2 pum,
was separated using a sedimentation technique. Sub-
sequently, the clay fraction was subjected to an acid
wash to remove any impurities that could dissolve.
The sample was then neutralized to restore its natural
pH. Finally, the clay was dried and stored in plastic
bottles for future use. Activated carbon was supplied
from Sigma Aldrich. Hydroponic nutrient solution
used to grow lettuce and discharged as wastewater
was collected from a glasshouse operation at Khemis-
Miliana University, Algeria. The analysis of composi-
tion and physical properties of wastewaters should be
carried out before the batch experiments.

2.2 Determination of pHpzc of Adsorbents

To investigate the adsorption mechanism of phos-
phate, point of zero charge (pH,,.) values of the

pzc
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studied adsorbents was estimated by salt addition
process (Khan et al., 2019). Briefly, 0.5 g of KNTs
or AC mixed with 20 mL of 0.01 M NaCl after reg-
ulating the pH of the solutions (from 2 to 10) with
base or acid. The flasks were agitated for 24 h at 298
K and 160 rpm. Then, the final pH was measured in
each flask after solution centrifugation process. The
pH,,. values of AC and KNTs were determined from

pzc

the pHg,,,; versus pH;;;, plot.
2.3 Characterization

Scanning electron microscopy (THERMOSCIEN-
TIFIC QUATTRO S SEM) was employed to investi-
gate the surface morphology of the KNTs. X-ray dif-
fraction patterns for KNTs and AC were recorded in
reflection mode in the angular range of 1-90° (2 theta),
at 298 K by a D8 Advance Eco (Bruker) operated at
a CuKa wavelength of 1.542 A°. FTIR analyses of
the adsorbents were executed on a FTIR-8400 spectra
scanner (SHIMADZU). The Brunauer-Emmett—Teller
(BET) surface area of the KNTs and AC were obtained
by nitrogen adsorption—desorption isotherms at 77 K
using a specific analyzer (ASAP2020) and found to be
22.253 m*g for KNTs and 1024 m*/g for AC (Table 1).
The cation exchange capacity (CEC) of KNTs meas-
ured by Ba?*/NH** exchange was 17 cmol/kg (Zhao
etal., 2011).

2.4 Batch-adsorption Experiments

The ability of the KNTs and AC in the removal of
PO43_ has been examined using batch adsorption
modes. To attain the ideal adsorption capacity, the
primary parameters, including solution pH, adsor-
bent dose, temperature, contact time and initial
phosphate concentration were preliminarily exam-
ined. Typically, the mixed PO,*~ solution pHs were
regulated using diluted base or acid solutions and

Table 1 BET surface area, pore volume and pore diameter of
KNTs and AC

Samples BET surface area Pore volume Pore
(mz/g) (cm3/g) diameter
(nm)
KNTs 22.253 0.122 23.730
AC 1024 0.572 2.23

@ Springer

mixed with a determined quantity of each adsorbent
(10 mg) in flasks containing 10 mL of a PO,>~ solu-
tion. Subsequently, the mixed suspensions were agi-
tated at 200 rpm at a predetermined temperature for
a fixed contact time. Specific quantity of KNTs and
AC were mixed with phosphate solutions at fixed
initial concentrations and optimum pH values. After
equilibrium, samples were centrifuged. The concen-
tration of PO43_ in the supernatant was analyzed by
spectrophotometer (Spectronquant prove 300) at a
wavelength of 710 nm by ammonium molybdate
spectrophotometry (Nagul et al., 2015). The adsorp-
tion capacity (mg/g) and the removal rate (%) of
the adsorbents were measured using the following
equations:

Q=(C,—-C)'V/m ()

Removal rate (%) = ((C, — C,)/Cy))* 100 )

where C;, and C, (mg/L) are the initial phosphate
concentrations at equilibrium in the solutions, respec-
tively. V is the volume (mL) of the aqueous solution.
m is the quantity (g) of adsorbents.

For kinetic experiments, 10 mg of KNTs and
AC were added to 10 mL of PO,* solutions
(100 mg/L), and the solution was shaken at
298 K for different reaction times (5 min to
6 h). The pseudo-first-order, pseudo-second-
order, Elovich, and Weber Morris Intra-Par-
ticle Diffusion models were used to assess the
adsorption kinetics of phosphate by KNTs and
AC and determine the rate constant of the pro-
cess. The nonlinear equation of each model is
depicted in Table 2. For adsorption isotherm
assessments, 10 mg of each adsorbent were sus-
pended in PO,*>~ solution of various concentra-
tions (30-306 PO,*>~ mg/L) at 298 K. Langmuir,
Freundlich, and Temkin models were exploited
to describe the adsorption equilibrium of phos-
phate by KNTs and AC. The nonlinear equa-
tions of these isotherm models are presented in
Table 3. The above- experiment protocols were
detailed in the Supporting information (SI).

