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A B S T R A C T

Excess dissolved phosphorus can cause eutrophication of water bodies. Various porous materials have been 
proposed to reduce P levels to acceptable levels. The study aimed to evaluate the phosphorus adsorption po
tential in aqueous media at pH 5, 6, and 8 through citric acid esterified cellulose nanocrystals (NCC), NaCl 
activated clay (AA), and atomized Nostoc sphaericum hydrocolloid (NS-AH). ζ potential, particle size, zero 
charge point, total inorganic carbon, TGA, DSC, XRD, and FTIR analysis of the adsorbent materials were 
determined. The adsorption capacity of P was 16.17, 13.45, and 9.25 mg/g, and removal up to 89.44, 70.35, and 
51.66 % by NCC, AA, and NS-AH respectively from 20 ppm P solution. The PFO, PSO, and Intraparticle Diffusion 
kinetic models were studied, indicating high adsorption rate for AA and NCC during the first 20 min. The study of 
Langmuir, Freundlich, Redlich-Peterson, Temkin, and Dubinin Radushkevich isotherms showed that the adsor
bents present heterogeneous surface, high porosity, and affinity for P at pH 8 in the order NCC > AA > NS-AH 
and that adsorption is spontaneous and favorable, governing chemisorption processes. The proposed materials, 
mainly NCC and AA, present high potential for P removal in aqueous media.

1. Introduction

Water bodies, when contaminated with wastewater, especially do
mestic wastewater, can present a high load of organic matter, and 
consequently increase carbon, nitrogen, and phosphorus levels. In 
addition to toxic and recalcitrant substances that alter natural biological 
processes, making traditional treatments less effective [1].

Phosphorus present in water as soluble orthophosphates, inorganic 
polyphosphates, and organic phosphates, have as their source de
tergents, proteins, feces, manure, and urine, which are constituents of 
wastewater [2]. These, when released into a receiving body without any 
treatment or poor treatment, damage water bodies [3,4], leading to an 
increase in nutrients that allow excessive algae development and pro
duce eutrophication [5,6].

Studies have been developed that allow phosphorus to be removed 
from wastewater through oxidation lagoons, controlled disposal systems 
in soils, activated sludge, aerobic reactors with biofilm, or combinations 
of these [7-10]. One of the techniques that allows phosphorus removal in 

wastewater is through adsorption processes on porous surfaces, which 
present electrostatic and chemical affinity. These materials can be of 
biological or inorganic origin, such as clays, agroindustrial residues, 
native plants, hydrobiological residues, among others [11-15].

Clays have shown considerable interest in the removal of chemicals 
present in water, such as heavy metals, colored substances, pharma
ceuticals, and phosphorus [16,17]. Similarly, materials from vegetable 
sources and algae show this ability. However, improvements are made 
to these materials through activation in various media, in order to in
crease their removal capacity, reaching even nanometer levels [18-20].

However, the use of these materials is limited to the adsorption 
conditions, such as pH, temperature, and agitation. In addition to the 
characteristics of the adsorbent materials such as surface area, affinity, 
active site arrangement, and energy requirement to bind phosphorus or 
phosphorus forms, which could limit the removal efficiency [10,21,22]. 
Likewise, the particle size, zeta potential (ζ), crystallinity index, zero 
charge point, and availability of functional groups influence, are some of 
the characteristics to take into account when phosphorus adsorption 

* Corresponding author.
E-mail address: akari@unamba.edu.pe (A. Kari-Ferro). 

Contents lists available at ScienceDirect

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

https://doi.org/10.1016/j.rineng.2024.103201
Received 12 August 2024; Received in revised form 15 October 2024; Accepted 21 October 2024  

Results in Engineering 24 (2024) 103201 

Available online 28 October 2024 
2590-1230/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

mailto:akari@unamba.edu.pe
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2024.103201
https://doi.org/10.1016/j.rineng.2024.103201
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2024.103201&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


[23-26].
These characteristics considerably influence the adsorption kinetics. 

As well as the behavior at different phosphorus concentrations in 
aqueous media, which is studied through adsorption isotherms. 
Knowledge of this behavior allows the establishment of operating and 
treatment conditions [21,27-30].

The adsorption of phosphorus in aqueous media by natural and 
activated polymers is governed by thermodynamic parameters such as 
Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS), which 
determine the spontaneity and nature of the process [31,32]. Kineti
cally, the rate constant, equilibrium adsorption capacity, and equilib
rium time are critical [31,33]. On the other hand, control parameters 
such as pH, temperature, and initial adsorbate concentration have a 
significant influence. The surface area, particle size, zero charge point, 
zeta potential, and functional groups of the adsorbates are decisive [34,
35].

Surface heterogeneity and porosity of adsorbents significantly affect 
phosphorus adsorption. Heterogeneous surfaces show variations in ΔG◦

and ΔS◦, which affect the spontaneity and disorder of the process [36,
37]. While porosity impacts the effective diffusivity, equilibrium 
adsorption capacity, and adsorption rate. Freundlich, Langmuir, 
Tempkin, and Dubinin-Radushkevich isotherms and the kinetic models 
of pseudo-second-order, Elovich, intraparticle diffusion, among others, 
allow the extraction of parameters that correlate with the surface 
properties of the adsorbent [33,34,36]. These parameters are deter
mined by adsorption experiments and analyzed by isothermal and ki
netic models. Therefore, it is necessary to know and study them before 
their application on a larger scale

The study aims to show the results and comparison of the physical 
and chemical characteristics of three activated materials of natural 
origin such as clay, cellulose from corn husks, and atomized hydrocol
loid from the algae Nostoc sphaericum, in the removal of aqueous 
phosphorus in batches at different pH. The behavior of these adsorbents 
was also evaluated through the study of the kinetic parameters and 
adsorption isotherms, as well as the thermodynamic parameters such as 
Gibbs free energy and adsorption free energy.

2. Materials and methods

2.1. Adsorbent preparation and activation

The clay was treated with 10 % phosphoric acid to remove residual 
organic matter and rinsed with distilled water to pH 7. It was then 
activated with 1.0 M NaCl at a ratio of 1/5 (w/w) for 24 h. The solution 
was sonicated for 3 min (VCX 750 model, Sonic, USA) and rinsed with 
ultrapure water to 10 µS/cm. It was dried at 60 ◦C and reduced in size in 
a planetary mill (PM100 model, Retsch, Germany) to 45 µm, obtaining 
AA (Fig. 1a).

Algae of the Nostoc sphaericum variety were collected from Laguna de 
Huamanilla, Andahuaylas, Peru, located at 4300 m altitude. The algae 
were washed with distilled water, removing impurities. It was blended 
in a 1:1 ratio (w/w) with distilled water. The juice was sieved into a 125 
µm mesh and it was atomized at 120 ◦C inlet temperature, spray gas 650 
L/h, aspirator at 85 %, feed rate 5 mL/min, two-fluid nozzle 0.7 mm 
(Mini Spray Dryer B-290, Büchi, Switzerland), obtaining atomized hy
drocolloid (NS-AH) (Fig. 1b).

To obtain NCC, the methodology proposed by [15]. The chopped 
corn husk (2.5 g) was mixed with a 2 % NaOH solution (50 mL) to 
remove lignin by microwave digestion for 20 min. The digested sample 
was brought to neutral pH, then hemicellulose was removed with 0.5 % 
NaClO for 30 min under stirring and rinsed to neutral pH. The dried 
samples were microwaved in 3.0 % citric acid solution in a ramp of 
heating at 160 ◦C for 15 min and cooling for 10 min, then rinsed to 
neutral pH and dried at 60 ◦C and ground to 45 m to obtain NCC 
(Fig. 1c).

