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a b s t r a c t

Access to fresh water, its availability, and its quality are a global challenge to humanity, largely due to
human activities in the environment. Thus, global water security has been jeopardized, requiring urgent
remediation to safeguard our very existence. Hence, a novel and facilely engineered zirconium and
polyethylenimine adsorbent based on tiger nut residue (TNR) was prepared, and its adsorptive capabil-
ities towards a model dyestuff and nutrient were invested through a batch adsorption method. The devel-
oped adsorbent, zirconium-polyethylenimine-engineered tiger nut residue (TNR@PEI–Zr) was
characterised by scanning electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffrac-
tion analysis, and X-ray photoelectron spectroscopy to understand its morphology and surface chemistry
and predict its adsorption mechanism. TNR@PEI–Zr had a pH point of zero charge (pHzpc) of 6.7. The
introduction of salts inhibited the removal efficiency of Alizarin red (AR) and phosphate (PO4

3–) in the
order of HCO3

– > SO4
2– > Cl–. Increasing temperatures (293–313 K) favoured the adsorption process at

pH 3. The Langmuir model suited the adsorption processes of both AR and PO4
3–, implying homogenous

and monolayer removal of pollutants with a maximal capacity of 537.8 mg�g�1 and 100.5 mg�g�1 at a
dose of 0.01 g, respectively. The rate-determining steps of AR and PO4

3– followed a pseudo-second-
order kinetic model and were thermodynamically spontaneous with an increase in randomness at the
solid-solution interface. The adsorbent’s recyclability was notable and outperformed most adsorbents
in terms of removal efficiency. TNR@PEI–Zr was found to be stable, and its use in practical wastewater
decontamination was effective, ecologically acceptable and free of secondary pollution problems.
� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.

All rights reserved.

1. Introduction

The most pressing worry in recent years has been poor water
quality and its shortage globally. The prevalence of dye pollutants
resulting from the ever-growing dyeing industry, which consumes
the highest amount of fresh water and is responsible for the huge
amounts of dye stuff running into our water bodies, has prompted
widespread environmental and economic concerns, owing to
restricted water supplies and human need for fresh water [1].
The discharged wastewater containing synthetic dyes has jeopar-
dized global water security and, if not properly treated, may pose
major health risks to humans, including respiratory ailments, can-
cer, and other issues [2,3].

Alizarin red S (1,2-dihydroxy-9,10-anthraquinonesulfonic acid
sodium salt) (AR), an anthraquinone dye that is water soluble,
has been extensively employed in textile industries since antiquity,

and its emission disrupts the environment and offers a direct
hazard to humans and animals [4]. It possesses a high level of
physiochemical, optical, and thermal stability, making deteriora-
tion difficult. As a result, treating wastewater containing such a
dye is critical [5]. To safeguard the environment, an appropriate
and cost-effective method for removing them from wastewaters
should be designed.

Water management must accomplish advanced phosphorus (P)
treatment to decrease water eutrophication and meet more strin-
gent wastewater discharge rules by reducing the concentration of
phosphorus present as phosphate (PO4

3–), a key macronutrient ele-
ment required for the growth of organisms, before discharge into
the environment. This is because phosphate at concentrations
above 0.02 mg�L–1 is reported to result in algal bloom and thus
0.1 mg�L–1 is the baseline allowable limit for portable water as
set by the World Health Organization [6,7].

Public health concerns have resulted in some strict regulations
which require these noxious contaminants to be removed to
acceptable levels before discharge into water bodies.
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Adsorption has been explored as one of the most efficient tech-
niques in pollutant removal from wastewater by employing effi-
cient materials as adsorbents. The ease of design and operation,
low cost and its stability without requiring high profile technical
skills promotes the adsorption process as the most reliable and
facile process to use in pollutant decontamination [7,8].

Metal-modified materials are well known for their ability to
enhance the selective removal of negatively charged contami-
nants in wastewater [9,10]. This explains why zirconium (Zr)
oxides/hydroxides have a high adsorption affinity for a variety
of compounds. Because of its porous and highly hydrated struc-
ture, amorphous ZrO2 has a high adsorption capacity, allowing
contaminants to permeate within the structure rather than being
limited to the exterior surface site as well as forming stable
complexes with its empty orbitals to bind anionic pollutants.
This is attributed to the facile loading of Zr(IV) on some suitable
functional groups such as the carboxyl groups, hydroxyl groups
and amino groups on functional materials as well as the forma-
tion of microporous system within the interlayer space which
improves the specific area, pore volume, and basal spacing
[11–13].

Several researches have documented the creation of
Zr-modified adsorbents and its composites and explored their
adsorption potentials over wide variety pollutants in waste water.
Such Zr-modified materials includes zirconium modified iminodi-
acetic acid magnetic peanut husk, zirconium-loaded orange waste
gel, Zr-pillared montmorillonite, zirconium-loaded activated car-
bon adsorbent, zirconium-modified activated sludge, and magnetic
zirconium–iron oxide nanoparticles [11,12,14].

Therefore, in principle, zirconium-engineered tiger nut residue
(TNR) might be able to enhance the adsorption of Alizarin red
and phosphate. Meanwhile, only limited studies have focused on
the development of Zr-modified agricultural waste materials for
such pollutant adsorption. In addition, polyethylenimine (PEI)
grafted materials have been reported as showing good adsorptive
capacities and possess advantageous characteristics in terms of
cost, chemical stability and environmental friendliness as observed
in my earlier works where PEI modified tiger nut residue was used
to efficiently remove Congo red. In order to inherit the advantages
of these two kinds of adsorbents, a novel adsorbent containing zir-
conium and PEI was engineered through an environmentally
friendly process, and its potential removal efficiency towards a
dyestuff pollutant and nutrient was explored and reported for
the first time.

There is no comprehensive report on the adsorptive potentials
of zirconium–PEI-engineered TNR towards anionic pollutants, as
far as the authors are aware. We, therefore, engineered TNR with
zirconium and PEI to take full advantage of their properties to
enhance the adsorptive capacity of TNR and realise its full potential
as an agricultural waste material in pollutant decontamination.
Also, the developed adsorbent compares well with other reported
adsorbents towards the removal of PO4

3– and outperforms most
adsorbents in the removal of AR.

The goals of this study were to: (1) synthesise Zr(IV) engineered
tiger nut residue as a new functional adsorbent; (2) characterise
the obtained adsorbent using various experimental techniques
such as scanning electron microscopy (SEM), Brunauer–Emmett–
Teller (BET) analysis, Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction analysis (XRD) and X-ray photoelectron
spectroscopy (XPS); (3) use a batch procedure to assess the adsorp-
tion performance of TNR@PEI–Zr towards a model dye (AR) and
nutrient (PO4

3–); (4) investigate the adsorption isotherms, kinetics,
thermodynamics, and influence of competing ions on AR removal;
(5) conduct desorption and regeneration/reusability investigations
as well as leaching test to assess the stability, potential applicabil-
ity of the designed adsorbent in waste water; and (6) investigate

the underlying mechanism of AR and PO4
3– adsorption onto

TNR@PEI–Zr.

2. Methodology

2.1. Chemicals and reagents

Polyethyleneimine (�99%, PEI), glutaraldehyde (�25%, GA),
zirconium oxychloride octahydrate (99%, ZrOCl2�8H2O), Alizarin
red (99%, AR), and potassium hydrogen phosphate (�99%, KH2PO4)
were acquired from Aladdin Reagent Co. ltd., Shanghai, China.
Sodium bicarbonate (�99.8%, NaHCO3), sodium sulphate (�99%,
Na2SO4), hydrochloric acid (37%, HCl), sodium hydroxide (�99%,
NaOH), and sodium chloride (�99.5%, NaCl) were purchased from
Zhengzhou Chemical Corporation, Zhengzhou, China. All chemicals
used were of analytical graded and as such were used without fur-
ther purification.