2.5 Sorbent Regeneration Study

Stability and cost effectiveness are among the main
characteristics of good adsorbent. To validate these
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features, regeneration study need to be examined
(Fizir et al., 2018). Briefly, specific amount of KNTs
and AC were utilized in 4 successive cycles of sorp-
tion/desorption in aqueous samples using optimum
experimental conditions. For desorption tests, 10 mL
of diluted NaOH (eluents, 0.1 M), was mixed with the
used adsorbents for 2 h. Once desorption equilibrium
was attained, the adsorbents were separated and the
amount of desorbed phosphates was measured (Elta-
weil et al., 2023; Patel, 2021).

2.6 Molecular Modeling Analysis

A molecular modeling investigation was implemented
to discover and explore the adsorption characteris-
tics of phosphate onto the KNTs. CHEM3D software
(version 20.0, PerkinElmer, Waltham, MA, USA)
was utilized to visualize 3D structure models of the
diverse forms of phosphate and KNTs. The MM2 was
employed as an energy minimization technique for
geometry optimization of phosphate and KNTs.

Table 2 List of kinetic adsorption models (Teng & Hsieh, 1999; Wang & Guo, 2022)

Model Non linear equation

Parameters

Pseudo-first-order (PFO) Q, = Q.[1 —exp(—K,;t)]

Pseudo-second-order (PSO) Q, = K,Qit

U7 14Qukot
Elovich Q = 113 In(1 + api)
Weber Morris Intra-Particle Diffusion  Q, = K3t1/2 +C

Q. and Q, are the phosphate adsorption capacities (mg/g) at
equilibrium and at time t, respectively

k; (min™Y), k, (g/mg.min), and k4 (mg/g.minm), are the rate
constant of the first-order kinetic, second-order kinetic, and
weber morris intra-particle diffusion models

o (mg/g.min) is the initial adsorption rate

B (g /(mg.min)) is the extent of surface coverage

Table 3 List of isotherm adsorption models (Xu et al., 2020)

Model Non linear equation ~ Parameters

Langmuir Q, = K QuixCe
€

14K, C,
Freundlich @, =k,c!/"
Temkin Q. = ?IH(KTCe)

parameter

Q. (mg/g) is the phosphate adsorption capacity

C, (mg/L) is the phosphate concentration in solution in equilibrium

Qpmax (Mg/g) is the Langmuir maximum adsorption capacity of the adsorbent

K (L/mg) is a constant related to the energy of adsorption

K (mg/g)/(mg/L)" is the Freundlich constant, and n (dimensionless) is the Freundlich intensity

K is the Temkin constant, respectively
RT/b, is related to the heat of biosorption

Fig.1 SEM images of
KNTs (A-B)

Regulus8100 5.0kV 9.0mm x50.0k SE(UL)
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Fig. 2 The XRD patterns A)

(B)

of KNTs and AC

dw|=*0,7|5 nm

d,,=0.354 nm

d,,=0.208 nm

T T T T
10 20 30 40 50 60
2 theta (°)

Table 4 Data of technical XRD kaolinite

Samples interlayer spacing
(nm)
dooy dooz dps
Pure Kaolinite 0.714 0.357 0.234
Algerian KNTs 0.715 0.357 0.234

3 Results and Disscusion
3.1 Characterization
3.1.1 SEM Analysis

It can be observed from SEM images (Fig. 1) that
KNTs consists of irregular crystals with uneven

T T T
70 80 90 10 20 30 40 50 60 70 80
2 theta (°)

fringes and the particle size of KNTs are generally
in the sub-micron size range (<1 um). The SEM
images of AC (Fig. S1), as analyzed in previous
research (Alahabadi et al., 2017), show a porous
structure with scattered holes and a smooth surface.

3.1.2 X-ray Diffraction

As shown in Fig. 2A, The absorption peaks found at 2
theta (°)=12.36°, 20.43°, 21.42°, 24.86°, 35.90° and
38.46°. The maximum size of the crystallites appears
at the absorption peak of 24.86°. The peaks of kaolin-
ite were located at 2 theta angles values of 12.36° and
24.86°. The 2 theta diffraction angles for quartz are
clearly visible at 26.6° (Dewi et al., 2018). Table 4
showed the interlayer spacing (d,;) of pure KNTs and

(A) i (B)
1658.8 686.6
1 3-
470.65 KNTs- PO
rcrol 1720.51{ o115 Gy 4
-PO4 / 2368.66 i AY
36@\3448.84 {"’
3618 ] 1 N N
| / 3695.73 1033.88” | 918.15 540,09
| 547.80 :
llﬁs(\ KNTs
AC 172828 ' 1573.97 103358 \’ 2 lsml@'}\_
H3487.42 ’ -;2/5%-‘
924.1 -86786.98
3433.41 8 1018.45
L ) L} L} L} L} L} L} r T T T T v 1 1)
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm'l)

Wavelength (cm-l)

Fig. 3 FTIR spectrum of (A) AC and (B) KNTs before and after PO43’ adsorption

@ Springer



Water Air Soil Pollut (2024) 235:422

Page 70f 19 422

Algerian KNTs used in this study calculated using
Bragg’s equation. The data shows the value of com-
mercial kaolin d(A) used in our study and the pure
kaolin has no difference.

