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ABSTRACT

In this study, nanoscale zero-valent iron (nZVI) and chitosan-coated nZVI (CS-nZVI) adsorbents
were synthesized and used for phosphorus removal from an aqueous solution under oxic conditions.
The characteristics of the nZVI particles were assessed using scanning electron microscopy, X-ray
diffraction, Brunauer—-Emmett-Teller surface area and atomic force microscopy. Results showed
smooth and spherical Fe° particles with a size in the range of 74-186 nm for the nZVI compared
to a range of 117-200 nm for the CS-nZVI. Adsorption and kinetic experiments were conducted to
evaluate phosphorus removal under varying conditions of initial pH (pH 5 and 7) and presence of
interfering anions (a mixture of PO}, CI5, SO, NO;). Overall, phosphorus adsorption by both nZVI
and CS-nZVI was well represented by both, Freundlich and Langmuir isotherms, with the Langmuir
isotherm providing a better data fit (0.950 < R? < 0.996). The phosphorus adsorption capacity of
nZVI reached 437 mg/g at pH 5 and 169 mg/g at pH 7. CS-nZVI demonstrated drastically lower
phosphorus removal capacities than nZVI (289 mg/g at pH 5 and 152 mg/g at pH 7). The adsorption
kinetics of both adsorbents, nZVI and CS-nZVI, were well represented by the pseudo-second-or-
der kinetic model (0.899 < R* < 0.999), with the initial adsorption rate being higher at pH 5 than
at pH 7. Interfering anions did not significantly alter the phosphorus removal rate or capacity of
nZVI particles at pH 5 and pH 7.

Keywords: Adsorption; Adsorption capacity; Adsorption kinetics; Zero-valent iron nanoparticles;
Chitosan-coated zero-valent iron nanoparticles; Phosphorous removal; Water treatment

1. Introduction

Phosphorous is used in a number of industrial and
household applications such as food processing, detergents,
semi-conductors, flame retardants and fertilizers [1].
Phosphorus is a critical element in aquatic ecosystems and
is often considered the limiting nutrient in eutrophication.

* Corresponding author.

Reduction of phosphorus discharges from municipal, indus-
trial and agricultural sources is essential to protect water bod-
ies, and technologies to effectively remove phosphorus from
aqueous discharges are in demand.

Phosphorus removal can be achieved using physical,
chemical and biological processes. Adsorption is a relatively
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simple and economical water treatment technique [2] that
can effectively be implemented for phosphorus removal.
Researchers [3-11] reported adsorption capacities in the
range of 1-82 mg P/g for a variety of phosphorus adsorbents,
including Al- and Fe-modified bentonites, bio-char, zeolites,
titanium oxide particles, anthracite, shale, and other mate-
rials. Moharami and Jalali [7] compared the performance
of bentonite, calcite, kaolinite, and zeolite (modified with
Fe*, Ca”, and Na") as phosphorus adsorbents and reported
maximum sorption by Fe* adsorbents as follow: 1.31 mg/g
(bentonite), 1.97 mg/g (calcite), 1.31 mg/g (kaolinite) and
1.58 mg/g (zeolite). Jiang et al. [5] used sponge iron for phos-
phate removal and observed removal capacity of 1.1 mg/g.
Comparatively, higher removal capacities were observed
for mesoporous TiO, [12], which demonstrated phosphorus
removals up to 50 mg/g. Furthermore, maximum adsorption
capacity of 57-82 mg/g was reported for different types of
magnesium biochars [3].

In recent years, nanomaterials, such as nanoscale zero-
valent iron (nZVI), have emerged as promising materials
for pollution control applications. The nZVI particles were
effectively used to remove contaminants such as heavy
metals, nutrients and dyes through surface adsorption and
precipitation mechanisms [13-17]. However, only a few stud-
ies investigating the removal of phosphorus by nZVI have
been reported. For instance, Wen et al. [18] demonstrated
that nZVI could be used as an effective adsorbent for the
removal of phosphate from an aqueous solution, achieving
a maximum phosphate adsorption capacity of 245 mg/g.
The study [16] also demonstrated an inverse relationship
between adsorption capacity and pH wherein the removal of
phosphate decreased with increasing pH. Removal of phos-
phorus from an aqueous solution was attributed to adsorp-
tion as well as chemical precipitation [18,19], evidenced by
the X-ray diffraction (XRD) patterns of nZVI after exposure
to phosphorus, which indicated the formation of crystalline
vivianite (Fe,(PO,),"8H,0) [19].