2.2. Preparation of zirconium and polyaziridine engineered tiger nut
residue adsorbent material (TNR@PEI–Zr)

The zirconium and polyethyleneimine engineered tiger nut
residue (TNR@PEI–Zr) was prepared by loading zirconium onto
TNR@PEI. TNR@PEI was prepared by a simple facile cross-
linking method as described elsewhere by Kani et al. [15].
Briefly, about 2 g of TNR was dispensed into a conical flask con-
taining 100 ml of 30% PEI and swirled at room temperature for
12 h. Thereafter, 10 ml of 5% GA was added and mixed at room
temperature for another 2 h. The resulting material (TNR@PEI)
was washed several times with distilled water and oven dried
at 333 K. Then about, 1 g of the prepared TNR-PEI was added
into a 100 ml solution of 0.05 mol�L–1 ZrOCl2�8H2O with an
adjusted pH of 9 in an Erlenmeyer flask. The flask was agitated
for 12 h in a thermostat shaker at 303 K. Thereafter, the zirco-
nium engineered adsorbent (TNR@PEI–Zr) was separated and
then washed with distilled water to a neutral pH and then
placed in an oven at 333 K. During the oven drying process,
the engineered adsorbent was gently stirred every 2 h to reduce
the possibility of agglomerations. Thus, the obtained biomass
was kept in an airtight container and labelled (TNR@PEI–Zr).
The biosorbent developed (TNR@PEI–Zr) was stored in an airtight
container.

2.3. List of equipment

The equipment used to examine and study the morphology of
the adsorbent, quantify the concentrations of adsorbate, and pre-
dict the underlying mechanism of adsorption is presented below.
The thermostatic oscillator (KW-1000DB, Kexi Instrument, China)
was used for the batch adsorption, while the visible spectropho-
tometry (UV–Vis, TU-1900, Persee, China) was used to measure
the residual concentration of the pollutants. The Brunauer–Emme
tt–Teller method (BET, ASAP2420-4MP, Micromeritics, USA) was
used to determine the surface region, total pore volume, and aver-
age pore diameter of the adsorbent materials. Fourier transform
infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher Scientific,
USA) was used to study the functional groups present on the adsor-
bent surface. The scanning electron microscopy (SEM, Su8020,
Hitachi, Japan) was employed to verify the surface structure of
TNR@PEI–Zr. With the help of X-ray diffraction spectroscopy
(XRD, X’Pert PRO MPD, PANalytical, Netherlands), the crystal struc-
ture of the absorbents was examined. X-ray photoelectron spec-
troscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific) was
employed to characterize the surface chemistry of engineered
adsorbents and to elucidate the adsorption mechanisms. The pH
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point of zero charge (pHzpc) values of TNR@PEI–Zr were deter-
mined with the help of a pH meter (FP30-standard, Mettler Toledo,
Switzerland).

2.4. Adsorption kinetics, isotherm, and thermodynamic performance of
TNR@PEI–Zr

The adsorption performance of TNR@PEI–Zr was studied
through a series of batch adsorption processes. About 10 mg of
adsorbent was added to a 50 ml conical flask, and then 10 ml
of the adsorbate solution with a known concentration (C0,
mg�L�1) was dispensed into the flask. The flask was then carefully
sealed with hand-stretched film and tightly fixed with a rubber
band at the neck of the flask. The conical flask was then placed
in a thermostatic shaker at 120 r�min�1 at a constant temperature
for a given time (t). After adsorption, the adsorbent was separated
from the solution by centrifugation at 3000 r�min�1 and the resid-
ual concentration of the pollutant was measured on a visible
spectrophotometry at the appropriate wavelengths (524 nm for
Alizarin red and 700 nm using Mo–Tb anti spectrophotometry
for phosphate).

The study of the various parameters influencing the adsorption
processes was carried out as follows. The effects of pH (2–10), the
effect of adsorbent dose (0.0025–0.05 g), the influence of contact
time (0–350 min), the effect of temperature (293–313 K), the effect
of adsorbate initial concentration at different temperatures (10–4
00 mg�L–1), and the effect of salts (NaCl, NaHCO3, Na2SO4) at differ-
ent concentrations (C0, 0.02–1.0 mol�L–1).

The amount of pollutant adsorbed (q, mg�g�1) (Eq. (1)) and
adsorbate removal efficiency (p, %) (Eq. (2)) were calculated by
using the following formula.

q ¼ VðC0 � CÞ
m

ð1Þ

p ¼ C0 � C
C0

� 100% ð2Þ

where C0 and C (mg�L–1) are the initial and concentration at equilib-
rium or at any given time t, V (L) is the volume of solution, andm (g)
is the mass of adsorbent.

The desorption efficiency (d, %) was evaluated using Eq. (3),
while the regeneration efficiency (r) was also calculated using Eq.
(4).

d ¼ md=m0 � 100% ð3Þ

r ¼ qr=qe � 100% ð4Þ
where md (g) is the mass of adsorbate desorbed from the adsorbent,
and m0 (g) is the mass of adsorbate remaining on the adsorbent
before desorption. r (%) is regeneration efficiency while qr and qe
are the adsorption quantity of regenerative adsorbent for next recy-
cle times and the initial adsorbent in the same experimental condi-
tions, respectively.

The nonlinear forms of the kinetic and isotherm model equa-
tions used in this study are listed in Eqs. (5)–(12).

Pseudo-second-order kinetic model (PSO) [16]:

qt ¼
k2q2

et
1þ k2qet

ð5Þ

Elovich [17]:

qt ¼ Aþ B ln t ð6Þ
Interparticle-diffusion model (IPD) [18]:

qt = Ktt1=2 + C ð7Þ

Langmuir model [19]:

qe ¼
qmKLCe

1þ KLCe
ð8Þ

Separation factor:

RL ¼ 1
1þ KLC0

ð9Þ

Freundlich model [20]:

qe ¼ KFC
1=n
e ð10Þ

Koble–Corrigan model [21,22]:

qe ¼
ACn

e

1þ BCn
e

ð11Þ

where k2 (g�mg�1�min�1) is the pseudo-second-order rate constant,
qt (mg�g�1) is the adsorption quantity at time t, qe (mg�g�1) is the
equilibrium adsorption capacity. A (mg�g�1�min�1) is a constant
related to chemisorption rate and B (g�mg�1) is a constant which
depicts the extent of surface coverage. Kt (mg�g�1�min�0.5) is the
intraparticle diffusion rate constant, C is a constant that gives idea
about the thickness of the boundary layer. qm (mg�g�1) is the max-
imum adsorption capacity, KL (L�mg�1) is a constant related to the
affinity of the binding sites and energy of adsorption, RL is separa-
tion factor, and that the adsorption system is regarded as favourable
(0 < RL < 1) or unfavourable (RL > 1). KF is the Freundlich constant
related to the comparative adsorption capacity, and 1/n is the affin-
ity of the adsorbate to the adsorbent. A and B are the Koble–Corri-
gan parameters.

To further elucidate the influence of temperature on the adsorp-
tion processes, the thermodynamic parameters such as change in
free energy change (DG�) (Eq. (13)), enthalpy change (DH�) and
entropy change (DS�) (Eq. (14)), and activation energy (Ea) (Eq.
(15)) were determined.