2.2. Zero point of charge (ZCP) and zeta potential (ζ) determination

Solutions with pH 2, 3, 4, 5, 6, 7, 8, 10 and 12 were prepared. 0.05 g 
of the adsorbent material was added to 50 mL of each solution, and it 
was stirred continuously at 150 rpm for 24 h at room temperature. At the 
end, the pH of the resulting solution was measured. The initial and final 
pH values of each solution were graphed, and the intersection between 
the curves reported the ZCP value.

Fig. 1. Obtaining procedure a) for AA, b) for NS-AH, c) for NCC.
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The determination of ζ was carried out according to the method 
proposed by [38], modifying the adsorbent dispersion, which consisted 
of 4 mg of adsorbent in 50 mL of ultrapure water.

2.3. Total carbon determination

50 mg of adsorbent sample was taken in ceramic crucibles and 
covered with glass fiber, then taken to the combustion module at 900 ◦C 
(TOC-L CSN-SSM 5000A model, Shimadzu, Japan), with an oxygen flow 
of 150 mL/min. Results were reported in triplicate for total carbon (TC).

2.4. Structural analysis of the adsorbents

The degree of crystallinity (Eq. 1) and the crystal size (Eq. 2) of the 
adsorbents were calculated from the crystalline phase of the XRD dif
fractogram. For this purpose, an X-ray diffractometer (D8-Focus model, 
Bruker, Germany) was used with conditions: Cu Kα1 = 1.5406 A◦, 40 kV, 
40 mA, and PSD Lynxeye detector [39,40]. 

CD (%) =
Scr.p

St
x100 (1) 

Where, CD is the crystallinity degree (%); Scr.p is the area corre
sponding to the crystalline phase; and St is the total area of the 
diffractogram 

D =
k.λ

β.cosθ
(2) 

Where, k is Scherrer’s constant (0.9); λ is the wavelength (0.15406 
nm); β is the peak width of the diffraction peak profile at half the 
maximum height resulting from the small crystallite size (rad), θ is the 
peak position (rad).

The functional groups of the adsorbents, committed to P adsorption, 
were determined through the transmission-FTIR module (Nicolet IS50, 
Thermo Fisher, USA), in the scanning range of 4000 to 400 cm− 1 with 4 
cm− 1 step resolution.

2.5. Thermal analysis of adsorbents

The mass loss as a function of temperature was determined by TGA 
analysis (STA PT 1600 model, Linseis, Germany) in the range from 20 to 
600 ◦C, with a heating rate of 5 ◦C/min nitrogen atmosphere. The 
transition properties of NCC and NS-AH were determined by DSC 
analysis (DSC2500, TA instrument, USA) with a nitrogen flow of 50 mL/ 
min in the range from 20 to 200 ◦C at 5 ◦C/min, following the meth
odology proposed by [41].

2.6. Determination of phosphorus removal

A solution of 20 mg P/L was prepared with sodium phosphate at pH 
5, 6, and 8, subsequently an aliquot was taken. 0.15 g (m) of NCC, AA, 
and NS-AH adsorbent were placed in 150 mL of P (V) solution under 
continuous stirring at 120 rpm, for 24 h at room temperature. An aliquot 
was filtered to 0.45 µm and taken to an ICP OES (9830 model, Shimadzu, 
Japan). The measurements were carried out in axial mode, flow of 10 L/ 
min of argon gas and 30 s of exposure to plasma. P solutions were pre
pared at concentrations of 5, 10, 15, 15, 20, 25, and 30 mg/L and a blank 
with deionized water to construct a calibration curve with an R2 of 
0.995. The removal percentage was determined by the difference in the 
initial (C0) and final (Cf) concentration, while the adsorption capacity 
(qe) was calculated through Eq. 3 [42,43]. 

qe =
V
(
C0 − Cf

)

m
(3) 

2.7. Adsorption kinetics assessment

Kinetics describes the adsorption rate of the adsorbate on the 
adsorbent and determines the time at which equilibrium is reached [44]. 
The rate of a reaction is defined as the change in the concentration of a 
reactant or product per unit of time. The reaction order and rate constant 
are determined by experiments.

Contact times of 0, 30, 60, 90, 120 and 150 min were considered. At 
the end of each time, an aliquot was filtered at 0.45 microns, and the 
final P content was determined in an ICP-OES. The study was carried out 
for each material. With the data obtained, kinetic equations were 
modeled [45].

The pseudo first order (PFO) model, in its differential form, is pro
posed through Eq. (4) [46]. The integration for qt = 0 when t = 0 results 
in Eq. (5). 

dqt

dt
= k1(qe − qt) (4) 

qt = qe(1− e− k1 t) (5) 

Where qe (mg/g) is the equilibrium adsorption capacity; qt (mg/g), is 
the adsorption capacity over time; k1 is the kinetic constant of the model; 
t (min) is the contact time.

Although k1 allows evaluating the speed with which adsorption 
equilibrium is reached [47], the adsorption rate (PFOrate) is represented 
through the first term of Eq. 4, so it is more appropriate to calculate 
through Eq. 6 [48]. 

PPOrate = k1(qe − qt) (6) 

The pseudo second-order (PSO) model is represented in its integral 
form through Eq. 7 [49]. For the conditions of qt = 0 when t = 0, Eq. (8)
is obtained. Like the PFO model, k2 measures the rate at which the 
adsorption equilibrium is reached. However, it is more feasible to 
measure through the differential term in Eq. 7, so the adsorption rate for 
the PSO model (PSOrate), can be expressed through Eq. 9 [47,48]. 

dqt

dt
= k2(qe − qt)

2 (7) 

qt =
q2

e k2t
1 + qek2t

(8) 

PSOrate = k1(qe − qt)
2 (9) 

Where, k2(g /mg.min) is the kinetic constant of the model.
The intraparticle diffusion (ID) model (Eq. 10), is formulated on the 

basis that the adsorption process can be controlled by several stages, 
including diffusion within the adsorbent, sorbate diffuses from a high 
concentration zone to the surface and within the adsorbate to the active 
sites (intraparticle diffusion) [31]. 

qt = kit1/2 + C (10) 

Where ki is the intraparticle diffusion rate (mg/g.min1/2), C is the 
constant relating the average thickness of the boundary layer (mg/g).

If C = 0, adsorption at the surface is negligible, and intraparticle 
diffusion completely controls the adsorption process. If C ∕= 0, the 
adsorption process happens at the surface and intraparticle level. High C 
values indicate that the adsorption process is preferentially superficial 
[31,33].

2.8. Adsorption isotherm assessment

Equilibrium data can be tested with some isotherm models such as 
Langmuir, Freundlich, Tempkin, Dubinin-Raduskevich, these isotherms 
allow describing adsorption processes [50].

