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(B-nZVI) using green tea extract. The natural bentonite and B-nZVI were then applied for the removal of
phosphorus from aqueous solutions at various concentrations, pH levels and contact time. The desorption of
phosphorus (P) from adsorbents was done immediately after sorption at the maximum initial concentration
using the successive dilution method. The characterization of FTIR, SEM, and XRD indicated that nZVI was suc-
cessfully loaded to the surface of natural bentonite. The sorption of phosphorus on B-nZVI was observed to be
pH-dependent, withmaximum phosphorus removal occurring at the pH range of 2 to 5. The results demonstrate
that themaximum sorption capacities of natural bentonite andB-nZVIwere 4.61 and27.63mg·g−1, respectively.
Langmuir, Freundlich, and Redlich–Peterson models properly described the sorption isotherm data. For either
adsorbent, desorption isotherms did not coincide with their corresponding sorption isotherms, suggesting the
occurrence of irreversibility and hysteresis. The average percentages of retained phosphorus released from
natural bentonite and B-nZVI were 80% and 9%, respectively. The results indicated that sorption kinetics was
best described by the pseudo-second-order model. The present study suggests that B-nZVI could be used as a
suitable adsorbent for the removal of phosphorus from aqueous solutions.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Although phosphorus is an essential element to all forms of life on
Earth, its excessive amounts lead to eutrophication in natural environ-
ments such as reservoirs, lakes, and coastal areas [1]. Eutrophication is
the over enrichment of natural waters with mineral nutrients, particu-
larly phosphorus and nitrogen [2]. Phosphorus is introduced to natural
waters by several exogenous sources such as fertilizers, industry, house-
hold detergents, and weathering rock [2]. Xu et al. [3] reported that
eutrophication threshold of total phosphorus (TP) for freshwaters was
from 0.02 to 0.10 mg·L−1. Therefore, it is necessary to isolate phospho-
rus from natural waters to avoid possible hazardous exposure.

In recent years, because of the growing importance of nanotechnol-
ogies, nanoscale zero-valent iron (nZVI) has been investigated and used
in the removal of phosphorus from aqueous systems due to its large
active surface area and high phosphorus sorption capacities [4–6]. Chem-
ical and physicalmethods have been used to synthesize of nZVI, including
top-down and bottom-up methods [7]. However, the limitations of these
methods are that they are usually expensive, require specific and costly
equipment, consume high amount of energy, produce flammable hydro-
gen gas, and use toxic chemical materials such as sodium borohydride
(NaBH4), organic solvents, and stabilizing and dispersing agents [7,8].
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Therefore, the development of nonhazardous, bio-based, low-cost, sim-
ple, and eco-friendly synthesized methods for nZVI is needed. In this ap-
proach, the green synthesis of nZVI using extracts of plant products
such as green tea leaves [9–11], eucalyptus leaves [12,13], andmint leaves
[14], has beendeveloped. The plant extracts are used as reducing and cap-
ping agents due to their antioxidant contents such as polyphenols, reduc-
ing sugars, nitrogenous bases, and amino acids [15,16].

In thiswork, a non-toxic biodegradable, andwater soluble polyphenol
extracted from commercial green tea was selected as the reducing and
stabilizing agent for nZVI production. Previous studies have reported
that green synthesized nZVI was non-toxic and used for the removal of
arsenic [17,18], chromium [19], and nitrate [13] from aqueous solutions.

Clayminerals such as zeolite, sepiolite, and bentonite are basically hy-
drous aluminum silicates having small particle sizes (b2 μm). Bentonite is
a member of smectite family and has unique characteristics such as large
specific surface area, high cation exchange capacity (CEC), low-cost, and
wide-spread availability, which makes it suitable for hosting nZVI. In
addition, previous studies reported that the synthesis of nZVI in the
presence of clay minerals (montmorillonite and bentonite) decreases
their aggregation by partial dispersion/adsorption onto the clay surface
[18,20].

The main objectives of the present work were to investigate (1) the
synthesis of green nZVI using commercial green tea leaves in the pres-
ence of natural bentonite, (2) characterization of natural bentonite and
B-nZVI by infrared spectroscopy (FTIR), scanning electron microscope
ustry Press. All rights reserved.
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(SEM), and X-ray diffraction (XRD), and (3) evaluation of the sorption
characteristics of phosphorus on natural bentonite and B-nZVI.