Kc ¼ Cad;e=Ce ð12Þ

DG
� ¼ —RT lnKc ð13Þ

DG
� ¼ DH

�—TDS
� ð14Þ

ln k2 ¼ ln k0 � Ea

RT
ð15Þ

where Kc is the equilibrium constant and Cad,e (mg�L–1) is the con-
centration of the adsorbate on the adsorbent; R (8.314 J�mol�1�K�1)
is the ideal gas constant, T (K) is the temperature of the reaction
medium, k2 is the pseudo-second order rate constant, k0 is the tem-
perature independent factor (g�mg�1�min�1).

2.5. Leaching test for TNR@PEI–Zr

In order to evaluate the stability of the engineered adsorbent
under different pH values, 10 ml of distilled water was dispensed
into 3 sets of conical flasks and the pH was adjusted to pH 2.0,
4.0, and 10.0 using drops of 0.1 mol�L–1 hydrochloric acid and
sodium hydroxide. 10 mg of TNR@PEI–Zr was added to each flask
and agitated in the thermostatic shaker at 313 K for 24 h. After fil-
tering the solutions, the supernatant was used to determine the
concentration of Zr following the standard methods described by
El-Sayed et al. [23] using a UV–visible spectrophotometer at a
wavelength of 331 nm against a reagent blank.
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2.6. Statistical analysis

All experiments in this study were performed in triplicates and
the means were used for the various calculations. With the help of
Origin 6.0 professional and Microsoft excel 2016, the parameters of
adsorption isotherm and kinetic data were calculated and the data
pictorially graphed. An analysis to examine, compare and under-
stand how the results obtained from experimental data fitted the
various models tested, was achieved through the comparison of
the coefficient of determination (R2) (Eq. (16)), sum of squared esti-
mate of error (SSE) (Eq. (17)), and chi-square statistics (v2)

R2 ¼ 1� RSS=TSS ð16Þ

SSE ¼
Xn

i¼1

ðqc � qeÞ2 ð17Þ

v2 ¼
XQi � Ei

Ei
ð18Þ

where RSS is the sum of squares of residuals, TSS is the total sum of
squares, n is the number of samples in a set of experiments, qe and
qc represent the value obtained from the experiment and the value
obtained from the model fitting. Qi is observed value and Ei is the
expected value.

3. Results and Discussion

3.1. Adsorbent characterization and structural analysis

3.1.1. Brunauer–Emmett–Teller analysis
The data for BET analysis on TNR@PEI–Zr is presented in Table 1.

In the present study, TNR@PEI–Zr had a BET surface area of
2.43 m2�g�1 which is larger than that of its intermediate (TNR@PEI)
reported in the earlier studies as well as other zirconium modified
biosorbents [14,24]. The surface area of the adsorbent designed by
Liu et al. [12] and Zhang et al. [25], on the other hand, was greater
than that of TNR@PEI–Zr. Because of the relatively small surface
area of TNR@PEI–Zr, it can be inferred that physisorption was not
the only factor mediating the efficient adsorption of AR and PO4

3–,
but chemisorption through zirconium complexation might have
also played a role in the adsorption systems of both AR and PO4

3–

[12]. There was a slight decrease in the average pore radius and
a substantial rise in the pore volume. The reduction in the surface
area and average pore radius could be attributed to the plugging of
the pores on the TNR@PEI–Zr by the incorporated zirconium metal
[12,24,26].

3.1.2. SEM spectroscopy analysis
The SEM micrographs at different magnifications provided use-

ful information on the surface structure of the engineered adsor-
bent. SEM images displayed in Fig. 1 presents a well-developed
pore channel of varying sizes and shapes. These porous structures
are beneficial for the increase of adsorptive capacity of the adsor-
bent. These well-developed pores have been proved to be areas
where pollutants could easily be trapped during the adsorption
process.

Such adsorbent surface property greatly enhanced may have
played key role in the efficient removal of alizarin red and phos-
phate. The honeycomb-like pore structures were absent from the
pristine TNR. It can therefore be intimated that the engineering
process is responsible for the porous structure of the TNR@PEI–Zr.

3.1.3. Fourier-transform infrared spectroscopy analysis
The FTIR spectra of the engineered adsorbent are displayed in

Fig. 2(a). Generally, the modifications resulted in some new peaks
appearing and some other peaks being diminished and or shifted
in position in the engineered adsorbent. The stretching and bend-
ing vibration of AOH functional group and molecular H2O at
3412 cm�1 of TNR shifted to 3416 cm�1 in the case of TNR@PEI
and TNR@PEI–Zr. The existence of a broad and strong band
extending from 3200 to 3600 cm�1 is linked with overlapping
OAH and NAH stretching, which might be attributable to the
presence of an NH2 functional group on the TNR@PEI surface.
The presence of hydroxyl and amine groups on the TNR@PEI sur-
face is verified by the presence of alcoholic CAO and CAN stretch-
ing vibrations at 1115 and 1161 cm�1 [15]. These confirm the
successful modification of the pristine TNR with PEI. The vibration
peaks at 2924 and 2854 cm�1 on TNR were maintained in
TNR@PEI but whiles the peak at 2924 cm�1 shifted slightly to
2923 cm�1, the peak at 2854 cm�1 disappeared on TNR@PEI–Zr
spectrum. These bands are associated to the asymmetric and
symmetric stretching vibration of CAH, from the ACH, ACH2,
ACH3 methylene chains [27].

The peak at 1640 cm�1 on TNR which reappeared at 1632 cm�1

on TNR@PEI and 1636 cm�1 on TNR@PEI–Zr can be attributed to
the C@C/C@O stretching vibrations of alkene/carboxyl groups
[27]. The peak at 1510 cm�1 on the TNR@PEI–Zr is associated with
ZrAOH bonds [28]. The bending vibration of ZrAOH groups can be
ascribed to the band at 1373 cm�1 [29]. The peak at 1046 cm�1

may be attributed to ZrAOH vibration. The characteristic peak
observed at 841 cm�1 is ascribed to ZrAOAC vibration [30]. In
addition, the band at 515 cm�1 which is due to stretching vibra-
tions of ZrAO and the weak peak at 464 cm�1 which is related to
ZrO2 and Zr@O, further confirms that zirconium atoms were pre-
sent on the surface of the adsorbent [9].

3.1.4. X-ray diffraction analysis
The XRD patterns of TNR, TNR@PEI and TNR@PEI–Zr are pre-

sented in Fig. 2(b). The characteristic peaks of a well-structured
crystalline cellulose at 22.57� and 34.27� were present in both
the TNR and the TNR@PEI. However, the engineering of
TNR@PEI–Zr had transformed TNR into a complete amorphous
structure as the peak at 34.27� had disappeared and the intensity
of peak 22.57� had drastically diminished from 6500 to below
2000.

3.1.5. X-ray photoelectron spectroscopy analysis
The XPS analysis was conducted to analyse the modification in

the surface chemistry of the precursor and the engineered adsor-
bent before and after pollutant decontamination whose images
are presented in Fig. 3. The XPS survey spectra of TNR@PEI–Zr
before (Fig. 3(a)) and after adsorptive removal of AR (Fig. 3(b))
and phosphate (Fig. 3(c)) indicate the appearance of new peaks
(S 2p and P 2p), indicative of the presence of AR and PO4

3– on the
adsorbent surface. Comparing the XPS survey of TNR and TNR@PEI
as reported in earlier to that in Fig. 3(a), a characteristic peak of zir-
conium is detected at 183.0 eV which is a demonstration of the
successful loading of Zr(IV) on the adsorbent surface. There are also
some slight shifts and changes in the intensities of the peak posi-
tions of C 1s, N 1s, O 1s and Zr 3d. For example, the peak intensities
of C 1s on TNR@PEI–Zr (Fig. 3(d)) had reduced significantly after AR
(Fig. 3(e)) and PO4