The diffraction pattern of the activated carbon
used (Fig. 2B) shows its amorphous nature. It is char-
acterized by the presence of the two broad bands
(2 theta=26° and 43°) observed in several studies,
which are respectively related to (002) and (100) the
diffraction peaks of the graphitic pore walls (Alahab-
adi et al., 2017).

3.1.3 FTIR Analysis

The FTIR spectrum of the AC (Fig. 3A) revealed
several absorption bands indicating the presence of
specific functional groups. The absorption band at
3433 cm™! corresponds to the stretching vibrations of
OH groups in phenolic groups (Biniak et al., 1997).
The bands at 1635 cm™! are attributed to the bend-
ing vibrations of O—H bonds in hydroxyl functional
groups or chemisorbed water. The band at approxi-
mately 2920 cm™! identifies stretching vibrations
of aliphatics groups (-CH,—). The bands at around
1500 and 1750 cm™! can be attributed to axial C=0
strain, such as highly conjugated C =0 stretching or
C-O stretching in carboxyl groups, respectively. The
band observed at 1033 cm™! corresponds to the elon-
gation of C-O bonds in ethers and esters (Fan et al.,
2016; Shu et al., 2017). The shift in the peak belong-
ing to OH from 1635 cm™' to 1658 cm™! suggests

(A)
04 o ——AC
] \ —o—KNTs
60 4 ~o -9
504 \\0_0
o
) 404
é 4
o 30-
204
4 °\
104 0—0—0\0\0 R
J "
0 L) L) LJ L] L) L]
2 4 6 8 10 12

pH

the involvement of OH groups in the adsorption of
phosphate. In addition, in the FTIR spectrum of AC
adsorbed with phosphate ions shows several absorp-
tion bands, including those at 540, 686, 918, 1033 cm
~!, which are characteristic of PO,*~ groups. Moreo-
ver, most of the significant FTIR bands of AC were
preserved and shifted in wavenumber, confirming the
adsorption of PO43_(Elmsellem etal.,, 2013).

As shown in Fig. 3B, KNTs functional groups for
the Si—O stretching vibration are visible at 1018 cm™".
The peak at 786 cm™! can be attributed to the stretch-
ing vibration of Si—O-Al. Additionally, peaks at 925
and 3695 cm™! can be assigned to the AI-OH stretch-
ing vibrations of the alumina sheets in the kaolinite
(Ge et al., 2019). In the FTIR spectrum of KNTs
adsorbed by PO,>, the FTIR bands of KNTs were
preserved, but they shifted in wavenumber, indicat-
ing the adsorption of phosphate ions. For instance,
the characteristic peak of AI-OH shifted slightly from
925 cm™! to 918 cm™!, which suggests the affinity of
aluminum to phosphate ions. Furthermore, the asym-
metric stretching and bending modes of PO43_ at
1033 cm™! and 540 cm™! in KNTs-PO,>~ confirm the
adsorption of phosphate ions (Kumar & Viswanathan,
2020).

3.2 Effect of Solution pH
The results in Fig. 4A revealed that PO,>~ adsorption

by KNTs and AC is pH dependent and the adsorbed
quantities of the PO,>~ on the KNTs and ACare

(B)
13
121 ——KNTs °
1nd——AC
‘g' PH =75 °
- @
84 o/o—‘o_,o
= i o d
o 74 o/ﬁo—/ Qo ° /0
E 64 740 ./._./‘
= .
= 5] /3X
o/
4 o/o _
/ pH ,,, =540
34 ‘%3 )
24 @
1 M DA L B B B B )

— T
1 2 3 4 5 6 7 8 9 10 11 12 13

Initial pH

Fig. 4 (A) Effect of pH for phosphate adsorption and (B) Point of zero charge analysis of KNTs and AC
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higher at pH 2 and 24, respectively. For example, the
quantity adsorbed is reduced sharply from 16.93 mg
per g of KNTs to 6.88 mg per g of KNTs for pH 2 to
10 and from 71.89 mg per g of AC to 46.78 mg per g
of AC for pH 4 to 10, respectively.