The Langmuir model (Eq. 11) considers the homogeneous surface of 
the adsorbent and allows representing the adsorption for multi-metallic 
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systems on the active sites at the monolayer level [49,51]. The affinity of 
the adsorbent material for the adsorbate was measured by the separation 
factor RL (Eq. 12), if RL > 1.0 the process is unfavorable, 0 < RL < 1.0 is 
favorable and RL = 0 is irreversible. 

qe =
qmkLCe

1 + kLCe
(11) 

RL =
1

(1 + kLC0)
(12) 

Where, qe(mg /g) is the equilibrium adsorption capacity; kL(L /mg) is 
the Langmuir constant; Ce(mg /L) is the adsorbate concentration at 
equilibrium; qm(mg /g) is the adsorption capacity in the monolayer.

The Freundlich model (Eq. 13), considers a heterogeneous adsorp
tion surface (ideal), with different adsorption energies and reversible 
[49,52]. 

qe = kf C1/n
e (13) 

Where, Kf (mg1-1/n/Ln) and n are Freundlich’s constants, adsorption 
capacity and adsorption intensity indicators respectively.

The Redlich-Peterson isotherm (Eq. 14) is a more flexible model that 
explains adsorption on heterogeneous and multilayer surfaces, with 
distribution of active sites of different energy and pores of different sizes 
[53]. 

qe =
kRCe

1 + aRCg
e

(14) 

Where, kR (L/g) is the parameter that indicates the maximum 
adsorption capacity; aR (L/mg)g model parameter, high values indicate 
greater saturation; g is the parameter that varies between 0 and 1. When 
g = 1, it reduces to the Langmuir isotherm, and when g ∕= 1 it represents a 
combination of the Langmuir and Freundlich isotherms

The Tempkim model (Eq. 15), allows to know the variation of the 
adsorption energy of the adsorbent-adsorbate interaction, and that it 
decreases linearly in multilayers [54,55] 

qe =
RT
bt

ln(AtCe) (15) 

Where, R is the universal ideal gas constant (8.314 J/mol.K); T is the 
absolute temperature (K); bt(J /mol) is the variation of adsorption en
ergy; At (L /mg) is the equilibrium bonding constant corresponding to 
the maximum bond.

The Dubinin and Radushkevich isotherm (Eq. 16), allows to repre
sent the free energy of adsorption at sites of varying porosity (high de
gree of rectangularity), being able to know if the process is physical or 
chemical for heterogeneous systems [51,56]. 

qe = qDexp
(
− Bε2) (16) 

Where, qD (mg /g) is the theoretical saturation capacity; 
B
(
mMol2 /J2

)
is the constant related to the mean free energy of 

adsorption E (Eq. 17); ε is the Polanyi potential, which is related to the 
equilibrium according to Eq. (18). 

E = 1
/
(2B)1/2 (17) 

ε = RTln(1+1 /Ce) (18) 

The values of E allow to know if the adsorption is physical or 
chemical. If E < 8 kJ/mol the adsorption is physical, if E > 8 kJ/mol the 
adsorption is chemical.

The isotherm and kinetic models were fitted by nonlinear regression, 
with the criterion being the least squares difference, evaluated by the 
Quasi-Newton method [57]. The adjustment was performed by error 
functions such as the adjustment coefficient R2 which measures the 
variability of the dependent variable of the adjusted model. The relative 
average error (ARE) which minimizes the fractional error distribution, 

and the Chi-square test (X2) reports the smallest difference between the 
experimental and fitted values. The hybrid fractional error function 
(HYBRID). The Marquardt percentage deviation function (MPSD) mea
sures the geometric mean error distribution [58,59]. 

ARE =
100
N

∑N

i=1

⃒
⃒
⃒
⃒
⃒

qadj − qexp

qexp

⃒
⃒
⃒
⃒
⃒
i

(19) 

X2 =
∑N

i=1

[(
qexp − qadj

)2

qadj

]

i

(20) 

HYBRID =
100

N − n
∑N

i=1

[(
qadj − qexp

)2

qexp

]

i

(21) 

MPSD = 100

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N − n

∑N

i=1

[(
qadj − qexp

)2

qexp

]

i

√
√
√
√
√ (22) 

Where qadj is the adsorption capacity reported by the model; qexp is 
the experimental adsorption capacity; N corresponds to the number of 
data, and n is the number of model parameters.

R2 values close to unity indicate good model fit, while ARE, X2, 
HYBRID, and MPSD should be as low as possible [60,61].

The data analysis was carried out with a significance level of 5 %, 
with the help of Excel sheets, solver utility, Statistica V12, and Origin 
Pro 2022 software.

3. Results and discussion

3.1. Adsorbent characteristics

The pH in the ZCP was observed to be 5.10 for NCC, 6.00 for AA, and 
9.10 for NS-AH (Table 1). The adsorbents NCC and AA have a net pos
itive surface charge, which would give them a higher affinity for anions, 
while NS-AH has a low affinity, although it is more stable to pH changes 
(Fig. 2a). This affinity would be subject to other factors such as the 
adsorption temperature, the ionic strength of the solvent medium, the 
competition or presence of ions that are not adsorbed, and the contact 
time, which could produce reversibility in the adsorbent-adsorbate 
complex [62-64].

The adsorbent materials studied are at the nanometer level, with 
values ranging from 22.10 to 648.70 nm for NS-AH, 65.00 to 487.50 nm 
for AA, and 676.90 nm for NCC (Table 1). These sizes would allow them 
a high contact area, shorter adsorption time improving their kinetics, 
and less amount of adsorbent [65,66].

The ζ of the materials are high in their absolute value, 24.67 mV for 
NCC, 28.96 mV for NS-AH, and 39.91 mV for AA (Table 1), these values 
suggest that the materials are stable to sedimentation, with low aggre
gation. When they are used in an aqueous medium, with a considerable 
residence time in suspension, giving it the necessary time to be able to 
adsorb other constituents on its surface [67-69].

Regarding TOC, AA presented low values (0.34 %), this is due to the 
fact that they could host some organic material in their porous structure. 
NCC and NS-AH reported high TOC values of 49.14 and 40.67 % 
respectively (Table 1), these values are due to their constitution, mainly 
of glucose and protein carbon chains. On the other hand, no inorganic 
carbon was identified in any of the materials.

The study of X-ray diffraction allows to know the structural 
arrangement and composition of the materials, as well as the spatial 
disposition of atoms and molecules [70,71].

It was observed that AA presents characteristic Riebeckite and Albite 
peaks. While NCC and NS-AH presented a type B diffraction pattern 
(Fig. 2d) due to the presence of characteristic peaks of higher intensity at 
2 θ around 20◦, which correspond to double helices with a hexagonal 
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arrangement and with the presence in its structure of 36 water mole
cules, this characteristic is typical of starches, carbohydrates, gums and 
hydrocolloids [72-74].

On the other hand, it was observed that the crystallinity index was 
reported in the order NS-AH > NCC > AA (Table 1). This would indicate 
that NS-AH (IC 80.00 %) would present better ordering of its crystalline 
networks with lower specific surface area, giving it lower porosity and 
active sites to bind molecules, with a high probability of occurrence of 
physisorption processes. On the contrary, NCC and AA would present a 
more heterogeneous surface with high porosity with surface defects, so 
chemisorption processes would predominate in these materials [75].

FTIR analysis allows for identifying the functional groups of the 
adsorbents and knowing the stretching, bending, and torsion-type in
teractions of the chemical bonds in the materials [15,76]. High-intensity 
peaks were observed around 3400 cm− 1 in the three materials (Fig. 2e), 
this would correspond to the stretching of the hydroxyl groups of the 
S-OH arrangement and water in AA, while for NS-AH it would corre
spond to water, amides, carbohydrates, and carboxylic acids. For NCC it 
would be due to water and carbohydrates. Around 2900 cm− 1 

high-intensity peaks are observed for NCC and NS-AH, this would be due 
to the C-H vibrations of the methyl groups of the carbohydrates, which is 
characteristic of materials of biological origin [77], observing that AA is 
not present.