3– (Fig. 3(f)) adsorption. A similar trend is

Table 1
Microstructure parameters of TNR and TNR@PEI–Zr

Textural properties TNR① TNR@PEI–Zr

BET surface area/m2�g�1 0.319① 2.43
BET total pore volume/cm3�g�1 0.000272① 0.00158
BET pore size/nm 3.42① 2.27

① Data extracted from Ref. [8].
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observed in the O 1s as depicted in Fig. 3(g), (h) and (i). The propor-
tional increase of O 1s from 19.9% in TNR@PEI–Zr to 21.1% in
TNR@PEI–Zr–AR and 24.2% in TNR@PEI–Zr–PO4

3–, indicating a per-
centage increase in metal oxygen which is accordant with the out-
come of the formation of ZrAO bonds is suggestive of the
important role of Zr in the adsorptive uptake of AR and PO4

3–. It is
obvious that the four peaks around 529.5, 530.8, 531.8, 532.1,
and 533.7 eV are the typical peaks of O 1s, related to ZrAO, CAO/
O2–, OAH/ZrAO, CAO/OAH/PAOAP and OAH bonding, respectively
[12,31–33]. In addition, the proportional increase in the deconvo-
luted peaks of ZrAO and CAO/O2– after AR and PO4

3– removal
may suggest the critical role Zr played in the complexation
removal of these pollutants. Moreover, the ZrAO and OAH/ZrAO
bindings in TNR@PEI–Zr–AR and TNR@PEI–Zr–PO4

3– indicated that

the adsorption reaction mechanism comprised complexation
between Zr and AOH in AR and PO4

3– [12,32]. In the high-
resolution XPS spectrum of N 1s (Fig. 3(j), (k), and (l)), TNR@PEI–
Zr contained a CAN at peak 398.8 eV which was absent after the
adsorption of AR and the peaks at 397.7 eV and 398 eV also disap-
peared after the adsorption of PO4

3–. Also, the peak at 397.7 eV had
shifted to 396.3 eV. The significant reduction in the intensities of
the peaks is all suggestive of their participation in the removal of
the pollutants. The 4 peaks in Fig. 3(m) had reduced to 3 in Fig. 3
(n) and 2 in Fig. 3(o). The presence of Zr on the Fig. 3(m) at peaks
179.1 eV (ZrAC), 181.9 eV (ZrAH), 182.3 eV (Zr@C/ZrO2) and
184.5 eV (ZrAN) corresponds to the Zr 3d5/2 and Zr 3d3/2 peaks
of Zr(IV) indicative of the successful incorporation of Zirconium
into the biosorbent [31,34]. The involvement of Zr in the removal

Fig. 1. SEM images of TNR@PEI–Zr at (a) 20 lm, (b) 5 lm, (c) 2 lm and (d) 1 lm.

22.57° (2 0 0)

34.27° (0 0 4)

Fig. 2. (a) FTIR spectra and (b) XRD patterns of the engineered TNR@PEI–Zr and its precursor.
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of AR is confirmed from the new peak appearing at 185.0 eV
(ZrAO) and the coordination of Zr with PO4

3– is observed in the
peaks at 182.2 eV (ZrAO) and 184.6 eV (ZrAO). After the removal
of AR, a new binding peak of S 2p is recorded at 167.7 eV (Fig. 3
(b)) and deconvoluted into 167.5 eV (S@O), 168.4 eV (S@O2) and
169.3 eV (ASO3ACA) (Fig. 3(p)) [35,36]. These observations
suggest the presence of AR molecules on TNR@PEI–Zr surface
[12]. The appearance of P 2p peak of phosphate (Fig. 3(c)) confirms
the presence of phosphate and is deconvoluted into four compo-
nents: polyphosphates (132.3 eV), pyrophosphate PAOAP linkage
(132.9 eV), tetra-coordinated pentavalent phosphorus as in phos-
phates (133.7 eV), and metaphosphates PO3

– (134.5 eV) [37]. This
indicates the successful adsorption of phosphate unto the
TNR@PEI–Zr.

3.2. Adsorption study

3.2.1. pH zero point charge and effect of initial pH
TNR@PEI–Zr presented a pH zero point charge (pHzpc) of 6.7 in

Fig. 4(a) whereas the unmodified TNR and TNR@PEI recorded pHzpc

of 5.5 and 7.0. The presence of pyridine and use of ZrOCl2�8H2O
might be responsible for the change in the pHzpc. These observed
changes in the pHzpc are indicative of the surface modification of
the precursor TNR. The cationic surface obtained by TNR@PEI–Zr
at pH below 6.7 results in a strong attraction between the anions
of AR and PO4

3–. This explains why adsorption was highest in acidic
medium and drastically reduced in the alkaline medium from pH 6
to 10 as the positively charged surfaces begun to decrease. This is
because the surface charge of TNR@PEI–Zr is positive when solution
pH is below the pHzpc. This positive surface is ideal for the removal
of the negatively charged AR and PO4

3– ions. The reduced adsorption
observed in pH above the pHzpc is due to the barrier created because
of the electrostatic repulsion interaction existing between the nega-
tively charged anions of Alizarin red and phosphate which results in
the inhibition of AR and PO4

3– adsorption onto the negatively
charged surface of the adsorbent [38]. Understanding the pH effect
of adsorption process is important as change in the solution pH
has a direct consequence on the possible ion–ion interactions that
may exist between the charged surface of the adsorbent material
and the adsorbate molecules. The pKa value of diprotic AR is

TNR@PEI–Zr–PO4
3–

C 1s of TNR@PEI–Zr–PO4
3–

Fig. 3. Full XPS spectra of TNR@PEI–Zr (a), TNR@PEI–Zr–Ar (b), TNR@PEI–Zr–PO4
3– (c). Typical high resolution XPS spectra of C 1s (d, e, f), N 1s (g, h, i), O 1s (j,k,l) and Zr 3d (m,

n, o) of TNR@PEI–Zr, TNR@PEI–Zr–Ar and TNR@PEI–Zr–PO4
3– respectively. Deconvolution of S 2p of TNR@PEI–Zr–Ar (p) and P 2p of TNR@PEI–Zr–PO4

3– (q).
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reported to be 5.82 and 10.78 [39] whiles that of PO4
3– is 2.12, 7.21

and 12.32 at 293 K for H2PO4
–, HPO4

2–, and PO4
3– respectively.

In the investigated pH range (2–10) for AR and (2–12) for PO4
3– a

very strong dependency of AR and phosphate removal by
TNR@PEI–Zr was observed as reported in Fig. 4(b) and (c). The
pH of the engineered adsorbent subsisted in the protonated form
at solution pH between 2 and 6 due to the ionization of functional
groups of the adsorbent. There was a substantial electrostatic
attraction between the positively charged adsorbent surfaces and
the negatively charged anionic Alizarin red and phosphate. This
explains the high adsorption capacity recorded in acidic medium.
On the other hand, as pH rises from 6 to 10 and 12, a sharp
decrease in adsorption capacity of TNR@PEI–Zr towards AR and
PO4

3– is observed. The presence of high amount of hydroxonium
(OH–) ions competes against the active sites on the TNR@PEI–Zr
surface. The ideal pH for the adsorption of AR and PO4

3– ranged
between 2–5 and 2–6 respectively, with a very small difference
in the adsorption capacity in that range, hence, a pH of 3 was used
in the ensuing experiments [7,40].

3.2.2. Effect doze on the adsorption performance of TNR@PEI–Zr
Since the mass of applied adsorbent is inversely proportional to

the number of accessible binding sites during the adsorption pro-
cess, the adsorbent dosage typically affects the adsorption process.
Therefore, the optimal adsorbent dosage should display adequate
adsorption capacity at the given dose in addition to good removal
efficiency. Examining the dose effect can assist in determining how
efficient and effective an adsorbent is when taking into account its
cost-effectiveness for use and its capacity to cleanse the pollutant
at a low dosage.