As illustrated in Fig. 4B, the pH,,. values of AC
and KNTs were found to be 5.40 and 7.50, respec-
tively. From these values, the charged surfaces of
the adsorbents were positive and negative when
pH<pH,,. and pH>pH,,., respectively. Therefore,
at pH values below 5.40 and 7.5 (pH,,,), the surface
of the activated carbon and kaolin particles are posi-
tively charged, respectively. At acidic pH, the func-
tional groups lining the surface of activated carbon
and kaolin undergo strong protonation which gives

(A)

—0— AC
70+ ——KNTs

Q (mg/g)

T T v T v T v T v T
0 20 40 60 80 100
Adsorbent dose (mg)

©

—o—AC
7094 ——KNTs

/a-———‘“

Q¢ (mg/g)

0/9

//

lo—0—2

0 50 100 150 200 250 300
Time (min)

Fig. 5 A Effect of adsorbents dose on phosphate adsorp-
tion, (B) Effect of temperature on phosphate adsorption, (C)
Adsorption kinetic plots for phosphate on KNTs and AC and

@ Springer

the material an overall positive charge. Therefore,
the PO,>~ ions were surrounded by protonated adsor-
bents by electrostatic attraction (Zhang et al., 2022).
Furthermore, for KNTs, higher PO43_ removal at pH
2 can be explained by the complexation of the inner
sphere of phosphate species on the surface of kaolin-
ite via ligand exchange reaction mechanisms (Ouak-
ouak & Youcef, 2016). When the pH increases, the
surface becomes less and less protonated, causing
repulsion between the anionic species of PO,*~ and
the surface of the activated carbon and kaolin (Das
et al., 2021). Moreover, at basic pH, adsorption also
decreases through the competition effect of hydroxyl
ions (OH™) (Zhang et al., 2022). A similar trend has
been found for the Linthipe kaolinite (Kamiyango

(B)

80

4 I KNTs
704 I AC

295 300 305 310 315 320 325 330
T (K)

(D)

80

——AC
709 —— KNTs

60 4

504

Qe(mg/g)
-3

I B B E A B B A R R B
0 30 60 90 120 150 180 210 240 270 300 330
Initial P043' concentration (mg/L)

(D) Effect of initial phosphate concentration on the adsorption
ability of KNTs and AC
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et al., 2009) and for other adsorbents such as lantha-
num hydroxide La(OH); (Zhang et al., 2021), lantha-
num-zirconium modified iron oxide (La-Zr@Fe;0,)
(Lin et al., 2021), Lanthanum modified chitosan-
attapulgite (Kong et al., 2023), zirconium/poly(vinyl
alcohol)-modified flat-sheet poly-(vinylidene fluo-
ride) membrane (Zhao & Chen, 2016), and bentonite
entrapped in Ca-alginate beads (Xu et al., 2020).

3.3 Effect of Adsorbent Dose

The influence of the adsorbent dose was exam-
ined within the range of 10 to 100 mg. The results
(Fig. 5A) show that, for a fixed concentration of 100
mg/L of phosphate and a contact time of 240 min,
increasing the dose of KNTs and AC from 10 to 100
mg leads to a decrease in the amount of phosphate
adsorbed, expressed in mg per gram. For instance,
the adsorbed amount of phosphate decreases from
71.89 mg/g to 4.69 mg/g for AC, and from 16.93
mg/g to 1.95 mg/g for KNTs, as the dose of the adsor-
bent increases. This can be attributed to the increase
in the number of active binding sites available with
higher adsorbent dose, resulting in a higher removal
efficiency and a decrease in the remaining phosphate
dose in the solution Nevertheless, the total quantity of
PO43_ in the system remains constant. Therefore, the
amount of adsorption per unit mass of the adsorbent
is reduced.

Activated carbon showed higher uptake capac-
ity than KNTs, which is due to the high specific sur-
face area of AC. However, at low concentration (10
mg/L), the two adsorbents showed a higher phosphate
removal rate of 93.74% for AC and 69% for KNT
(Fig. S2).

3.4 Effect of Temperature

Figure 5B showed that the increase in temperature in
the interval studied leads to a significance reduction
in the adsorption capacity of the adsorbents at equi-
librium, which explains that the adsorption process
is likely to be exothermic (Fizir et al., 2022b). On
the other hand, our study reveals that the adsorption
of phosphates is more favorable at ambient tempera-
ture (298 K).