Regarding the peak around 1600 cm− 1, it would be attributed to the 
-OH stretching of adsorbed water molecules [78,79], with greater in
tensity for NS-AH (Fig. 2e), which suggests a highly hygroscopic mate
rial, due to its hydrocolloid content [80,81]. The peak at 1410 cm− 1 in 

NS-AH and 1371 cm− 1 for NCC is due to stretching of the C-O, C-H, and 
-OH single bonds, mainly of the carbohydrates.

On the other hand, the peak around 1050 cm− 1 corresponds to the 
stretching of the C-O, C-O-C, and C-OH bonds of the polymer chains in 
NCC and NS-AH [82,83]; while in AA it is due to Si-O stretching (out of 
plane) [84,85]. The peaks below 1000 cm− 1 correspond to the finger
print of the materials, which in the case of NCC and NS-AH are attributed 
to stretching of the C-H and C-O bonds, belonging to starches and 
glucose, which is characteristic of hydrocolloids and cellulosic material 
[82,86,87]. While for AA it would be related to Al-O-Si deformation, and 
Si-O-Mg and Si-O-Fe vibration bending [88,89].

The thermal behavior of the NCC and NS-AH materials was evaluated 
through a DSC analysis. The presence of a small peak was observed that 
would correspond to the glass transition temperature (Tg) at 148 ◦C for 
NCC and 137 ◦C for NS-AH, in the same way, a high-intensity peak was 
observed for NS-AH, which would correspond to the melting tempera
ture (Tm) at 167 ◦C, while for NCC the peak is slight and occurs at 178 ◦C 
(Table 2).

The fact that Tm is intense for NS-AH (Fig. 2b), is due to the presence 
of carbohydrates, gums, and some proteins [15,90], these constituents of 

Table 1 
Adsorbent characteristics.

Adsorbent Size (nm)* ζ (mV) pHZCP TOC (%) Crystallinity index (%) Crystal size (nm)

Peak x % x
±s

x
±s

AA 1 65.00 2.60 -39.91 6.00 0.34 0.01 50.39 52.16 33.03
2 487.50 97.40

NCC 1 676.90 100.0 -24.67 5.10 49.14 0.94 72.94 0.77 0.05
NS-AH 1 22.10 1.30 -28.96 9.10 40.67 0.16 80.00 0.81 0.14

2 121.60 15.10
3 648.70 83.60

Where x, is the arithmetic mean; s, is the standard deviation; ζ, zeta potential; pHZCP, pH at zero loading point; TOC, is total organic carbon.
* Evaluated through NICOMP distribution.

Fig. 2. Adsorbent characteristics, a) ZCP, b) TGA thermograms, c) DSC thermograms, d) XRD diffractogram, e) FTIR spectrogram.

Table 2 
DSC thermal transitions for the adsorbents.

Adsorbente Tg (◦C) ΔH (J/g) Tm (◦C) ΔH (J/g)

NCC 148 0.91 167 11.91
NS-AH 137 1.67 167 230.16
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the materials generally report high values, due to their nature. While for 
NCC it is not observed, because it is constituted only of cellulose crystals, 
which do not show melting behavior [91].

Where, Tg is the glass transition temperature; Tm is the melting 
temperature; ΔH is the enthalpy change.

To know the mass variation as a function of temperature increase, a 
TGA analysis was carried out. Three stages were observed for the three 
adsorbents. The first stage corresponds mainly to water loss, with NS-AH 
reporting 11.29 %, while AA reported only 4.94 % (Table 3). This dif
ference is mainly due to the presence of hygroscopic functional groups 
such as carbonyls, hydroxyl, and carboxyls in NS-AH and NCC [92], 
which have a high capacity to bind water through hydrogen bonds. 
While, the silicate and aluminate groups of AA have a low willingness to 
trap water [79], although this occurs up to 163.98 ◦C due to interlam
inar water[93].

The second stage (Fig. 2c) corresponds to weight loss due to the 
decomposition of low molecular weight carbohydrates in NCC and NS- 
AH, which occur at lower temperatures compared to AA. This differ
ence is due to the fact that for AA, in that temperature range (163.98 to 
630.73 ◦C) the reorganization of its structure occurs, allowing the 
elimination by volatilization of free aluminum [94].

In the third stage, mass loss is manifested due to the decomposition of 
the organic matter of NCC and NS-AH with residual carbon and mineral 
content, which occurs around 600 ◦C. While for AA, the structural water 
loss of the hydrated material would reach 0.265 %, which is charac
teristic of these materials [93-95].

The study of the thermal stability and structural integrity of the 
adsorbents studied and analyzed by TGA, DSC, XRD, and FTIR are 
critical for their long-term usefulness and their contribution to the cir
cular economy. A high thermal stability allows the adsorbent to be 
resistant in wide temperature ranges, facilitating efficient regeneration 
cycles. This condition is favored for AA, while the opposite is true for 
NCC, although the operating temperatures would condition it.

On the other hand, a stable crystalline structure indicates greater 
resistance to chemical and mechanical degradation, prolonging its use
ful life and maintaining its efficiency after regeneration [70,75,96], so 
NCC, AA, and NS-AH would be favored. These factors, in addition to 
surface area, porosity, and presence of functional groups, determine the 
viability, durability, and efficiency of the adsorbents studied for the 
adsorption of phosphate species, which would increase their reuse cycle. 
However, it is necessary to consider real scenarios to verify this [97].

3.2. Phosphorus removal

It was observed that NCC reported greater phosphorus removal in the 
form of phosphate ion, reaching 89.44 % and 16.17 mg P/g, followed by 
AA with values between 60.53 and 70.35 %. In comparison, NS-AH re
ported removal between 47.24 and 51.66 % (Table 4), showing signif
icant differences with the pH of the aqueous medium. The reported 
values are encouraging for the materials studied compared to other 
materials used, where doses of adsorbents and phosphorus concentra
tions similar to the present study are applied, with slightly identical 
results (Table 4).

Iron oxides and activated carbon are more effective in removing 
phosphorus from aqueous media (Table 4). Iron oxides offer high 
adsorption capacity, are regenerable, and effective over a range of pH, 
but can be expensive and release iron into the water. Carbon materials, 

on the other hand, have a high specific surface area and can be produced 
from waste, but this process is expensive and can leave harmful residues 
in the water [98-103]. Thus, cellulose is an economical, biodegradable, 
and chemically modifiable material. Similarly, clays offer a balance 
between cost and efficiency, being cheaper and more abundant than iron 
oxides and activated carbon, but less efficient, although with better re
sults than cellulose and hydrocolloids. The choice of adsorbent material 
depends on the balance between efficiency, cost, and environmental 
considerations.

However, the adsorption capacity is affected by the presence of 
competing anions such as sulfate, nitrate or chloride when treating real 
wastewater. These anions compete directly for adsorption sites with 
preference given to polyanionic ions, although the pH of the medium 
influences these interactions, with greater interaction at lower ZCP 
values [98,104,105], which could slow down the kinetics, diffusivity 
and cation exchange of AA, NCC, and NS-AH adsorption.