2. Materials and Methods

2.1. Materials

All the chemicals used in the present study, including ferrous
sulfate heptahydrate (FeSO4·7H2O), sodium hydroxide (NaOH),
potassium dihydrogen phosphate (KH2PO4), sulfuric acid (H2SO4),
ammonium molybdate (NH4)6Mo7O24), antimony potassium tartrate
(K(SbO)·C4H4O6·0.5H2O), and ascorbic acid were of analytical grade
(chemical purity N 99%, Merck). The commercial leaves of green tea
were used as sources of polyphenols. Natural bentonite used in the
present study was obtained from Yazd Province, Iran. Based on an XRF
analysis, the chemical composition of the natural bentonite sample
(%) was: SiO2, 66.37; Al2O3, 13.24; Fe2O3, 2.04; MgO, 2.37; CaO, 1.79;
and Na2O, 1.69.

2.2. Preparation of B-nZVI

For the synthesis of B-nZVI, 4 g of natural bentonite was added to
50 ml of 0.1 mol·L−1 FeSO4·7H2O and the mixture was mixed for
30 min using a magnetic stirrer. Meanwhile, green tea extract was
prepared by adding 20 g of leaves of green tea to 1 L of distilled water,
and heating at 80 °C for 1 h. Then, the extract was filtered and added
drop-wise to 0.1mol·L−1 of FeSO4·7H2O and natural bentonitemixture
at the volume ratio of 1:1 at room temperature with constant stirring.
The immediate color change of the mixture to black indicated the
formation of iron nanoparticles. The suspension was centrifuged
and washed with ethylene to remove the residual ferrous sulfate
heptahydrate. The wet paste was then left to dry overnight.

2.3. Characterization of natural bentonite and B-nZVI

Surface functional groups of natural bentonite, P sorption on natural
bentonite, B-nZVI, and P sorption on B-nZVI were examined using KBr
pressed disk technique by FT-IR spectroscopy (Model: Bruker, TENSOR
27, Germany). The spectra obtained in the range of 500–4000 cm−1

were analyzed.
A KYKY EM-3200 scanning electron microscope (SEM) was used

for surface morphological and structural studies of natural bentonite
and B-nZVI.

The XRD patterns of natural bentonite and B-nZVI were recorded on
B-nZVI were recorded on a Philips X'pert Pro MPDmodel X-ray diffrac-
tometer (Netherlands) using CuKα radiation as the X-ray source.

2.4. Batch experiment

The stock solution containing 1000mg·L−1 phosphoruswas prepared
bydissolving 4.39 g of KH2PO4 in distilledwater, and the desired solutions
were prepared by dilution of the stock solution.

The phosphorus sorption isothermswere conducted based on batch
equilibrium technique. 0.05 g of absorbent samples (natural bentonite
or B-nZVI) was added into conical centrifuge tubes with 10 ml of aque-
ous solution containing various amounts of phosphorus concentrations
(10, 50, 100, 200, 300, 400 and 500 mg) in 0.01 mol·L−1 NaCl in tripli-
cate. Then, the suspensions were shaken at room temperature and at
the constant agitation rate of 300 r·min−1 using a shaker for 24 h.
At the end of equilibrium, the suspensionswere centrifuged and the equi-
librium phosphorus concentrations were measured using the ascorbic
acid method [21] and UV–vis spectrophotometer at the wavelength of
880 nm.

In pH studies (adsorbent dose = 5 g·L−1; phosphorus initial
concentration = 100 and 500 mg·L−1), the pH value of reaction
mixture was adjusted to the range of 2–10 with 0.1 mol·L−1 NaOH or
0.1 mol·L−1 HCl, and a pH-meter (Jenway, United Kingdom) was used
to determine the pH value. The amount of phosphorus adsorbed per
gram adsorbent q (mg·g−1) and removal efficiency (%) of phosphorus
can be determined according to the following equations:

q ¼ Ci −Ceð ÞV
W

ð1Þ

Removal ¼ Ci−Ceð Þ
Ci

� 100% ð2Þ

whereCi andCe (mg·L−1) are phosphorus initial and equilibriumconcen-
trations, respectively; V (L) is the volume of the solution; W (g) is the
dose of natural bentonite or B-nZVI.