3.5 Effect of Adsorption time

Figure 5C showed that the adsorption of phos-
phate on KNTs and AC increases as the contact
time increases. For KNTs, the adsorption is rapid in
the first 5 min, with an initial adsorption capacity
of 13.48 mg/g. Then, gradually increases up to 60
min, reaching an adsorption capacity of 16.64 mg/g.
Finally, it stabilizes in a maximum adsorption capac-
ity of 16.93 mg/g. For AC, the adsorption is fast in
the first 60 min, with an adsorption capacity of 50.94
mg/g. It gradually increases up to 240 min, reaching
an adsorption capacity of 71.89 mg/g. Finally, it sta-
bilizes in a maximum adsorption capacity of 73.74
mg/g. Therefore, the curve highlight two distinct
areas:

e The initial rapid adsorption phase, where the
adsorption capacity increases quickly.

e The later phase where the adsorption capacity
continues to increase, but at a slower rate until it
reaches a maximum and stabilizes after 1 h and 4
h for KNTs and AC, respectively.

e In comparison with AC, the adsorption of PO,*~
ions on KNTs is carried out in a faster way where
equilibrium is reached after 60 min and may cor-
respond to a faster ion exchange rate (Hussain &
Ali, 2021).

3.6 Effect of Phosphate Concentration

The results revealed that the integration or incorpo-
ration of high phosphate concentrations results in an
increase in the adsorption capacities of both mate-
rials, as shown in Fig. 5D. This suggests that the
adsorbing quantities can be controlled to some extent.
This trend is noticed until a phosphate concentration
of 245 mg/L which was identified as the equilibrium
concentration for both adsorbents. The experimental
maximum adsorption capacities of KNTs and AC
were found to be 16.93 and 71. 89 mg/g, respectively.
The increase in the adsorption capacities of phos-
phate by the adsorbents may be due to the induction
of higher driving forces when testing high concentra-
tions of phosphate.
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Fig. 6 Nonlinear fitting to kinetic models for the phosphate adsorption by (A) KNTs, and (B) AC; Weber Morris Diffusion model

for the phosphate adsorption by (C) KNTs, and (D) AC

3.7 Adsorption Kinetic, Equilibrium, and
Thermodynamic Properties

3.7.1 Kinetic Behaviors

The kinetic behaviors of the adsorption pro-
cesses for the KNTs and AC were illustrated by
using the pseudo-first-order model and pseudo-
second-order kinetic (Fig. 6). The theoretical
parameters of the fitting results are presented in
Table 5. The adsorption capacity outcomes of
phosphate by KNTs demonstrated significant
accord with both pseudo-first-order and pseudo-
second-order models (R*>0.95, Qy~ Qeexp)-
and the kinetic properties of the investigated sys-
tems showed a slight preference to be explained

@ Springer

according to the suggestion of the pseudo-sec-
ond-order model, R?=0.976 (Fig. 6 and Table 5)
indicating the dominance of the chemisorption
mechanisms during the uptake of phosphate, and
other support mechanisms that have more physi-
cal affinity (physisorption) (Abukhadra et al.,
2020). Internal diffusion, surface complexation,
electron exchange, and electrostatic interactions
may be involved in the both suggested mecha-
nisms. As for AC, the data (R* and Q,_,) fitted the
best into pseudo-first-order kinetic model which
means that physisorption played a significant role
in the removal process of PO,*~ onto AC (Hua
et al., 2016). As the chemisorption was the domi-
nant mechanism of PO43_ adsorption by KNTs,
and so the Elovich model was applied to explain
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Table 5 Kinetic modeling for the phosphate adsorption

Model Parameters ~ KNTs AC
Pseudo-first order k, 0.351 0.017
Qeexp 16.933 71.894
Qccal 16.080 71.599
R? 0.952 0.982
Pseudo-second order  k, 0.038 0.018
Qecal 16.63 87.278
R? 0.976 0.976
Elovich a 150.193.10° 2.420
B 1.016 0.046
R? 0.990 0.977
Weber Morris Intra-  kj 1.432 20.122
Particle Diffusion
C 11.592 0.000
R? 0.815 0.696

the chemisorption process in term of variation of
chemisorption energetic with the extent of surface
coverage (Teng & Hsieh, 1999). The correlation
coefficients (R?) for the Elovich model (Table 5)
fitted well with the experimental data for the
KNTs (Fig. 6) demonstrating that the adsorption
of PO43_ was controlled by chemisorption onto
heterogonous binding sites in the KNTs. Similar
findings was observed in previous works (Das
et al., 2021).

The Weber Morris Intra-Particle Diffusion
Model (Fig. 6) was also examined to gain a bet-
ter understanding of the adsorption mechanism
and the steps that control the rate of the pro-
cess. In the case of AC (Fig. 6D), the plot of (Q,)
against (t'?) passes through the origin, indicating
the adsorption is dominated by the intraparticle