The esterification of NCC forms cellulose citrate, which increases the 
number of oxydryl groups, giving it the ability to form hydrogen bridge 
bonds [108,109]. Activation of the clay with NaCl improves the ion 
exchange capacity [110], which would facilitate the adsorption of 
phosphate ion species. Although they are subject to variations in the pH 
of the aqueous medium and the ζ potential of the material, they are 
usually activated with different chemicals or methods [111,112]. In 
NS-AH, the adsorption capacity is due to the chelating groups they 
present, mainly formed by proteins and carbohydrates, although these 
do not show good affinity. The fact that NCC has a higher affinity for 
phosphates is due to the ester group and its polarity [113].

Phosphate-derived species or ions have preferences during adsorp
tion. At pH 5, the H2PO4

1− ion predominates (Fig. 3a), which has a higher 
affinity for the adsorbent materials due to electrostatic attraction with 
the positively charged active sites of the materials [4,100,114-116], 
mainly the NCC, as evidenced by FTIR analysis (Fig. 2c).

With increasing pH, the number of electrical charges of phosphate 
(PO4

3− ) is higher (Fig. 2a), and this species requires more binding energy 
for adsorption, which decreases the adsorption capacity due to increased 
electrostatic repulsion with the negatively charged sites of the materials 
[100,114]. This is because they are at or beyond the cationic zone 
established by the ZCP (Fig. 2a), where there is a preference for posi
tively charged species at alkaline pH.

This behavior is characteristic of phosphorus removal in the form of 
phosphates [102,117-120]. However, the formation of phosphate salts is 
promoted at basic pH, which would be reflected in a decrease of phos
phates and their species in aqueous media, improving their removal 
(Fig. 3a) [3,4,107]. The pH range to improve adsorption depends on the 
characteristics and preparation of the materials, such as impregnation 
with metal oxides, surfactants, bases, and strong acids [19,107,116,
121].

AA, NCC, and NS-AH have nanometric sizes that allow for greater 
adsorption capacity due to the increased availability of contact area 
between the adsorbent and adsorbate. This conformation allows the 
availability of electrical charges on the material’s surface, which im
proves the strength of the interaction between the adsorbent and the 
adsorbate. This is evidenced by the values found for the potential ζ for 
the studied materials [69,121].

Table 3 
Weight loss from TGA analysis for adsorbents.

1st stage 2nd stage 3rd stage Residue (%) Maximum weight loss (%)

Weightloss (%) Temp, (◦C) Weightloss (%) Temp, (◦C) Weightloss (%) Temp, (◦C)

AA 4.94 163.98 6.05 630.73 0.265 993.29 88.741 11.259
NCC 7.71 72.05 87.56 367.90 1.926 593.7 2.804 97.196
NS-AH 11.29 67.25 47.41 323.02 20.6 590.1 20.7 79.3
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3.3. Phosphorus adsorption kinetics

The pseudo-first order (PFO) model reported higher qe values for 
NCC, with values up to 17.7294 mg/g, for AA 12.2434 mg/g, and NS-AH 
9.9646 mg/g. The pseudo-second order (PSO) model was slightly higher 
(Table 5). This difference is due to the limitations of both models. PFO 
assumes that maximum adsorption occurs at the monolayer level with 
the same energy level over the entire adsorbent surface and that the rate 
of active site occupation is proportional to the number of unoccupied 
sites on the adsorbent. While PSO, in addition to the above mentioned 
for PPO, considers that adsorption happens by chemisorption, present
ing strong interactions, and that the occupation rate of adsorption sites is 
proportional to the square of the number of active sites in the adsorbent 
[120,122-124].

NCC esterified in citric acid has -COOH+ groups that have been 
protonated by the H+ of citric acid, forming positively charged ester 
groups [125,126], which facilitates the chemisorption of phosphate and 
its species.

On the other hand, AA, when activated with NaCl (sodification 
process), acquires a lower hydration energy, resulting in Na+ ions on the 

surface of the clay (AA), resulting in a higher positive charge density 
[127-129]. This favors the attraction of negatively charged ions such as 
phosphates and their anions. Whereas in NS-AH, the groups responsible 
for trapping phosphate ions are the amino groups and derivatives of 
demethylated galacturonic acid [124,130,131].

The H2PO4
1− ion predominates at pH values above 2.0 (Fig. 3a) and 

dissociates up to 99.9 % at pH 7.0, so this species has more affinity to 
bind to the positively charged active sites of the adsorbent. Added to this 
is the fact that the dissociation of the HPO4

2− and PO4
3− species is very 

low compared to the first ion [14,132,133]. This is evident when it is 
appreciated that as the pH of the adsorption system increases for the 
three adsorbents, the value of qe increases significantly (Table 5), and 
this is confirmed with the ZCP of the adsorbents.

The adsorption rate K1 values for PFO showed higher values for AA, 
indicating that the adsorption of phosphate and its species was faster in 
this material, followed by NCC and NS-AH. The same trend was 
observed for the K2 constant for the PSO model (Table 5).

The fitted curves for phosphate adsorption kinetics (Fig. 3b) show 
rapid adsorption during the first 20 min, reaching equilibrium around 
30 min. The initial adsorption rate h of PSO increases significantly with 

Table 4 
Adsorption capacity and phosphorus removal.

Material pH qe (mg P/g) Removal (%) Adsorbed ion

x
±s

CV x
±s

CV *

T1 AA 5 11.27 0.15 1.33 60.53 0.18 0.29 a PO4
3− /H2PO4

1−

T2 AA 6 12.13 0.15 1.27 63.97 0.15 0.24 b H2PO4
1− / PO4

3−

T3 AA 8 13.45 0.16 1.21 70.35 0.35 0.50 c H2PO4
1− / 

HPO4
2−

T4 NS-AH 5 8.50 0.13 1.54 47.24 0.68 1.44 d PO4
3− /H2PO4

1−

T5 NS-AH 6 8.91 0.25 2.81 49.51 0.63 1.28 e H2PO4
1− / PO4

3−

T6 NS-AH 8 9.25 0.36 3.85 51.66 0.85 1.65 f H2PO4
1− / 

HPO4
2−

T7 NCC 5 12.87 0.25 1.94 74.14 0.58 0.78 g PO4
3− /H2PO4

1−

T8 NCC 6 14.57 0.26 1.77 80.66 0.44 0.54 h H2PO4
1− / PO4

3−

T9 NCC 8 16.17 0.28 1.72 89.44 0.09 0.10 i H2PO4
1− / 

HPO4
2−

Deng and Shi [24] Mesoporous modified kaolin clay (MKC) 7.5 ​ ​ ​ 98.03 AD: 4 g/L, IC: 25 
ppm

Cui et al. [101] Fe3O4 and the Mg–Al layered double hydroxide 3.0–11.0 82.46 ​ ​ ​ AD: 1 g/L, IC: 50 
ppm

Yin et al. [106] Calcium-rich sepiolite (NOCS) 3.0–6.0 32.00 ​ ​ ​ AD: 20 g/L, IC: 5 to 
800 ppm

Jung et al. [102] novel magnesium ferrite (MgFe2O4)/biochar magnetic 
composites

3.0 53.16 80.40 AD: 0.2 g/L, IC: 100 
ppm

Wang and Sun [4] Fly ash with medium calcium content 5.5 7.97 AD: 6.0 g/L, IC: 10 
ppm