Another factor that may influence the removal capacity
of phosphorus by nZVI is the presence of surface coatings.
nZVI particles are often coated with surface modifiers such
as organic polymers and long-chain organic molecules [20]
to improve their colloidal stability against aggregation.
Chitosan is a non-toxic polyelectrolyte derived from seafood
waste that can be easily degraded by different microor-
ganisms and enzymes. Recently, chitosan and its modified
forms have been used in environmental remediation appli-
cations for removal of heavy metals and organic pollutants,
and have also shown potential as stabilizers and supports
for nanomaterials. For instance, Geng et al. [21] have inves-
tigated the use of chitosan stabilized-Fe’ nanoparticles to
enhance the adsorption of hexavalent chromium from an
aqueous solution and observed removal capacities of 145-
148 mg/g for CS-Fe compared to 111.7 mg/g for nZVI only.
However, studies using chitosan-coated nZVI (CS-nZVI)
for phosphorus removal were not available.

In this study, nZVI, and CS-nZVI adsorbents were syn-
thesized characterized then used for phosphorus removal
from an aqueous solution under oxic conditions. The study
involved assessing and comparing the adsorption capacities
and kinetics of the two adsorbents at pH 5 and 7.

2. Materials and methods
2.1. Preparation of nZVI and CS-nZVI Particles

nZVI was prepared by reducing nZVI particles Fe(II)
using potassium borohydride (KBH,). The concentration of
KBH, was six times that of Fe(II) in order to ensure complete
reduction [22]. The preparation procedure was as follows:
0.8934°g of Fe(ll) sulfate heptahydrate (FeSO,7H,O) was
dissolved in 30 mL deoxygenated water. In addition, 2 mL
of ethanol was added to the solution, which was stirred for
5 min under an inert atmosphere of nitrogen. Thereafter,
15 mL of an aqueous solution containing 1.0401 g of potas-
sium borohydride (KBH,) was added dropwise to the mix-
ture using a syringe, which resulted in the formation of
black nZVI particles and evolution of hydrogen gas, H,.
The resulting solution was stirred for 90 min to complete
the reduction of the iron. Finally, 3 ml of ethanol was added
to the solution 5 min prior to switching off the stirrer. The
resulting nZVI particles were washed by deoxygenated
water three times to remove excess chemicals followed by
three washes using ethanol. The synthesized nZVI was
then kept in ethanol (CH,CH,OH) at room temperature for
characterization.

A similar procedure was followed to prepare the CS-nZVI
particles where medium molecular weight chitosan (Sigma-
Aldrich, United States) was dissolved in 0.05 M acetic acid
(CH,COOH) to prepare a 0.5% by weight solution. The chi-
tosan mixture was stirred for 7 h and was filtered through a
0.22 um filter to remove any precipitate or undissolved parti-
cles. To prepare the CS-nZVI, 3 mL of the 0.5% chitosan solu-
tion was added to the Fe(IlI) sulfate heptahydrate solution,
providing a CS:Fe mass ratio of 0.05:1 (0.015 g CS to 0.328 g
Fe), and stirred for 30 min under nitrogen gas prior to adding
the potassium borohydride (KBH,) solution.

2.2. Phosphorus adsorption kinetics

The phosphorus adsorption kinetic experiments were
conducted using both nZVI and CS-nZVI at pH 5 and pH 7.
At pH 5, an adsorbent dosage of 7.3 mg nZVI was added to
30 mL solution containing 125 mg P/L, whereas at pH 7, an
adsorbent dosage of 6.7 mg was mixed with 20 mL solution
containing 100 mg P/L. For CS-nZVI, 4.6 mg was added to
20 mL, 125 mg P/L solution at pH 5 and 6.0 mg CS-nZVI
was added to 20 mL, 100 mg P/L solution at pH 7. Small
variations in quantities of nZVI and CS-nZVI produced
during batch synthesis affected the use of quantities of
adsorbents. Two other sets of experiments were conducted
to assess the impact of the presence of chlorides, nitrates
and sulfates on nZVI phosphorous removal kinetics at pH
5 and pH 7. The experiments were conducted in 50 mL
flasks each filled with 5.5 mg nZVI mixed in 30 mL anion
solutions containing approximately 100 mg/L of each of the
following anions: (PO,-P, CI-, SO2-and NO;). In conducting
the kinetics experiments, a number of flasks were prepared
and the experiments were stopped in the different flasks at
various predetermined mixing times to measure residual
phosphorus concentrations at different reaction times.

The experiments were conducted at 25°C and the
contents of the flasks were mixed using a shaker (Model
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SMX 1200) oscillating at 200 rpm. The initial pH was adjusted
as needed using either sodium hydroxide or acetic acid
solutions. Following adsorption, the contents of each flask
were immediately centrifuged at 5,000 rpm to separate the
adsorbent from the solution, and the residual phospho-
rus concentrations were measured. The initial phosphorus
adsorption capacity (g,) at a time (t) was calculated using
the following equation:

mg _(cifc,)xv
qf( s j_w )

where C, (mg/L) is the initial concentration of phosphorus
in solution, C, (mg/L) is the concentration of phosphorus in
solution at time ¢, V is the volume of the solution (L), and W
is the mass of dry adsorbent (g) used for adsorption.