Table 6 Equilibrium modeling for adsorption of phosphate
onto KNTs and AC

Model Parameters KNTs AC
Langmuir K. 0.014 0.008
Qe exp 16.91 71.894
Q. 20.971 115.234
R® 0.928 0.926
R, 0.184-0.693 0.278-0.794
Freundlich Kk 2.041 3.918
1/ng 0.381 0.552
R? 0.940 0.856
Temkin Kt 0.162 0.071
B 4.421 27.269
br 560.14 90.81
R’ 0.972 0.964

diffusion (Falahian et al., 2018). However, for
KNTs (Fig. 6C), the line deviates from the origin,
suggesting that intra-particle transport is not the
only factor limiting the rate. This indicates that the
adsorption of phosphate onto KNTs is a multiple
process involving surface adsorption, inter-particle
diffusion, and intra-particle diffusion (Wang &
Guo, 2022). A similar pattern was observed when
examining the adsorption capacity at three dif-
ferent initial concentrations. Initially, there was
a gradual increase in adsorption capacity, but it
eventually reached a plateau as the process reached
equilibrium (Lian et al., 2020). This indicates that
there was faster mass transfer through the bound-
ary layer on the surface of KNTs at the beginning
of the adsorption process. However, as the process
continued, it was controlled by the slower diffu-
sion of the adsorbate inside the KNTs.

Fig. 7 Nonlinear fitting A) (B)
to Langmuir, Freundlich, 18 80
and Temkin isotherms for 16 704
phosphate adsorption onto 144 60
(A) KNTs and (B) AC 124 0
% 104 o)
® 3 40
E 1 £
> )
SR S 304 _
/ o Experimental data 7 o Experimental data
4', — =Freundlich 201 /) — - =Freundlich
2 Langmuir 104/, Langmuir
—— Temkin 3 —— Temkin
0 T T T T T T T T T 0 T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 0 30 60 9 120 150 180 210 240
Ce(mg/L) Ce(mg/L)
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3.7.2 Adsorption Isotherm

The non linear fitting results with Langmuir and Freun-
dlich models as well as the Temkin model was depicted
in Fig. 7 and the parameters values are presented in
Table 6. According to the Langmuir model, adsorption
process takes place upon a homogeneous surface where
the adsorbate is distributed in monolayers (Wang et al.,
2022). Langmuir model showed determination coef-
ficient (R?) of 0.92 for both adsorbents (Table 6). The
dimensionless parameter of the sorption intensity (R;)
in the Langmuir model (Eq. (09)) was determined using
the sorption constant K; and the initial phosphate con-
centration (C,=30-306 PO,*-P/L) ranged from 0.184
to 0.693 for KNTs and from 0.278-0.794 for AC for
different initial phosphate concentrations (Table 6) and
that suggests that the phosphate adsorption by KNTs
and AC is favorable (Weber & Chakravorti, 1974).

Ry =1/(1+CyKy) 3)

Freundlich model is an empirical equation based in
the adsorption on a heterogeneous surface with bind-
ing sites of different affinities (Fizir et al., 2022b).
Freundlich model presented R? of 0.94 for KNTs
and 0.85 for AC (Table 6). The ratio 1/ng offers the
surface heterogeneity information (Das et al., 2021).
The 1/ng value was 0.381 for KNTs and 0.552 for

Fig. 8 Comparison
between the maximum
adsorption capacities of
KNTs towards phosphate
with those recently reported
adsorbents

Natural Zeolite

Zeolite - NaOH - La
Natural Zeolite - Al
Mesoporous spheres - Fe/Al
Blast furnace sludge

Iron/calcium-modified biochar
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AC signifying that KNTs presents high heterogeneity
degree.

Temkin model suggests that the heat of adsorption
of all adsorbate molecules diminishes linearly with
the coverage of adsorbent due to adsorbent-adsorbate
interactions (Hua Huang et al., 2017a, b). Temkin
model showed highest R? value (>0.95), signifying
that this model was best fitted to experimental data
(Table 6). The Temkin constant, by, is defined as vari-
ation of adsorption energy. The b values were 560.14
and 90.81 for KNTs and AC, respectively demonstrat-
ing that the adsorption reaction of phosphate onto
adsorbents may occurs exothermically in the concen-
tration range studied (Hua Huang et al., 2017a, b).
The theoretical maximum capacities of KNTs cal-
culated by Langmuir reached 20.97 mg/g (Table 6),
which were much competitive among most of the
other type of clays—based adsorbents (Fig. 8). such as
zeolite (Guaya et al., 2015, 2016; He et al., 2016), and
bentonite (Xu et al., 2020), steel industry wastes (da
Silva et al., 2022), iron-poisoned waste resin (Peng
et al., 2022) and other adsorbents (de Sousa et al.,
2012; Ou et al., 2023).