Chen et al. [16] thermally treated bentonite 3.0–11.0 6.94 94.00 AD: 20 g/L, IC: 10 - 
100 ppm

Sun et al. [18] Shell Powder 8.0 ​ ​ ​ ≈ 90.00 AD: 11.40 g/L, IC: 
9.8 ppm

Ding et al. [27] MIEX resin ​ ​ ​ ​ ≈ 97.00 AD: 1.0 mL/L, IC: 
15.0 ppm

Wang et al. c Rare earth element doped magnetic biochars 6.5 63.0 ​ ​ ​ AD: 0.5 g/L, IC: 50.0 
ppm

Xanthopoulou et al. 
[107]

Polyethylenimine Functionalized Silica-Based Materials 5.0 ​ ​ ​ 80.0 AD: 0.1 g/L, IC: 1.0 
ppm

Shumiye et al. [103] Sludge carbon 3.0 ​ ​ ​ 83.4 AD: 3.0 g/L, IC: 30.0 
ppm

Hu et al. [100] Hierarchical CuAl/biomass carbon fiber layered double 
hydroxide

8.0 ​ ​ ​ 99.6 AD: 0.2 g/L, IC: 50.0 
ppm

Jia et al. [99] Porous honeycomb cork biochar 3-10 ​ ​ ​ <99.0 AD: 0.5 g/L, IC: 20.0 
ppm

Santos et al. [104] biogenic calcium carbonate 7.33 ​ 4.57 ​ AD: 20.0 g/L, IC: 
40.0 ppm

Ramirez et a. [105] Aluminum-doped ferrite raspberry-shaped nanostructures 3.0 ​ 15.5 ​ AD: 1.0 g/L, IC: 50.0 
ppm

Jung et al. [98] Lepidocrocite 7.4 ​ ​ ​ 91.5 AD: 40.0 g/L, IC: 
10.0 ppm

Where, x is the arithmetic mean; s is the standard deviation; AD is adsorbent dose; IC is initial concentration of P.
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increasing pH, reaching 10.2461 mg/g.min for AA and 7.4213 mg/g. 
min for NS-AH. This suggests the presence of a greater number of 
positively charged active sites on the surface of these materials at high 
pH, whereas for NCC the initial adsorption rate is similar in both acidic 
and alkaline media (Table 5). On the other hand, the adsorption rate 
PFOrate and PSOrate at 30 min, presented inverse values to h, this in
dicates that adsorption would occur in the remaining sites and intra
particle or intraporous adsorption would occur, which is characterized 
by being slower. The opposite happens for NCC, this would be due to the 
slow availability of active centers with positive charge, due to the low 
hydration of this material.

The intraparticle diffusivity model allows to know the adsorption 
phenomenon inside the pores of the studied materials and could relate to 
the porosity of the materials [28,134], although its parameters lack a 
physical or thermodynamic definition.

It was observed that the intraparticle diffusion rate, Kdi, increases 

significantly with pH and is in the order of NCC > AA > NS-AH (Table 5). 
The C values obtained indicate that the adsorption process takes place at 
the surface and intraparticle levels. Lower values were observed for NS- 
AH, suggesting that this material could have a higher porosity, whereas 
NCC would have a lower porosity, as high values of C indicate that the 
adsorption process is preferentially superficial [28,31,33].

R2 values > 0.97 were observed for the PFO and PSO models 
(Table 6), indicating a good fit, although this parameter has some lim
itations, especially in the number of points or data evaluated. It is also 
advisable to use other statistics such as X2, whose low values indicate a 
good fit [123,135], as found for the models studied for the three ad
sorbents studied.

The adsorption kinetics depends on the rate of diffusion of phosphate 
ions towards the surface of the adsorbents; high values of the potential ζ 
(in absolute value) generate a stronger electric field around the adsor
bents. This effect is enhanced when the adsorbent particles are small 

Fig. 3. a) Phosphate species distribution and adsorption capacity, b) Kinetic curves of phosphorus adsorption, c) Adsorption isotherm for phosphorus, d) Behavior of 
RL separation factor for the adsorbents.

Table 5 
Kinetic model parameters.

Adsorbed pH PFO PSO DI

qe (mg/g) K1 

(min− 1)
rate* qe (mg/g) K2 (g/mg.min) h (mg/g.min) rate** Kdi 

(mg/g.min1/2)
C (mg/g)

T1 AA 5 11.1723 0.1047 0.0506 11.4157 0.0423 5.5187 0.0230 0.8842 2.4602
T2 AA 6 11.4264 0.1181 0.0390 11.5878 0.0645 8.6634 0.0158 0.8973 2.5989
T3 AA 8 12.2434 0.1262 0.0350 12.4097 0.0665 10.2461 0.0154 0.9635 2.7827
T4 NH 5 8.7719 0.0460 0.1015 9.8896 0.0069 0.6780 0.0726 0.7418 1.1514
T5 NH 6 9.2986 0.0719 0.0773 9.8747 0.0165 1.6091 0.0464 0.7613 1.7220
T6 NH 8 9.9646 0.1141 0.0371 10.1007 0.0727 7.4213 0.0140 0.7802 2.2780
T7 NCC 5 16.4829 0.1075 0.0704 16.8714 0.0278 7.9004 0.0349 1.3110 3.5906
T8 NCC 6 16.8639 0.1006 0.0829 17.2772 0.0247 7.3820 0.0387 1.3387 3.6651
T9 NCC 8 17.7294 0.0983 0.0913 18.2067 0.0215 7.1130 0.0440 1.4105 3.8182
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(nanometer size), which promotes the diffusion of phosphate ions [66,
69,121]. Thus, values higher than 20 mV keep the particles in suspen
sion, maximizing the contact area for adsorption with a consequent in
crease in the diffusion of phosphate ions.

3.4. Adsorption isotherms

The studied models reported R2 values close to unity (Table 7), with 
low values of X2, ARE, HYBRID, and MPSD, which justifies that the 
models allow to adequately represent the phosphorus adsorption process 
in AA, NS-AH, and NCC (Fig. 3c).

The maximum phosphorus adsorption at the monolayer level (qm), 
evaluated through the Langmuir model, was greater in AA (94.93 mg/g), 
following the order AA > NCC > NS-AH. This suggests that AA presents 
positively charged active sites on the surface or monolayer, allowing it 
to quickly become saturated with the phosphate forms of phosphorus. 
Although the ζ potential of the materials indicates an inverse order, that 
is, a greater net negative charge of the conglomerate of the materials, it 
must be understood that the adsorption evaluated through qm allows us 
to know the adsorption behavior at the monolayer level [136,137].

During the adsorption process, it was observed that the studied 
materials have low KL values (Table 7), indicating that they have a high 
affinity and favorable adsorption of phosphorus at pH 8. With increasing 
adsorbate, the adsorption is more favorable, reporting lower separation 
factor (RL) values (Fig. 3d), suggesting that the chemisorption process 
predominates in the adsorbent-adsorbate interaction.

The KF parameter of the Freundlich model is related to the adsorp
tion capacity or strength. It was found in the order NCC >> AA > NS-AH 
(Table 7). Values between 1.0 to 10.0 suggest moderate to high 
adsorption, although, for adsorbents of cellulosic origin used for the 
removal of organic contaminants, KF is in the range of 0.1 to 5.0 indi
cating low to moderate removal capacity [43,138,139].