The effect of contact times in the range of 0–1440minwas investigat-
edwith adsorbent doses of 5 g·L−1 and phosphorus initial concentration
of 500mg·L−1. The sorption amount at time of t (min), qt (mg·g−1), was
determined according to the following equation:

qt ¼
Ci−Ctð ÞV

W
ð3Þ

where Ci and Ct (mg·L−1) are phosphorus concentrations at first and
the time of t, respectively.

2.5. Phosphorus desorption experiment

Desorption experiments were carried out using the method
described by [22]. Desorption of phosphorus from natural bentonite
and B-nZVI was done immediately after sorption at the 500mg·L−1 ini-
tial concentration using the successive dilution method. After shaking
the phosphorus–sorbent suspensions at room temperature for 24 h,
the supernatants were separated by centrifugation. Then, 10 ml of the
supernatant was removed to measure phosphorus concentration, and
replaced with 10 ml of 0.01 mol·L−1 NaCl. This desorption cycle was
repeated 6 and 9 times for natural bentonite and B-nZVI, respectively,
and desorption isotherms were prepared by plotting the phosphorus
remained on the adsorbents after each desorption cycle versus the
corresponding equilibrium phosphorus concentrations in the solution.

3. Results and Discussion

3.1. Characterization

The characterization of natural bentonite (a), P sorption on benton-
ite (b), B-nZVI (c) and P sorption on B-nZVI (d) by FTIR is shown in
Fig. 1. The IR spectrum of natural bentonite demonstrates that hydro-
gen-bonded of water H–O–H and H–O–H deformation was at 3427.75
and 1640.96 cm−1, respectively. However, the spectral band of
3630.03 cm−1 has been identified to stretching of octahedral O–H
groups that attached to Al+3 or Mg+2. The Si–O and Si–O–Si groups of
the tetrahedral sheet stretching were at 795.04 and 1040.02 cm−1, re-
spectively. The band at 635.33 cm−1 is assigned to the out-of-plane vi-
brations of coupled Al–O and Si–O. Similar functional groups were also
reported by other studies [23]. When comparing Fig. 1a and c, the
shift of 1640.96 cm−1 band to 1683.31 and the presence of a new
band at 1384 cm−1 show the loading of nZVI particles to natural ben-
tonite. These results are confirmed by other researchers [18]. The results
of Fig. 1d show that the absorption band at 1384 cm−1 became insignif-
icant, and the intensity of the peak at 1683.31 cm−1 was decreased.
Probably, the sorption of phosphorus on the B-nZVI resulted in the
weakening of the band at 1384 cm−1 and decreased the intensity of
the peak at 1683.31 cm−1.

The SEM images of natural bentonite and B-nZVI are presented in
Fig. 2, indicating that the nZVI loaded to the natural bentonite is gener-
ally spherical in shape and has an average diameter of 40–60 nm.
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Fig. 3. XRD patterns of natural bentonite (a), B-nZVI (b).

Fig. 1. FTIR spectra of natural bentonite (a), P sorption on natural bentonite (b), B-nZVI (c),
and P sorption on B-nZVI (d).
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Fig. 4. Effect of initial phosphorus concentration on the removal of phosphorus by natural
bentonite and B-nZVI.
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The XRD patterns of natural bentonite (a) and B-nZVI (b) are shown
in Fig. 3. The XRD pattern of B-nZVI shows themain diffraction peaks at
the 2θ value of 44.9° which are related to the dispersion of nZVI to the
surface of natural bentonite. As can be seen from Fig. 3b, diffraction
peaks corresponding to the structure of natural bentonite existed in
theXRDpattern of the B-nZVI,which shows that the bentonite structure
is not destroyed after reaction with nZVI [24,25].
3.2. Effect of initial concentration on the removal of phosphorus

The results of present study showed that the increase in phosphorus
initial concentration led to a decrease in the removal efficiency of phos-
phorus (Fig. 4). The removal efficiency of B-nZVI was higher than that of
natural bentonite. Themaximumpercentages of phosphorus removal by
Fig. 2. SEM images of natural bento
B-nZVI (97.78%) and natural bentonite (7.29%) were observed at 50 and
10 mg·L−1 of phosphorus initial concentration, respectively. As initial
concentrations of phosphorus increased from 50 to 500mg·L−1, remov-
al efficiency by B-nZVI decreased from 97.78% to 29.25%, while removal
by natural bentonite decreased from 7.18% to 2.91%.