3.8 Thermodynamic Studies

To describe the relationship between surface and tem-
perature, thermodynamic studies was carried out to

Bentonite entrapped in
Ca-alginate beads

—

Algerian Kaolinite

Iron-poisoned waste resin

* This study

(Peng et al., 2022)

(He et al., 2016)

(Guaya et al., 2015)

(de Sousa et al., 2012)

(da Sliva et al., 2022)

(Ou et al., 2023)
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further understand the adsorption process. Standard
Gibbs free energy (AG"), enthalpy (AH") and entropy
(AS’) were using the following equations (Van’t Hoff
equation) (Sereshti et al., 2020; Sevim et al., 2021;
Yadav et al., 2022):

_ Qe
K= Ce @)
/\G° = —RT.Ln K )
AS° AH°\ 1
nk=(5) - ()7 ©
AG =AH -TAS® (@)
where:

K is the equilibrium constant (the calculation pro-
cess of this parameter is presented in SI).

R is an ideal gas constant (8.314 J/mol K).

According to Fig. 9, it is observed that the natural
logarithm of the equilibrium constant (InK) decreases
as the temperature increases. This implies that the
adsorption efficiency is preferable at ambient tem-
perature, as indicated by the findings of (Sereshti
et al., 2020). According to Table 7, the positive val-
ues of AG’ indicate that the adsorption of phosphate
by the studied adsorbents is not spontaneous. The
determined standard Gibbs free energy values for
phosphate adsorption fall between 0 and —20 kJ/mol
which suggests that the adsorption of phosphate onto
both adsorbents is a physical adsorption process (Kio-
marsipour et al., 2021). In another hand, the values of

-1.0

@ AC
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In (Kq)
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Fig. 9 Plot of InK vs 1/T

Table 7 Thermodynamic parameters

T(K) AG°(KJ/mol) AH°(KJ/mol) AS°(J/(K.mol))

KNTs 298  14.106 -2.596 -56.0512
308 14.667
318 15.227
328  15.788

AC 298 3.011 -38.795 -140.2915
308 4.414
318 5.816
328 7.219

AG’ found to be decrease at low temperatures, which
means that the adsorption becomes more favorable at
lower temperatures. The negative value of AH" indi-
cates that the adsorption is exothermic. The negative
values of entropy proved that the adsorption is also
exothermic and that there is a decrease in the degree
of randomness at the solid—liquid interface during the
adsorption process.

3.9 Regeneration Studies

Figure 10 shows the regeneration capacities of
KNTs and AC over 4 permanent adsorption—desorp-
tion process. After 3 cycles, the phosphate adsorp-
tion capacity reduced by 12.69% (14.78 mg/g com-
pared to the original, 16.93 mg/g) which proved the
adsorption capability did not reduced noticeably,
and the KNTs can keep stable in the water samples

80
I KNTs

704 l AC
601

o5 504

)

g

D
o

2 3 4
Number of cycle

Fig. 10 Reusability of the sorbents
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©
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Fig. 11 Proposed surface complexation interactions configurations and interaction energy for H,PO,~ (B, D-F) and HPO,>~ (C,

G-I) on the surface of kaolinite (A)

with a good ability of recycling. In contrast, the
loading capacity of AC significantly reduced by
61.87% (44.48 mg/g compared to the original,
71.89 mg/g, demonstrating that KNTs is efficiently
practical on a large scale.

3.10 Phosphate Adsorption Mechanism and
CHEM3D Analysis

To elucidate the interaction mode between the KNTs
with phosphate, the binding energies of phosphate mol-
ecules with the KNTs interface was computed by using
CHEMB3D. Generally, the H,PO,~ or HPO,>~ were the
dominant structure of phosphate in wastewater at pH

@ Springer

2-12 which are used to calculate their binding inter-
actions with KNTs. The 3D molecule structures were
studied after MM2 optimizations (Jawla & Kumar,
2013) (Fig. 11). The interaction energies (Eint, kcal/
mol) of H,PO,~ or HPO,>~ on the surface of KNTs
were calculated with Eq. (08) (Kumar & Viswanathan,
2017):

Eint = E(AB )(E(A) + E(B)) (8)

where E(AB) is the total energies of KNTs adsorbed
to H,PO,™ or HPO42‘, and E(A) and E(B) is the ener-
gies of the adsorbate H,PO,~ or HPO,>~ and the
adsorbent of KNTs, respectively.
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Dihydrogen phosphate (H,PO,") or
HPO,*~ may form complexation with the KNTs
surface via ligand exchange reaction mechanisms
represented by the Eqgs. 09, 10, 11, 12 or 13 (Xu
et al.,, 2020; Zhang et al., 2022) and potential
binding structures of phosphate with KNTs is dis-
played in Fig. 11. Distinctly, there are three con-
figurations for phosphate binding with KNTs.
First configuration is represented by the interac-
tion of H,PO,~ (Fig. 11D) or HPO,?>~ (Fig. 11G)
with Si (Si-P), the second configuration is repre-
sented by the interaction of H,PO,~ (Fig. 11E) or
HPO,*~ (Fig. 11H) with Al (AI-P) and the third
configuration is represented by the interaction of
H,PO,~ (Fig. 11F) or HPO,*~ (Fig. 111) with both
Si and Al groups. Generally, the higher absolute
value of Eint represents the strong affinity of the
adsorbent surface to the target contaminant, which
is more beneficial to the adsorption of phosphate
(Wang et al., 2022). As illustrated in Fig. 11, posi-
tive Eint was the most preferential characteristic of
the configurations, which correspond to the inter-
action and attraction orientation of H,PO,” and
HPO42‘ with KNTs. It can be seen that phosphate