It was observed that the parameter n of the Freundlich molding 
followed the order NCC > AA > NS-AH, reporting values greater than 
1.0 (Table 7), indicating that the adsorption process is favorable [140] 
and that the NCC and AA present surface highly heterogeneous with 
high affinity for phosphorus, being lower for NS-AH. This indicates that 
this material has fewer defects and available adsorption sites, which is 
reflected in the higher crystallinity index (90.90 %), resulting in lower 
phosphorus removal.

The KR parameter of the Redlich-Peterson model allows to relate the 
adsorption strength of the adsorbents studied, establishing the order 
NCC > AA > NS-AH. Likewise, the values of aR for the adsorbents were 
found to be close to zero, indicating that the materials have a high 
heterogeneity, which is related to g, which presented values greater than 
1.0 [32,141].

The bT parameter of the Temkin model reported high values for the 
adsorbents studied, indicating that the heterogeneity decreases and the 
energy distribution is less uniform in the NCC, AA, and NS-AH order. 
Values lower than 10 kJ/mol are characteristic of chemisorption pro
cesses with high heat of adsorption [142]. Likewise, it was observed that 
AT is higher for NCC, indicating that this material has favorable 
adsorption with higher adsorption capacity. However, the values for AA, 
and NS-AH are not significantly different. AT values between 0.1 and 1.0 
L/g indicate moderate adsorption, which is characteristic of adsorption 
systems with cellulosic materials [35,137]. Similarly, for AT > 0.01 mg 
L/mg, it is suggested that it dominates the chemisorption process [142]. 
These results confirm the results obtained with the Langmuir, Freund
lich, and Redlich-Peterson models.

The theoretical adsorption capacity at the qD monolayer level of the 
Dubinin-Radushkevich model reported values of 66.95 mg/g for NCC, 
suggesting moderate to high adsorption typical of porous materials that 
can be used at low temperatures [143,144]. The values found for kD are 
typical of heterogeneous materials, with strong interactions between 
adsorbate and adsorbent, manifesting chemisorption processes [51,56,
143].

On the other hand, the Gibbs free energy, calculated through the KL 
parameter of the Langmuir model, considering a dilute P solution [36,
145], indicated that the process is spontaneous (ΔG < 0) (Table 8), that 

Table 6 
Fit statisticians for kinetic models.

Model Statisticians T1 T2 T3 T4 T5 T6 T7 T8 T9

PFO R2 0.9994 0.9998 0.9995 0.9746 0.9935 0.9998 0.9982 0.9988 0.9988
X2 0.0058 0.0019 0.0055 0.1848 0.0492 0.0017 0.0242 0.0163 0.0172

PSO R2 0.9998 0.9999 0.9998 0.9876 0.9977 0.9998 0.9990 0.9993 0.9995
X2 0.0020 0.0004 0.0025 0.0909 0.0177 0.0020 0.0129 0.0095 0.0073

DI R2 0.7535 0.7384 0.7394 0.9049 0.8221 0.7345 0.7592 0.7592 0.7635
Chi2 2.2569 2.4451 2.6378 0.7456 1.3775 2.1384 3.3027 3.3397 3.4471

Table 7 
Model parameters of adsorption isotherms.

Model Parameters AA NS-AH NCC

Langmuir qm (mg/g) 94.93 70.92 92.45
KL (L/mg) 0.011 0.008 0.022
R2 0.99 0.98 1.00
X2 1.18 2.06 1.06
ARE 13.42 23.69 10.17
HYBRID 20.14 35.53 15.25
MPSD 1.99 2.69 1.86

Freundlich KF (mg1-1/n/Ln) 3.47 1.84 7.14
1/n 0.57 0.60 0.46
n 1.77 1.65 2.17
R2 0.97 0.94 0.96
X2 4.83 4.86 6.51
ARE 32.68 43.71 31.63
HYBRID 49.02 65.57 47.45
MPSD 4.51 4.32 5.91

Redlich-Peterson KR (L/g) 0.91 0.40 1.91
aR (1/mg) 0.003 0.000 0.018
g 1.20 2.23 1.03
R2 1.00 0.99 1.00
X2 0.79 0.56 0.98
ARE 10.12 11.68 9.67
HYBRID 20.24 23.35 19.33
MPSD 2.07 1.49 2.12

Temkin bT (J/Mol) 135.35 184.80 129.42
AT (L/mg) 0.16 0.12 0.27
R2 0.98 0.96 1.00
X2 1.37 2.23 0.30
ARE 21.95 33.89 7.54
HYBRID 32.92 50.84 11.31
MPSD 3.78 3.77 2.04

Dubinin Radushkevich qD (mg/g) 59.18 42.64 66.95
kD (mMol2/J2) 164.40 307.53 67.08
R2 0.95 0.98 0.94
X2 2.65 0.42 3.13
ARE 25.04 21.92 25.33
HYBRID 37.56 32.87 38.00
MPSD 5.55 2.33 7.19

Table 8 
Energy values during adsorption process.

Energy AA NS-AH NCC

Gibbs free ΔG (J/mol) -26.83 -19.59 -52.48
Adsorption free E (kJ/mol) 55.15 40.32 86.33
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is, without the need for the addition of external energy for the P to 
adhere naturally to the adsorbent.

The adsorption free energy, calculated through the Dubinin 
Radushkevich model, indicated that the adsorption process is governed 
by chemisorption, since E > 8.0 kJ/mol (Table 8), that is, the interaction 
between P and the adsorbent is established by chemical bonds, which 
can lead to irreversible P adsorption [37,146].

Chemisorption processes allow the establishment of strong, irre
versible interactions with high adsorption energy between phosphate 
ions and adsorbents. AA and NCC adsorbents modified with low- 
reactivity substances increase the active sites and surface area. 
Although this capacity could be limited in real conditions by competi
tion from other adsorbents, suspended particles, and microorganisms 
could diffuse into the interstitial pores of the adsorbents studied. ZCP is a 
crucial indicator in the adsorption process, therefore controlling the pH 
and temperature of the process would allow improving the adsorption 
capacity. Copolymerization, doping or the addition of other materials to 
the adsorbents have been tested to provide higher affinity and phos
phorus adsorption capacity [7,10,12,16,124,147]. Therefore, the 
adsorption process would tend to have a lyophobic behavior, that is, the 
adsorbent has a low affinity for water and a high affinity for phosphate 
[148,149]

However, the challenge remains to know the interactions with other 
particulate and suspended materials in wastewater treatment, which 
could reduce the phosphorus adsorption capacity of these materials, 
especially for AA and NCC. However, the use of these materials is highly 
advantageous because they come from natural sources whose activation 
has hardly required physical modification or the use of substances with 
low reactivity for the environment, making them promoters of the cir
cular economy and sustainable development.

Another aspect to consider is the potential for regeneration and reuse 
after use in phosphorus removal. Regeneration methods involving 
chemical and thermal treatments and water washing offer specific ad
vantages. Regeneration efficiency is usually high for porous materials 
such as cellulose and cation-exchange materials such as clay, reaching 
80-95 % of initial capacity after the first regeneration; however, cellu
lose can be used for at least 6 cycles [103,150,151]. While those that 
exhibit covalent bonding with the adsorbent are usually less susceptible 
to reuse, this is the case with NS-AH. Although these experiments have 
not been carried out in the present study, the regenerative capacity of 
AA and NCC may be considerable due to the activation processes to 
which they have been subjected.