It is a well-known fact that the removal efficiency of a sorption phe-
nomenon depends upon the ratio of the number of adsorbate moieties
to the available active sites of adsorbent. However, this ratio is related
to the adsorbent surface coverage (number of active sites occupied/
number of active sites available) that increases with the increase in
the number of adsorbate moieties per unit volume of solution at a
fixed dose of adsorbent [26]. By increasing the initial concentration,
the available active sites of adsorbent become saturated by phosphorus
nite (a) and B-nZVI (b and c).
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ion which finally results an increase in this ratio and decrease in
removal efficiency.
3.3. Effect of pH on the removal of phosphorus

Experimentswere conducted at different ranges of pH including 2, 4,
5, 6, 8, and 10 (Fig. 5). The optimum pH for the removal of phosphorus
by B-nZVI ranged from 2 to 5 for both 100 and 500mg·L−1 of phospho-
rus. With an increase of pH from 5 to 8, the sorption capacity decreased
from 16.72 to 8.25 and 29.25 to 20.45 mg·g−1 for 100 and 500 mg·L−1

of phosphorus initial concentration, respectively. The results of the
present study showed that the B-nZVI sorption capacity was relatively
constant at an acidic solution pH (2–5), whereas B-nZVI sorption
capacity decreased sharply as the solution pH approached a highly
alkaline condition.
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Fig. 5. Effect of pH on phosphorus removal by B-nZVI.

Table 1
Sorption isotherm parameters of phosphorus onto natural bentonite and B-nZVI

Types Natural bentonite B-nZVI

Langmuir
Qmax 4.61 27.63
Kl 0.004 0.13
R2 0.94 0.91
SE 0.30 3.29

Freundlich
Sorption

Ksorb 0.09 8.35
1/nsorb 0.57 0.22
R2 0.91 0.96
SE 0.37 2.13

Desorption
Kdesob 0.53 26.43
1/ndesorb 0.27 0.01
R2 0.88 0.86
SE 0.28 0.31

Redlich–Peterson
A 0.01 30.27
B 0.004 2.62
g 2.05 0.84
R2 0.95 0.97
SE 0.26 1.75
The maximum phosphorus removal by B-nZVI was observed at the
pH range of 2 to 5, at which interval the dominant phosphorus species
is themonovalent H2PO4

−1 ion. This was due to the change in dominant
aqueous phosphorus species as a function of pH. At the lowest range of
pH, more H+ ions become available on the surface of B-nZVI and the
surface becomesmore positively charged, leading to the higher adsorp-
tion of phosphorus. At the height range of pH, the activity of OH− in the
solution,which competedwith the phosphorus species, becomes higher
[27]. However, Yan et al. [28] reported that the optimal pH for phospho-
rus adsorption on Al-bentonite and Fe–Al-bentonite ranges from 3 to 5.
This agreed with the report of other researchers on the effect of pH on
phosphorus sorption which indicates a lower pH being favorable to
phosphorus sorption [6,29–31].

3.4. Sorption isotherms

Sorption isotherms are useful tools for understanding the sorption
phenomenon by different adsorbents. In the present study, Freundlich
(Eq. (4)), Langmuir (Eq. (5)), and Redlich–Peterson (Eq. (6)) isotherm
models were used to describe the sorption capacity of natural bentonite
and B-nZVI for phosphorus.

q ¼ KsorbC
1

nsorb
e ð4Þ

q ¼ QmaxKLCe

1þ KLCe
ð5Þ

q ¼ A Ce

1þ BCg
e

ð6Þ

Where Ce and q are the equilibrium concentration of phosphorus in
the aqueous solution and the amount of phosphorus ions sorbed to the
adsorbent, respectively; Ksorb and 1/nsorb are Freundlich constants relat-
ed to sorption capacity and sorption intensity, respectively; KL and Qmax

are Langmuir constants related to the affinity of binding sites and max-
imum sorption capacity, respectively; and A, B, and g are Redlich–Peter-
son constants related to sorption capacity, affinity of binding sites and
sorption intensity, respectively.