- Hydroponic wastewaters
Aqueous solution

AC

KNTs

—rr—rTrr-r-r—r-Trr-r-r—rrrrrrrr—rrrr
0 20 40 60 80 100
Removal rate (%)

Fig. 13 Removal capacity of KNTs and AC toward phosphate
in hydroponic wastewaters

with more charged (HPO,?"), showed greater Eint
than H,PO,~, which indicated that HPO,>~ interac-
tion with KNTs are more stable.

= AIOH + H,PO, —= AIH,PO, + OH™ 9)
= AIOH + HPO;~ —»= AIHPO] + OH~ (10)

2 = AIOH + H,PO, —= (Al),HPO, + H,0 + OH~

(1n
= SiOH + H,PO; —= SiH,PO, + OH™ (12)
= SiOH + HPO;~ —= SiHPO] + OH" (13)

Combined with the batch adsorption experiments,
and CHEM3D analysis (theoretical calculations),
the dominant interaction mechanism for adsorp-
tion of phosphate by KNTs may be hypothesized
as Fig. 12 where the electrostatic interaction, ion
exchange and surface complexation may be formed
during the adsorption of phosphates by the KNTs.
The mobility of HPO,>~ /H,PO,~/PO,* in solution
would be the fastest towards protonated Al-OH**
and Si-OH’* in order to form the electrostatic bond
(Kumar & Viswanathan, 2020). This electrostatic
adsorption was further elucidated by the pH study
discussed earlier. The interstitial OH™ ions of kaolin
clay can be exchanged for phosphate ions by an ion
exchange mechanism (Li et al., 2016).

@ Springer
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3.11 Feasibility of Phosphate Removal From
Hydroponic Wastewater

As shown in Fig. 13, utilization of KNTs and AC to
remove phosphate at low concentration from the real
hydroponic wastewaters polluted by phosphate and
other elements (Table S1) resulted in 56.81% and
64.19% removal, respectively, after 60 min. These
values were lower than those obtained using aqueous
solution; this dissimilarity might be attributed to the
coexisting-ions effects such as nitrates, and ammo-
nium among others, in real water samples (Eltaweil
et al., 2023). The generally good removal efficiency
of phosphate described above suggests that KNTs
is a good substitute to AC in term of removal effi-
ciency and might have an application potential in
remediating the phosphate contaminated wastewater.

4 Conclusion

In this research, adsorption capacity of Algerian
KNTs toward phosphate ions was studied and com-
pared to those of commercial AC. The FTIR analyses
revealed the successful adsorption of phosphate on
both adsorbents. Batch experiment studies showed
that KNTs was efficient in phosphate removal and
had an acceptable phosphate uptake capacity (16.93
mg/g). However, the two adsorbents showed a higher
phosphate removal rate of 93.74% for AC and 69%
for KNTs. The adsorption of phosphate by KNTs and
AC showed a high pH dependency where the adsor-
bents could efficiently eliminate phosphate in the pH
range from 2 to 4, indicating that the electrostatic
attraction is among the dominant adsorption mech-
anism. The phosphate adsorption process on KNTs
followed both the pseudo-first-order and pseudo-sec-
ond-order kinetic model and Temkin isotherm model
fitted well with the experimental data. The thermo-
dynamic parameters demonstrated that the adsorp-
tion of phosphate was probably exothermic in nature.
Adsorption/desorption experiments confirmed that
KNTs has a higher reproducibility than AC. Molec-
ular modeling study confirmed that phosphate with
more charged (HPO42_), showed greater Eint than
H,PO,~, which indicated that HPO,*~ interaction
with KNTs are more stable and suggested that elec-
trostatic interaction, and inner—sphere complexation
processes were the dominant adsorption mechanism.

@ Springer

The field applicability study in real hydroponic
wastewaters further indicated the application poten-
tial of KNTs. This research offered promising can-
didates for real water purification against phosphate
contamination. Furthermore, the possible valoriza-
tion of Algerian KNTs@PO,’~ as economic slow
release fertilizers to soil should be investigated in
the future as it may use less amounts of fertilizers
based NPK. Overall, the results indicated that, KNTs
is a good adsorbent of phosphate. However, it is not
superior to AC in terms of adsorption capacity.
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