4. Conclusions

The materials studied, cellulose nanocrystals esterified with citric 
acid (NCC), activated clay (AA) with 1.0 M NaCl, and nostoc hydro
colloid (NS-AH), exhibit physical, chemical, thermal, and structural 
properties that allow the removal of phosphorus in the form of phos
phate in aqueous media. The affinity for P was in the order of NCC > AA 
> NS-AH, this preference is mainly conditioned by the crystallinity 
index, particle size, zero charge point, ζ potential as well as the func
tional groups. The adsorption capacity at 120 min was up to 16.17, 
13.45, and 9.25 mg P/g, with the removal of up to 89.44, 70.35, and 
51.66 % P for NCC, AA, and NS-AH, respectively, which increased 
significantly in alkaline medium (pH 8), from a solution of 20 ppm P. 
The adsorption kinetics study showed a good fit for the PFO, PSO, and 
Intraparticle Diffusion models with high adsorption rates for AA and 
NCC in the first 20 min. Adsorption isotherms suggested that the ad
sorbents present heterogeneous surfaces with high porosity and govern 
chemisorption processes, with high affinity and favorable phosphorus 
adsorption at pH 8 in the order NCC > AA > NS-AH. The materials 
studied present good qualities to be used as phosphorus adsorbents in 
the form of phosphates in aqueous media. The materials studied obey 
chemisorption processes, with lyophobic behavior, with stable nano
particle sizes, making them a potential alternative for use as adsorbents 

in the removal of phosphorus from wastewater.
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Characterization of Colombian clay and its potential use as adsorbent, Sci.World 
J. 2018 (2018).

[95] O. Ombaka, Characterization and classification of clay minerals for potential 
applications in Rugi Ward, Kenya, Afr. J. Environ. Sci. Tech. 10 (2016) 415–431.

[96] U.-J. Kim, S.H. Eom, M. Wada, Thermal decomposition of native cellulose: 
influence on crystallite size, Polym. Degrad. Stab. 95 (2010) 778–781.

[97] T.M. Albayati, S.M. Alardhi, A.H. Khalbas, Z.J. Humdi, N.S. Ali, I.K. Salih, N.M. 
C. Saady, S. Zendehboudi, M.A. Abdulrahman, Comprehensive review of 
mesoporous silica nanoparticles: drug loading, release, and applications as 
hemostatic agents, ChemistrySelect. 9 (2024) e202400450.

[98] J. Jung, M. Choi, A.K.R. Police, J. Lee, S. Bae, Removal of phosphorus by ferric 
ion-rich solutions prepared using various Fe (III)-containing minerals, Water 
(Basel) 14 (2022) 3765.

[99] X. Jia, T. Yin, Y. Wang, S. Zhou, X. Zhao, W. Chen, G. Hu, Porous honeycomb cork 
biochar for efficient and highly selective removal of phosphorus from wastewater, 
Biochar 5 (2023) 84.

[100] F. Hu, M. Wang, X. Peng, F. Qiu, T. Zhang, H. Dai, Z. Liu, Z. Cao, High-efficient 
adsorption of phosphates from water by hierarchical CuAl/biomass carbon fiber 
layered double hydroxide, Coll. Surf. A Physicochem. Eng. Aspects 555 (2018) 
314–323.

[101] Q. Cui, G. Jiao, J. Zheng, T. Wang, G. Wu, G. Li, Synthesis of a novel magnetic 
Caragana korshinskii biochar/Mg–Al layered double hydroxide composite and its 
strong adsorption of phosphate in aqueous solutions, RSC. Adv. 9 (2019) 
18641–18651.

[102] K.-W. Jung, S. Lee, Y.J. Lee, Synthesis of novel magnesium ferrite (MgFe2O4)/ 
biochar magnetic composites and its adsorption behavior for phosphate in 
aqueous solutions, Bioresour. Technol. 245 (2017) 751–759.

[103] E. Shumiye, T.T. Nadew, T.S. Tedla, B. Getiye, D.A. Mengie, A.G. Ayalew, 
Preparation of an activated adsorbent from water treatment plant sludge for 
phosphate removal from wastewater: optimization, characterization, isotherm, 
and kinetics studies, J. Water. Sanit. Hyg. Dev. 14 (2024) 122–143.

[104] A.F. Santos, D.V. Lopes, P. Alvarenga, L.M. Gando-Ferreira, M.J. Quina, 
Phosphorus removal from urban wastewater through adsorption using biogenic 
calcium carbonate, J. Environ. Manage 351 (2024) 119875.

[105] P.D. Ramirez, C. Lee, R. Fedderwitz, A.R. Clavijo, D.P.P. Barbosa, M. Julliot, 
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composites with enhanced adsorption performance for metal and organic 
pollutants, J. Hazard. Mater. 369 (2019) 780–796.

[130] S. Roy, R. Priyadarshi, Ł. Łopusiewicz, D. Biswas, V. Chandel, J.-W. Rhim, Recent 
progress in pectin extraction, characterization, and pectin-based films for active 
food packaging applications: A review, Int. J. Biol. Macromol. (2023) 124248.

[131] S. Basak, U.S. Annapure, Trends in “green” and novel methods of pectin 
modification-A review, Carbohydr. Polym. 278 (2022) 118967.

[132] M. Jiang, Y. Yang, T. Lei, Z. Ye, S. Huang, X. Fu, P. Liu, H. Li, Removal of 
phosphate by a novel activated sewage sludge biochar: Equilibrium, kinetic and 
mechanism studies, Appl. Energy Combust. Sci. 9 (2022) 100056.

[133] R.E. Mesmer, C.F. Baes, Phosphoric acid dissociation equilibria in aqueous 
solutions to 300 C, J. Solution. Chem. 3 (1974) 307–322.

[134] M. Chesneau, Applications du Carbone: Les Materiaux Carbones Actives. Carbone 
Dans Tous Ses Etats, Routledge, 2023, pp. 535–549.

[135] K. Taira, D. McInnes, L. Zhang, How many data points and how large an R- 
squared value is essential for Arrhenius plots? J. Catal. 419 (2023) 26–36.

[136] A. Hashem, A. Al-Anwar, N.M. Nagy, D.M. Hussein, S. Eisa, Isotherms and kinetic 
studies on adsorption of Hg (II) ions onto Ziziphus spina-christi L. from aqueous 
solutions, Green Process. Synth. 5 (2016) 213–224.

[137] F. Shojaeipoor, D. Elhamifar, R. Moshkelgosha, B. Masoumia, Removal of Pb (II) 
and Co (II) ions from aqueous solution and industrial wastewater using ILNO- 
NH2: Kinetic, isotherm and thermodynamic studies, J. Taiwan. Inst. Chem. Eng. 
67 (2016) 166–173.

[138] H. Haroon, S.M.H. Gardazi, T.A. Butt, A. Pervez, Q. Mahmood, M. Bilal, Novel 
lignocellulosic wastes for comparative adsorption of Cr (VI): equilibrium kinetics 
and thermodynamic studies, Pol. J. Chem. Technol. 19 (2017) 6–15.

[139] S. Kokate, K. Parasuraman, H. Prakash, Adsorptive removal of lead ion from water 
using banana stem scutcher generated in fiber extraction process, Results. Eng. 14 
(2022) 100439, https://doi.org/10.1016/j.rineng.2022.100439.
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