The removal effectiveness of AR and PO4
3– increases with an

increase in adsorbent dosage from 0.005 to 0.05 g and 0.0025 to
0.04 g, respectively, according to Fig. 5(a) and (b). However, the
removal efficiency virtually approached equilibrium and an ade-
quate adsorption capacity had been established beyond a dosage
of 0.010 g. On the other hand, if the dose is increased, TNR@PEI–
Zr’s capacity for adsorption declines. These startling findings are
the consequence of a rise in surface area and the number of acces-
sible adsorption sites for the fixed number of adsorbate molecules

O 1s of TNR@PEI–Zr–PO4
3–

N 1s of TNR@PEI–Zr–PO4
3–

Fig. 3 (continued)
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as well as the underutilisation of available binding sites, which
leads to unsaturation of the active sites on the biosorbent. At a
dosage of 0.01 g, the percentage efficiency and qe were
192.6 mg�g�1 and 96.3% for AR and 27.6 mg�g�1 and 91.9% for
PO4

3–, respectively. Hence the effective dose used for subsequent
experiments was 0.01 g of TNR@PEI–Zr. This performs better than
the adsorptive capacity of the adsorbent reported by Dovi et al. [7]
towards PO4

3– and that of Aryee et al. [14], Adeogun and Babu [41],
and Slimani et al. [42] for AR.

3.2.3. Effect of ionic strength
To establish the efficiency and performance of an adsorbent for

practical application in the wastewater remediation process, it is
exigent to investigate the possible effect of coexisting ions on the
adsorptive capabilities of the adsorbent. Thus, the effects of Cl�,
HCO3

�, and SO4
2� at different concentrations (0.02–1.0 mol�L�1)

and optimum experimental conditions were examined on the
adsorption of AR and PO4

3� by TNR@PEI–Zr, and the results are
illustrated in Fig. 5(c) and (d). The results show that the adsorptive
capability of TNR@PEI–Zr diminished in the presence of the ions
tested for both AR and PO4

3�. A similar trend was observed for
the reduced adsorption potential in AR and PO4

3� (HCO3
� >

SO4
2� > Cl�). This observation could be explained by the fact that

there existed some competition between the ions of the salt and
the available active sites on the adsorbent, causing electrostatic
repulsion between the anionic dye and negatively charged phos-
phate ions. This confirms the key role electrostatic interactions
played in the removal of AR and PO4

3� by TNR@PEI–Zr. Nonetheless,
Pap et al. [43] posited that it is quite improbable that the effluent
from a secondary wastewater treatment process will present all
these anions at concentrations high enough to result in such pro-
found declines in the AR and PO4

3� adsorption capacity. That

Zr 3d of TNR@PEI–Zr–PO4
3–

Fig. 3 (continued)
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notwithstanding, the fact that the adsorption capacity of TNR@PEI–
Zr was still noticeable even at a high salt concentration supports
the claim that other factors in addition to electrostatic interactions
might be contributing to mechanisms mediating the removal of
Alizarin red and phosphate by TNR@PEI–Zr.

3.2.4. Contact time effects and kinetic modelling
Time-dependent sorption studies were used to examine the

adsorption kinetics in order to comprehend the mechanism under-
lying the removal of TNR@PEI–Zr toward AR and PO4

3�. The effect of
time and kinetic modelling of PSO, Elovich, and IPD are shown in
Fig. 6(a) for AR and Fig. 6(b) for PO4

3�. The kinetic curve may be split
into two parts, the first of which is the initial fast adsorption phase,
during which over 90% of the pollutants are adsorbed as a result of
the abundance of binding sites on the adsorbent surface and the
high concentration of the pollutant in solution. As the reaction
advances, the second phase is characterised by a slower rate of
uptake, and equilibrium is eventually reached at around 50 min
for AR and 60 min for PO4

3�.
The kinetic curve can be divided into two phases, the first being

the initial rapid adsorption within which over 90% of the pollutants
are adsorbed due to the availability of abundant binding sites on
the adsorbent surface coupled with the high concentration of the
pollutant in solution. The second phase is characterised by a
reduced rate of uptake as the reaction progresses until equilibrium
is achieved at about 50 min for AR and 60 min for PO4

3–. This is lar-
gely because the active binding sites on the surface of the adsor-
bent decreased with time, which resulted in a reduced rate of
adsorption until reaching a point where the removal rate was not

significant as the vacant spaces were already filled. It is also
observed that an increase in temperature was favourable to the
adsorption of both AR and PO4

3� suggestive of an endothermic
process.

The kinetic curve can be divided into two phases, the first being
the initial rapid adsorption within which over 90% of the pollutants
are adsorbed due to the availability of abundant binding sites on the
adsorbent surface coupledwith the high concentration of the pollu-
tant in solution. The second phase is characterised by a reduced rate
of uptake as the reaction progresses until equilibrium is achieved at
about 50 min for AR and 60min for PO4

3–. This is largely because the
active binding sites on the surface of the adsorbent decreased with
time, which resulted in a reduced rate of adsorption until reaching a
point where the removal rate was not significant as the vacant
spaces were already filled. It is also observed that an increase in
temperature was favourable to the adsorption of both AR and
PO4

3� suggestive of an endothermic process.
The kinetic parameters obtained by themodel fitting are listed in

Table2a forARandTable2b for PO4
3�. Thebestmodelfittingbasedon

the highest coefficient of determination (R2), the least squared error
approximation (SSE) and a relatively smaller chi-square statistics
(v2) values suggests PSO to better fit the kinetics process for both
AR and PO4

3–. Moreover, the values of qe calculated from PSOmodels
at temperatures of 293, 303, and 313 K (165.7, 186.5, and
204.9 mg�g�1 for AR and 24.4, 29.1, and 31.3 mg�g�1 for PO4

3�) are
very similar to the experimentally observed values (155.7, 178.0,
and 198.8 mg�g�1 for AR and 17.4, 23.3, and 27.7 mg�g�1 for PO4

3�).
The results of the experimental data and model fitting show that
the engineered adsorbent is more effective in removing AR than

Fig. 4. pH point of zero charge of TNR@PEI–Zr (a). Effects of initial ph on adsorption of AR (C0 = 200 mg�L–1, m = 1 g�L–1, t = 2 h, T = 313 K) (b) and PO4
3– (C0 = 30 mg�L–1,

m = 1 g�L–1, t = 2 h, T = 313 K) (c).
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PO4
3�. However, the kinetic constant (k2) values confirmed that the

adsorption process for PO4
3� (k2 = 6.07 � 10�4, 7.64 � 10�4, and

13.40 � 10�4 g�mg�1�min�1) was faster than that of AR (k2 = 3.25 �
10�4, 3.40 � 10�4 and 4.92 � 10�4 g�mg�1�min�1).

3.2.5. Effects of equilibrium concentration and isotherm fitting
In order to study the adsorption pathway and equilibrium rela-

tionship between the engineered adsorbent and AR and PO4
3–, non-

linear isotherm modelling of Langmuir, Freundlich, and Koble–
Corrigan, were investigated to predict the appropriate parameters
and behaviour of TNR@PEI–Zr towards the different pollutant
adsorption systems. The fitted isothermal plots for AR and PO4

3–

at different temperatures (293, 303, and 313 K) are shown in
Fig. 6(c) and (d), while the relevant model parameters are pre-
sented in Tables 3a and 3b respectively. The adsorption of AR
resulted in a rapid increase in qe between the initial equilibrium
concentration of 1.64 and 26 mg�L–1, whereas the adsorption of
PO4

3– resulted in a sharp increase in qe between 0.356 and
20.6 mg�L–1. This initial sharp increase was followed by a slower
adsorption stage until equilibrium was reached, as adsorption
capacity tended to be stable [27].