2.3. Adsorption experiments

Two sets of phosphorus adsorption experiments were
conducted at pH 5 and pH 7 to assess the adsorption capacity
of nZVI. The experiments were conducted in 50 mL conical
Erlenmeyer flasks, each filled with 30 mL phosphorus solu-
tion with concentrations in the range of 0 to 175 mg P/L, with
6.7-7.3 mg nZVI added to each flask. Two additional sets of
experiments were conducted at pH 5 and pH 7 to assess the
adsorption capacity of CS-nZVI. The experiments were con-
ducted in 50 mL conical Erlenmeyer flasks, each filled with
20 mL phosphorus solutions to which 4.6-6 mg CS-nZVI
was added.

Additional experiments were conducted at pH 5 and
pH 7 using synthetic solutions containing a mixture of anions
(i.e., phosphate, sulphate, chloride, and nitrate) to assess the
impact of other anions on phosphorus removal. Various dilu-
tions of a stock solution containing 150 mg/L of each anion
(PO,-P, CI;, SO and NO;) were used. The experiments were
conducted in 50 mL flasks filled with 30 mL mixed anion
solutions and 5.5 mg nZVIL.

The adsorption experiments were conducted at 25°C
and the contents of the flasks were mixed for one hour
using a shaker (Model SMX 1200) oscillating at 200 rpm.
The equilibrium time of one hour was selected based on the
results of the kinetic experiments. The equilibrium phos-
phorus adsorption capacity, q, was calculated based on the
difference between the initial phosphorus concentration
and the equilibrium phosphorus concentration in solution
following one hour of mixing (C)) as follows:

mg) (C—-C/)xV
[t

3. Result and discussion
3.1. Characterization of ZVI particles

The morphology and structural heterogeneity of the
surface of the iron nanoparticles were examined using a
scanning electron microscopy (SEM) (TESCAN VEGA XM
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variable pressure SEM, Czech Republic) at SEM HV: 30 kV
and SEM MAG: 125 Kx. The SEM images in Figs. 1 and 2 show
that both the nZVI and CS-nZVI particles appeared smooth
and spherical. The particles assumed chain-like aggregates,
possibly due to their inherent magnetic properties as well as
sample preparation procedure, which required drying of the
nanoparticles [19]. The estimated nominal size of the nZVI
particles was in the range of 74-186 nm compared to 117-
200 nm for the CS-nZVIL.

The XRD analysis was conducted using Bruker D8
(United States) Advance XRD (maximum voltage: 40 kV,
maximum current: 40 mA and X-ray source: Cu). Fig. 3
clearly shows ZVI (Fe°) at 20 = 45°, with some iron oxide at
20 = 35° (i.e., magnetite Fe,O, or maghemite Fe O,, [18]). The
oxides may be generated during sample synthesis or prepa-
ration for XRD measurement. The baseline of the XRD for
CS-nZVI is noisier and the ZVI and iron oxide peaks are less
defined than those for nZVI indicating the impact of chitosan
on the nZVI particles. Furthermore, the low-intensity peak
at 20 = 17° can be attributed to the presence of chitosan [23].

Moreover, nitrogen adsorption analysis using Autosorb
iQ from Quantachrome (United States) was used to deter-
mine the Brunauer-Emmett-Teller surface area for the nZVI,
which was found to be 14.66 m?%/g.

The surface topography or roughness of the ZVI nano-
particles was evaluated using atomic force microscopy (Flex-
Axiom with C3000 controller, Nanosurf AG, Switzerland).
Fig. 4 presents 2D and 3D images of the surface structures,
indicating the surface topography or roughness of the nZVI
material. The root mean square roughness, Rrms, was mea-
sured to be 13.76 nm for the nZVI particles, which agrees
with earlier reported values [17].

3.2. Phosphorus removal kinetics

The kinetics of phosphorus removal by nZVI were
investigated in the presence and absence of chitosan sur-
face coating, and interfering anions, at two initial pH levels
(pH 5 and 7) as shown in Figs. 5-7. Overall, the kinetic
results show that adsorption was rapid during the first
10-20 min, reaching about 80% of the maximum removal
capacity, then slowed down in the following 10 min and
then stabilized between 30-60 min. The observed adsorp-
tion rate trends were consistent with earlier reported results
for various adsorbents [24].