The equilibrium isothermmodel parameters are shown in Table 1. For
Langmuir isothermparameters, the values ofQmaxwere determined to be
4.61 and 27.63 mg·g−1 for natural bentonite and B-nZVI, respectively.
These values indicate that the loading of nZVI to natural bentonite
increased the phosphorus sorption capacity by 6 times. In addition, the
bonding energy coefficient value (Kl) of B-nZVI is greater than that of
natural bentonite, which is related to the specifically sorbed phosphorus
at high energy.
The Langmuir constant KL can be treated as an empirical equilibrium
constant and used in the evaluation of the standard free energy of
adsorption using the following equation [17,32]:

ΔG0 ¼ −RT lnKL ð7Þ

where ΔG0 is the Gibb's standard free energy, R is the gas constant
(= 8.314 J·mol−1·K−1), T is the temperature (K), and KL is the Langmuir
constant (L·mol−1). The ΔG0 values for B-nZVI and natural bentonite
were−20.57 and−11.94 kJ·mol−1, respectively. These negative values
show that the phosphorus sorption phenomenon was spontaneous.

The phosphorus sorption data of natural bentonite and B-nZVI best
fitted to the Freundlich model. The value of 1/nsorb in Freundlich iso-
therm was lower than 1, suggesting that this model is nonlinear,
which is a usual behavior for adsorbents with fixed and limited sorption
capacities. For the Freundlich isotherm, the Ksorb values for natural
bentonite and B-nZVI were 0.09 and 8.31, respectively. The value of
Ksorb increased with nZVI loading to natural bentonite surface similar to
the Langmuir (Qmax and KL) and Redlich–Peterson (A and B) isotherm
constants indicating the increase in capacity of phosphorus sorption on
the sorbents. Comparison of R2 values obtained from models shows that
the Redlich–Peterson model gave a better fit result than other models.
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3.5. Desorption experiment

Comparison of phosphorus sorption–desorption patterns on/from
natural bentonite and B-nZVI is shown in Fig. 6. Desorption isotherms
did not fit with their corresponding sorption isotherms, and sorption–
desorption hysteresis occurred, meaning that irreversibility happened
in phosphorus sorption in the time-scale of this experiments.
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Fig. 6. Phosphorus sorption–desorption for the natural bentonite and B-nZVI.
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Fig. 7. Kinetic model analyses for natural bentonite (a) and B-nZVI (b).
Fig. 6 shows that the sorption of phosphorus on natural bentonite
was more reversible than that of B-nZVI. The average percentages of
the retained phosphorus released from natural bentonite (after six suc-
cessive desorption steps) and B-nZVI (after nine successive desorption
steps),were 80% and 9%, respectively. This can be due to the stronger in-
teraction between phosphorus anions and the nZVI that were loaded to
the natural bentonite surface. Itmay be concluded that the less irrevers-
ibility of phosphorus sorption by B-nZVI was due to the inner-sphere
binding and covalent bonds of phosphorus to the nZVI surface [33].
However,Moharami and Jalali [29] reported thatmaximumphosphorus
desorbed from Al2O3, Fe3O4 and TiO2 nanoparticles was 6.5%, 5.9% and
2.8%, respectively.

As can be seen from Fig. 6, after 1 step of desorption, 63% of the
retained phosphorus was released from the natural bentonite that is
equal to 1.85 mg·g−1. This suggests that outer-sphere complexation is
the dominant mechanism of sorption reaction between phosphorus
and bentonite, and that phosphorus sorption was likely reversible and
less specific. These results are in agreement with those obtained by
Moharami and Jalali [34] which observed that 41.9% of phosphorus
was released from bentonite.

Similar sorption isotherm, the desorption isotherm was calculated
using Freundlich equations;

q ¼ KdesorbC
1

ndesorb
e ð8Þ
where Kdesorb and 1/ndesorb are Freundlich bounding constants for the
desorption coefficient.

Various studies showed that Freundlichmodelwas themost popular
one to explain metals sorption–desorption phenomenon by different
adsorbents [35–37]. For each sorbent, the K value (Freundlich constant)
calculated from sorption isotherms was lower than that determined
from desorption isotherms. Also, this parameter was remarkably higher
for B-nZVI than the one obtained from natural bentonite, showing the
occurrence of a positive hysteresis and a remarkably lower desorption
of sorbed phosphorus from the B-nZVI than from natural bentonite.
Dhillon and Brar [38] and Jalali andNaderi Peikam [39] have also reported
hysteresis in phosphorus sorption–desorption phenomenon in soils.