The experimental data were further fitted by the Langmuir, Fre-
undlich and Koble–Corrigan models and their parameters are
shown in Tables 3a and 3b for AR and PO4

3�, respectively. Koble–
Corrigan and Langmuir models show good agreement with the
experimental results based on the high R2, low SSE and the least
v2 values. A good fit with the Koble–Carrigan model is suggestive
of the incorporation of both Langmuir and Freundlich isotherms

and that at high adsorbate concentrations, the model reduces to
a Freundlich isotherm and behaves as Langmuir at low concentra-
tions of the adsorbate. However, the Koble–Carrigan model is inca-
pable of defining the experimental data at all the studied
temperatures for both pollutants under study in this work because
some of the ‘‘n” values in Tables 3a and 3b are less than unity (1).
Koble–Carrigan model is only valid when the constant ‘‘n” is
greater than or equal to 1 [8] despite high concentration coefficient
or SSE values.

The experimental data agrees well with the Langmuir model. A
good and favourable Langmuir fit suggests a monolayer of adsor-
bates were formed on the TNR@PEI–Zr surface and that the adsorp-
tion sites on the surface of the adsorbent are uniform with a
maximum adsorption capacity of 537.8 mg�g�1 for AR and
100.5 mg�g�1 for PO4

3– at a temperature of 313 K. The favourability
of these adsorption systems is confirmed by the values of the sep-
aration factor (RL) as listed in Tables 3a and 3b. The values of RL

were 0.14, 0.11, and 0.03 for AR and 0.40, 0.33, and 0.37 for PO4
3–

at 293, 303, and 313 K. All the RL values were within the range of
0–1.0, indicating the highly efficient adsorption of AR and PO4

3–

onto the TNR@PEI–Zr surface is favourable. Furthermore, the val-
ues of RL seem to confirm the endothermic nature of the adsorption
system of AR and PO4

3– since increasing temperature favours the
adsorption process. Moreover, considering the model parameters
from the Freundlich isotherm, all the values of 1/n being less than
unity, suggest a good and favourable adsorption system for both
AR and PO4

3–. The endothermic nature of both AR and PO4
3– adsorp-

Dose effect on PO4
3–

Effect of salinity on PO4
3–

e
e

Fig. 5. Effects of adsorbent dozes on AR (C0 = 200 mg�L�1, t = 2 h, T = 313 K, pH = 3) (a), PO4
3� (C0 = 30 mg�L�1, t = 2 h, T = 313 K, pH = 3) (b), effects of salts on AR

(C0 = 200 mg�L�1, t = 2 h, T = 313 K, pH = 3, m = 1 g�L�1) (c) and PO4
3� (C0 = 30 mg�L�1, t = 2 h, T = 313 K, pH = 3, m = 1 g�L�1) (d).

284 A.N. Kani et al. / Chinese Journal of Chemical Engineering 60 (2023) 275–292



tion unto TNR@PEI–Zr is further confirmed by the values the Fre-
undlich model adsorption index (KF) [27].

3.3. Thermodynamic studies

Usually, a dimensionless equilibrium constant can be consid-
ered to calculate the thermodynamic parameters [44]. In this
study, the constant Kc in Eq. (12) was applied. The effect of temper-
ature variation on the adsorption capacity of TNR@PEI–Zr was

studied, and the thermodynamic parameters calculated are listed
in Table 4. From the enthalpy change (DH�) values as presented
in Table 4, the adsorption systems were temperature dependent,
as higher temperatures resulted in increased adsorption capacities
towards AR and PO4

3–. This observation confirms the endothermic
nature of the overall adsorption process. The adsorption process
of AR may be largely mediated by chemisorption based on the
value of (DH�) (62.1 kJ�mol�1) which is more than 40 kJ∙mol�1,
while physisorption dominates that of PO4

3–. The small values of

Kinetics of PO4
3–

Concentration effect on PO4
3–

Fig. 6. Effects of time and kinetic modelling on the adsorption of AR (C0 = 200 mg�L�1, pH = 3, m = 1 g�L�1) (a), PO4
3� (C0 = 30 mg�L�1, pH = 3, m = 1 g�L�1) (b), equilibrium

concentration and isotherm modelling of AR (pH = 3, m = 1 g�L�1, t = 2 h) (c), and PO4
3� (pH = 3, m = 1 g�L�1, t = 2 h) (d) onto TNR@PEI–Zr.

Table 2a
Kinetic parameters of AR adsorption onto TNR@PEI–Zr at different temperatures

293 K 303 K 313 K

PSO
qe/mg�g�1 165.7 ± 3.5 186.5 ± 2.9 204.9 ± 2.4
k2 � 104/g�mg�1�min�1 3.25 ± 0.27 3.40 ± 0.24 4.92 ± 0.44
R2 0.994 0.995 0.987
SSE 6.36 8.64 11.60
v2 0.795 1.080 1.450

Elovich
A –16.6 ± 5.5 –10.3 ± 7.1 36.1 ± 17.0
B 32.3 ± 1.7 32.2 ± 1.7 31.4 ± 3.8
R2 0.974 0.973 0.881
SSE 25.9 48.3 104.0
v2 3.24 6.04 13.02

IPD
Kt 8.99 ± 1.3 9.90 ± 1.3 7.10 ± 1.8
C 22.7 ± 9.9 33.0 ± 11.8 101.9 ± 18.8
R2 0.836 0.861 0.628
SSE 166 245 325
v2 20.68 30.67 40.59

Table 2b
Kinetic parameters of PO4

3� adsorption onto TNR@PEI–Zr at different temperatures

293 K 303 K 313 K

PSO
qe/mg�g�1 24.4 ± 0.6 29.1 ± 0.4 31.3 ± 0.4
k2 � 104/g�mg�1�min�1 6.07 ± 0.41 7.64 ± 0.30 13.4 ± 0.8
R2 0.998 0.999 0.996
SSE 0.589 1.641 1.270
v2 0.084 0.234 0.181

Elovich
A –10.1 ± 0.8 –10.0 ± 0.4 –4.83 ± 0.86
B 5.30 ± 0.21 6.42 ± 0.10 6.52 ± 0.23
R2 0.988 0.998 0.991
SSE 3.02 2.15 3.02
v2 0.431 0.343 0.432

IPD
Kt 1.52 ± 0.10 1.80 ± 0.13 1.78 ± 0.23
C –0.983 ± 0.710 0.486 ± 0.760 7.120 ± 1.720
R2 0.965 0.961 0.882
SSE 8.56 45.18 37.59
v2 1.22 6.45 5.37
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DS� in Table 4 indicate no obvious change in entropy occurred dur-
ing the adsorption process. The positive values DS� suggest an
increase in randomness at the solid-solution interface that occurs
on the surface of the adsorbent upon the adsorption of the dye
and the nutrient [24]. The negative values of Gibbs free energy
(DG�) as presented in Table 4 indicate that the adsorption process
of TNR@PEI–Zr towards AR and PO4

3– is viable and thermodynami-
cally spontaneous. The absolute value of (DG�) increased as tem-
perature increased, demonstrating that high temperatures were
beneficial to the adsorption system. The positive activation energy
(Ea) also relates to the favourability of increasing temperatures to
the adsorption system. The observed Ea of 15.4 for AR and 29.5

for PO4
3– kJ�mol�1 also suggests physisorption as described by

Zhang et al. [45].