3.6. Sorption kinetics

The pseudo-first-order (Eq. (9)), pseudo-second-order (Eq. (10)),
and intra-particle diffusion (Eq. (11)) models were applied to describe
the sorption kinetics of phosphorus to natural bentonite and B-nZVI
(Fig. 7).

qt ¼ qmax 1−e−k1t
� �

ð9Þ

qt ¼
k2q2max t

1þ k2qmaxt
ð10Þ

qt ¼ kpt1=2 þ C ð11Þ

Where qt and qmax (sorption capacity) are the amounts of phospho-
rus sorbed at time the of t and equilibrium, respectively; k1 and k2
are pseudo-first-order rate constant and pseudo-second-order rate
constant, respectively; and kp and C are the intra-particle diffusion
rate constant and intercept at the ordinate, respectively.



Table 2
Kinetic model parameters for natural bentonite and B-nZVI

Sorbents Pseudo first-order model Pseudo second-order model Intra-particle diffusion

qmax/mg·g−1 k1/min−1 r2 qmax/mg·g−1 k2/mg·g−1·min−1 h/mg·g−1·min−1 r2 kp/mg·g−1·min−0.5 C/mg·g−1 r2

Bentonite 2.63 0.007 0.91 3.00 0.002 0.02 0.97 0.07 0.37 0.87
B-nZVI 28.51 0.009 0.93 31.79 0.0003 0.30 0.99 0.80 5.59 0.83
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The correlation coefficient (r2) of pseudo-second-order equation is
higher than those of pseudo-first-order and intra-particle diffusion
(Table 2), suggesting that the chemisorption process could be a rate-
limiting step [27–29,40,41]. In pseudo-second-ordermodel parameters,
the qmax value for B-nZVI was higher than that obtained from natural
bentonite, indicating that loading nZVI to natural bentonite surface re-
markably increased phosphorus sorption capacity. However, the values
of k2 decreased with loading nZVI to natural bentonite surface, demon-
strating that the time required to reach equilibrium has increased.

The initial sorption constant (h) at t → 0 was calculated using the
following Eq. (12) [40,42]:

h ¼ k2q2max ð12Þ

The value of h obtained fromB-nZVIwas higher than the one obtain-
ed from natural bentonite, indicating that loading of nZVI to natural
bentonite increased sorption at an initial phase of the sorption process.

According to the intra-particle diffusion model (Fig. 8), a plot of qt
versus t1/2 presented multi-linearity, with an initial linear phase follow-
ed by an intermediate linear phase and a plateau, showing that two or
more steps govern the sorption phenomenon.
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Fig. 8. Intra-particle diffusion plots for phosphorus sorption onto natural bentonite (a) and
B-nZVI (b).
The initial sharper phase is attributed to the external surface or the
instantaneous sorption, and the second linear phase is attributed to
the gradual sorption stage where pore diffusion is rate-controlling
[27,42–44]. The third phase is attributed to the final sorption equilibri-
um stage where intra-particle diffusion started to slow down due to
the following reasons: a) small pores for diffusion, b) high electrostatic
repulsion of the natural bentonite and B-nZVI surface, and c) low con-
centration of phosphorus in the solution [27,45]. Intra-particle diffusion
is the sole rate-limiting step if the plot of qt versus t1/2 passes through the
origin. In the present study, the plot of natural bentonite and B-nZVI did
not pass through the origin, indicating that three processes control the
sorption rate, but only one is rate-limiting in any particular time range
[42].

The values of kp and Cwere determined from the slope of the second
linear phase (Fig. 8, Table 2). In the present study, the values of kp and C
increased from 0.07 to 0.80 and from 0.37 to 5.59, respectively, as the
nZVI loading to the surface of natural bentonite. A higher C value
shows a greater effect of boundary layer, suggesting that the internal
mass transfer is favored over external mass transfer [43,44].
4. Conclusions

In this study, the natural bentonite and B-nZVI were applied to
remove phosphorus from aqueous solutions. For both adsorbents,
increasing the phosphorus initial concentration decreased removal
efficiency. The sorption of phosphorus on B-nZVI was observed to be
pH-dependent, with maximum phosphorus removal occurring at the
pH range of 2 to 5. The sorption capacity of B-nZVI was higher than
that of natural bentonite. Langmuir, Freundlich, and Redlich–Peterson
models properly described the sorption isotherm data. The sorption–
desorption of phosphorus by natural bentonite and B-nZVI showed
hysteresis. The results indicated that sorption of phosphorus was
more reversible on natural bentonite than on B-nZVI. The pseudo-
second-order model fitted well to the kinetic data, suggesting that the
chemisorption process could be a rate-limiting step. The present study
suggests that B-nZVI can be used as a suitable adsorbent for the removal
of phosphorus from aqueous solutions.
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