3.4. The adsorptive performance of TNR@PEI–Zr in real water samples

To evaluate the adsorptive performance of the engineered adsor-
bent for its practical use in a real environmental matrix, water sam-
ples from a man-made lake at Zhengzhou University together with
tap water were used. About 10 mg of TNR@PEI–Zr was placed into
10ml of each of the samples from the lake and tapwater spikedwith
5, 10 and 20mg�L–1 of both AR and PO4

3–. Themixtures were agitated

Table 5
Recovery of AR and PO4

3– from real water samples

Pollutant Environmental matrix Spiked amount/mg�L–1 Detected/mg�L–1 Recovery/%

pH 3 upH①

Alizarin red Lake 0 0.12 100.0 ± 0.4 100.0 ± 1.2
5 5.24 99.7 ± 0.8 90.4 ± 2.0
10 10.04 97.9 ± 3.3 90.0 ± 0.6
20 20.30 98.5 ± 2.0 88.7 ± 4.2

Tap 0 0.01 100.0 ± 1.0 91.8 ± 3.6
5 4.90 99.8 ± 0.5 87.6 ± 1.1
10 9.70 98.4 ± 2.0 86.4 ± 2.5
20 19.80 98.0 ± 1.8 88.0 ± 3.6

Phosphate Lake 0 0.00 0.00 ± 0.0 0.0 ± 0.0
5 4.20 86.2 ± 1.1 75.6 ± 5.2
10 8.70 83.6 ± 1.8 72.1 ± 4.6
20 17.9 82.4 ± 2.4 71.6 ± 2.3

Tap 0 0.00 0.00 ± 0.0 0.00 ± 0.0
5 4.90 98.6 ± 2.5 82.2 ± 4.0
10 10.1 95.4 ± 1.0 81.1 ± 2.5
20 19.9 95.1 ± 1.0 85.8 ± 1.4

① upH: unregulated pH.

Table 4
Parameters of Thermodynamic studies for AR and PO4

3� adsorption

Pollutant DH�/kJ�mol�1 DS�/kJ�mol�1�K�1 DG�/kJ�mol�1 Ea/kJ�mol�1

293 K 303 K 313 K

AR 62.2 0.228 –4.47 –6.75 –9.02 15.4
PO4

3– 25.3 0.090 –1.45 –2.36 –3.27 29.5

Table 3a
Parameters of adsorption isotherms models for AR adsorption onto TNR@PEI–Zr at
different temperatures

293 K 303 K 313 K

Langmuir
qm (exp)/mg�g�1 439.6 ± 28.0 480.4 ± 27.1 522.3 ± 23.1
qm (theo)/mg�g�1 486.9 ± 10.8 525.5 ± 9.5 537.8 ± 13.2
KL/L�mg�1 0.060 ± 0.003 0.079 ± 0.004 0.283 ± 0.024
RL 0.14 0.11 0.03
R2 0.995 0.997 0.990
SSE 1.61 1.17 6.35
v2 0.202 0.146 0.794

Freundlich
KF 76.1 ± 12.2 92.3 ± 16.8 174.5 ± 24.6
1/n 0.365 ± 0.04 0.356 ± 0.05 0.258 ± 0.04
R2 0.908 0.876 0.854
SSE 27.5 45.3 91.4
v2 3.43 5.67 11.40

Koble–Corrigan
A 25.99 ± 4.26 36.95 ± 3.42 165.0 ± 13.9
B 0.055 ± 0.008 0.072 ± 0.006 0.298 ± 0.026
n 1.05 ± 0.08 1.07 ± 0.05 0.898 ± 0.076
R2 0.994 0.997 0.991
SSE 1.52 0.920 5.11
v2 0.216 0.131 0.730

Table 3b
Parameters of adsorption isotherms models for PO4

3– adsorption onto TNR@PEI–Zr at
different temperatures

293 K 303 K 313 K

Langmuir
qm (exp)/mg�g�1 54.68 ± 0.50 67.4 ± 0.80 79.51 ± 0.50
qm (theo)/mg�g�1 65.95 ± 0.67 79.90 ± 1.28 100.46 ± 3.88
KL/L�mg�1 0.051 ± 0.001 0.069 ± 0.004 0.058 ± 0.004
RL 0.40 0.33 0.37
R2 0.999 0.997 0.995
SSE 6.84 40.28 186.34
v2 0.977 5.755 26.620

Freundlich
KF 7.50 ± 12.20 11.75 ± 1.80 12.18 ± 2.10
1/n 0.451 ± 0.026 0.434 ± 0.042 0.480 ± 0.059
R2 0.957 0.965 0.915
SSE 352.6 533.6 3297.4
v2 50.4 76.2 471.1

Koble–Corrigan
A 3.42 ± 0.20 4.93 ± 0.78 4.59 ± 0.57
B 0.051 ± 0.002 0.0642 ± 0.008 0.050 ± 0.005
n 0.987 ± 0.032 1.064 ± 0.086 1.119 ± 0.060
R2 0.999 0.997 0.997
SSE 6.65 36.77 107.07
v2 1.11 6.13 17.84
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in an orbital shaker at 313 K for 60min at an adjusted pH of 3 and an
unadjustedpHof thedissolvedpollutant. According to the findings in
Table 5, there was no evidence of AR in the samples of lake or tap
water. However, the levels of PO4

3– found in samples of lake and tap
water were 0.12 and 0.01 mg�L–1, respectively, which is below the
permitted limit set by the World Health Organization [46] as well
as the U.S. Environmental Protection Agency [47]. It is clear from
the recovery (%) findings that the altered pH helped TNR@PEI–Zr to
efficiently recover the contaminants. The recovery for AR at pH3 var-
ied from (100.0 ± 0.4)% to (97.9 ± 3.3)% for lake water and from (100.
0 ± 1.0)% to (98.0 ± 1.8)% for samples of tap water. Conversely, the
recovery of PO4

3– was (98.6 ± 2.5)% to (95.1 ± 1.0)% for tap water
and (86.2 ± 1.1)% to (82.4 ± 2.4)% for lake water. Phosphate recovery
from lakewater sampleswas, by comparison, the lowest. Thisfinding
may be related to the possibility that certain salts are present in the
lake water. These findings showed that TNR@PEI–Zr has excellent
potential for usage in real-world wastewater clean-up applications.

3.5. Regeneration and reusability studies

Due to concerns about secondary pollution, studying the
recyclability and the regeneration potential of newly engineered
adsorbents is critical in profiling their applicability. TNR@PEI–Zr
was successfully desorbed with 0.1 mol�L–1 NaOH for four consec-
utive adsorption–desorption cycles, as shown in Fig. 7(a). After four
cycles, TNR@PEI–Zr exhibited 50% and 69% desorption and regenera-
tion efficiency towards AR and recorded 87% and 95% desorption and
regeneration efficiency towards PO4

3–. The desorption and regenera-
tion efficiency values suggest that the NaOH can destroy the interac-
tions between TNR@PEI–Zr and AR and PO4

3–. However, the reduced
efficiencies at the fourth cycle could be explained by the fact that
not all the earlier adsorbed ions of AR and PO4

3– were desorbed. These
observations are indicative of an economically viable and reusable
adsorbent with an eco-friendly design process, making it favourable
for the removal of AR and PO4

3–.

3.6. Leaching test for TNR@PEI–Zr

From the leaching test, it was observed that the TNR@PEI–Zr did
not leach into the solution at the studied pH of 2, 4 and 10. The
concentration of zirconium was not detected in the supernatant
from the solution with the TNR@PEI–Zr dosing after the 24 h agita-
tion time (limit of detection was 0.1 lg�L–1 Zr(IV)). This finding
implies that the zirconium was successfully incorporated into the
adsorbent’s fabric during the engineering procedure, resulting in
its stability over a wide pH range. Hence, the practical application
of this facile engineered adsorbent from tiger nut residue can be

safely used in the environmental matrix without any concerns of
secondary environmental pollution.

3.7. Adsorption mechanism of AR and PO4
3– onto TNR@PEI–Zr

The adsorption processes of AR and PO4
3– by TNR@PEI–Zr may be

predicted from the characterizations and observations reported
above. The very strong dependency of AR and PO4

3� adsorption on
the TNR@PEI–Zr surface chemistry confirms the active role of a sig-
nificantly high electrostatic interactions subsisting between the anio-
nic AR and PO4

3� and the positively charged adsorbent surface
observed in acidic medium. Decreasing solution pH in the range of
2–6 surged positive charges on the surface of TNR@PEI–Zr, that
impelled more of the AR and PO4

3– (Fig. 7(b)). Besides, the removal
of AR and PO4

3� were largely associated on ionic strength, indicating
that the pollutant adsorption occurs in the outer sphere. This explains
why increasing the concentration of salt resulted in a decrease in the
adsorption capacity of the adsorbents towards the adsorbates due to
competitive effects for adsorption sites between the salt ions and
those dye molecules and phosphate ions [48]. In addition, protonated
amino groups of TNR@PEI–Zr could have contributed to enhanced
adsorption under acidic conditions. The adsorption mechanisms of
AR and PO4

3� were dominated by mono-layer adsorption of uneven
surfaces both with chemisorption and physical adsorption, as evident
from the better fit of the PSO kinetics and Langmuir isotherm with
the experimental data. The SEM analysis (Fig. 1) provides images of
the honeycomb porous surface of TNR@PEI–Zr which could capture
and trap the molecules of AR and PO4

3– ions, increasing their adsorp-
tion efficiency. The complexation interaction was a key adsorption
mechanism owing to Zr as a transition metal to facilitate the adsorp-
tion of AR and PO4

3– containing hydroxy groups to form the complex
between TNR@PEI–Zr, AR and PO4

3–. Results of aqueous experiments
suggested the critical role of Zr on AR and PO4

3– adsorption by
TNR@PEI–Zr. Furthermore, the other mechanisms such as the p–p
stacking and hydrogen bonding, may have contributed to the adsorp-
tive performance of TNR@PEI–Zr. XPS analysis indicates the presence
of carbon (C), nitrogen (N), oxygen (O), and zirconium (Zr), were
detected on the surface of TNR@PEI–Zr before the adsorption. After
AR and PO4

3– adsorption, sulphur (S), and phosphorus (P) appeared
on the spectrum, which demonstrated that alizarin red and phos-
phate were successfully adsorbed onto the surface of TNR@PEI–Zr.
The full XPS spectra given in Fig. 3(b) and (c), shows peaks of S 2p
and P 2p at 167.7 eV and 133.1 eV indicating that the AR molecules
and phosphate groups were adsorbed onto TNR@PEI–Zr. Further-
more, Fig. 3(b) and (c) demonstrates the fractional changes in the ele-
mental composition of C 1s, N 1s, O 1s and Zr 3d after the adsorption
of AR and PO4

3–, indicative of their involvement during the adsorption

Desorption of PO
4
3–

Regeneration of PO
4
3–

Fig. 7. Desorption and regeneration performance of TNR@PEI–Zr (a), and the possible adsorption mechanism of AR and PO4
3– onto TNR@PEI–Zr (b).
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process. The peaks of the deconvoluted O 1s of TNR@PEI–Zr after the
adsorption process show the shift in the binding energies, indicating
the likelihood of chemical interactions taking place in the adsorption
process. Also, the peak around 532 and 533 eV corresponding to
ZrAOH was observed, suggesting the occurrence of a complexation
reaction between Zr and OH [14]. This is further confirmed by con-
trasting the deconvoluted peaks of TNR@PEI–Zr with that after
adsorption, all the previous peaks report diminished peak intensities
and a slight shift in their binding energies. The peak areas of the CAC
groups had a remarkable decrease, while those of the CAO groups
recorded a noticeable increased trend. These findings further demon-
strate surface complexation involving oxygen-containing groups dur-
ing the adsorption system.

3.8. Comparison of TNR@PEI–Zr with other adsorbents

Several adsorbents, including activated carbons, clay, chitosan,
agricultural waste materials, metal organic framework (MOF),
magnetic nanocomposite and their modified forms, have been
employed in the adsorptive decontamination of both AR
(Table 6a) and PO4

3– (Table 6b). However, none of them have
employed engineered tiger nut residue as used in this work.
Alizarin Red and phosphate adsorption has been achieved within
a wide pH range (2–8). However, most of the reported adsorptions
occurred in the acidic medium. This suggests the adsorption of
these pollutants is most efficient in acidic rather than alkaline
medium and the behaviour of TNR@PEI–Zr was no different as it
exhibited high adsorptive capability towards both AR and PO4

3– in
acidic medium. This behaviour of AR and phosphate explains
why, in most cases, electrostatic interaction is posited as the main
adsorption mechanism underpinning their removal. However,
chemisorption processes including complexation, ligand exchange
and precipitation have also been reported as possible mechanisms
underlying the effective removal of AR and phosphate from solu-
tion. These mechanisms are largely influenced by the surface
chemistry of the adsorbents and the pH of the solution. The kinetic
process of AR decontamination has mostly been described by PSO,
as seen in the present work (Table 6a). However, other models such
as IPD [50], Elovich [58], and PFO [61] have also been verified to
best fit the adsorption kinetics. On the other hand, apart from Ye
et al. [65], whose kinetics suited the Ritchie nth-order, almost all
the other works on phosphate removal found the PSO model to
best explain their kinetic systems (Table 6b). Langmuir model is
seen to fit most of the AR and PO4

3– adsorption isotherms, with a
few researchers indicating other isotherm models such as Fre-
undlich [49,53,57] and Sips [41,51] to perfectly fit their experimen-
tal data. This gives credence to the chemisorption process as
reported to mediate the removal process. The enthalpy process of
both AR and PO4

3– adsorption has been described by both endother-
mic and exothermic processes. From Tables 6a and 6b, it is
observed that temperatures below 300 K seem to favour the
removal of AR and PO4

3–, but the maximum removal of AR and
PO4

3– by the engineered adsorbent used in this work was recorded
at 313 K. On the adsorptive capacity of recently reported adsor-
bents toward AR and PO4

3–, TNR@PEI–Zr outperforms many of them
and compares well with some of the best adsorbents as presented
in Tables 6a and 6b.

4. Conclusions

In the present study, the mechanisms and reusability potentials
of zirconium-polyaziridine-engineered tiger nut residue toward
anionic pollutants have been examined. The environmentally
friendly engineering process of a biodegradable and low-cost tiger
nut residue improved the material’s surface characteristics, con-

tributing to its efficient adsorptive performance towards AR and
PO4

3–. The various characterizations helped to confirm the
modifications as well as the adsorption mechanism, which
included electrostatic attraction and complexation coupled with
hydrogen bonding. The effect of some common salts on the
adsorption potential in AR and PO4

3– was in the following order:
HCO3

� > SO4
2� > Cl�. The AR and PO4

3– adsorption data fit the PSO
kinetic model and the Langmuir isotherm model, implying
chemisorption with homogenous and monolayer removal of pollu-
tants at a maximum capacity of 537.8 mg�g�1 for AR and
100.5 mg�g�1 for PO4

3–. Adsorption of AR and PO4
3– by TNR@PEI–Zr

is viable and thermodynamically spontaneous, with increased ran-
domness at the solid-solution interface. TNR@PEI–Zr exhibited
good reusability potential and outperformed several adsorbents
in terms of its adsorption capacity. Studies with real water samples
and the leaching test showed the adsorptive capability of
TNR@PEI–Zr was stable, and as such, its practical usage in wastew-
ater decontamination will not cause environmental concerns or
secondary pollution.
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