The kinetic parameters were estimated using both pseu-
do-first-order and pseudo-second-order kinetic models.
The two-rate models are presented in Egs. (3) and (4), with
their linear forms presented in Eqgs. (5) and (6). The initial
pseudo-second-order adsorption rate can be approximated
by Eq. (6) for t values that approach zero (i.e., g, approaches
zero and g —q, approaches g, [8].

dq
df;:kl(qr%) ®)
d
% =k,(q,-q,) @)

log (g, —q,)=log(q,) -kt ®)
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Fig. 1. Scanning electron micrographs of the nZVI Particles.

Fig. 2. Scanning electron micrographs of the CS-nZVL

nZVI sample Vs. CS-nZVI sample

3
Fe°
25
s 2
3
=
5 15 —— N2Vl ——CS-n2VI
g 1
=
0.5 Chitosan
O ¢
0 80 90
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2 Theta (Deg.)
Fig. 3. XRD results for nZVI and CS-nZVI showing Fe® peaks.
¢ 1 1 where g, i§ the equilibrium phosPhorus a<.isorpti'on Capa(?ity
—= +—t (6)  (mg/g), g, is phosphorus adsorption capacity at time t (min),

k, is the pseudo-first-order rate constant (min™), and k, is the

pseudo-second-order rate constant in (g/mg/min) [8].

dg, ke @) The results demonstrated that the pseudo-second-order
kinetic model better represented the phosphorus removal
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Fig. 4. 3-D and 2-D image profiles of the prepared nZVI particles (Tip used: No-Contact Long Cantilever Reflex Coating (NCLR),
scanning speed: 1s per line scanning points: 256 per line).
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Fig. 5. Pseudo-second-order kinetics of phosphorus adsorption onto nZVI particles at pH 5 and pH 7.
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Fig. 6. Pseudo-second-order kinetics of phosphorus adsorption onto nZVI particles at pH 5 and pH 7 from synthetic solutions

containing a mixture of anions (PO}, CI-, SOZ, NO;).
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Fig. 7. Pseudo-second-order kinetics of phosphorus adsorption onto C5-nZVI particles at pH 5 and pH 7.

kinetics, with correlation coefficient (R*) values in the
range from 0.899 to 0.999. In comparison, the pseudo-first-
order kinetic model provided lower R? values in the range
from 0.662 to 0.970. The kinetic parameters obtained for
both pseudo-first-order and pseudo-second-order model
are presented in Table 1. The data in Table 1 show that
the phosphate adsorption capacities (i.e., g, values) were
in the range of 130-400 mg P/g nZVI and 118-238 mg P/g
CS-ZVI, indicating that the chitosan reduced the maximum
adsorption capacity of nZVI. The removal of phosphorus
by nZVI (in the absence of surface coating or interfering
ions) was different at the two initial pH levels investigated.
At pH 5, a g, of 400 mg/g was achieved, while at pH 7, g,
was significantly lower at 130 mg/g. A comparison of the
initial pseudo-second-order adsorption rate (dq /dt = k, x ¢%)
shows that phosphorus removal was nearly twice as fast
at pH 5 (64 mg g* min™®) compared pH 7 (36.0 mg g
min™). Overall, the lower initial pH favored phosphorus
removal by nZVI achieving higher extent of removal at a
faster rate.

A recent study by Nagoya et al. [25] on the mecha-
nisms of phosphate removal by granular ZVI suggested
the involvement of both precipitation and adsorption
processes. Precipitation occurs due to the corrosion of Fe®

and subsequent release of Fe resulting in the formation
of FePO, and Fe,(PO,), in solution. The adsorption pro-
cess is dependent on the particle surface charge, wherein
at pH < the isoelectric point of nZVI (isoelectric point for
nZVI is typically between 6 to 9), the sorption of anionic
phosphate is favored onto the positive charge nZVI surface.
The authors showed that at pH > 5, adsorption contributed
more significantly to the removal of phosphate compared to
precipitation. However, the authors also reported a higher
phosphate removal by granular ZVI at pH 7 compared to
pH 4.5. The discrepancy between the study could be related
to the pH control employed by the authors throughout
the duration of experiments, whereas in our study no pH
control was carried out. Wu et al. [19] and Wen et al. [18]
also reported that the removal of phosphorus using nZVI
decreased at higher pH, attributing it to the isoelectric point
effect. Other factors such as a change in dominant phosphate
species in solution (i.e., H,PO; is dominant at pH 5 while at
pH 7 both H,PO;- and HPOZ™- are almost equally dominant)
may also influence the adsorption efficiency.

The pseudo-second-order phosphorus adsorption kinetic
trends in the presence of interfering ions (CI, SO, NO;)
were also evaluated for nZVI. Because CS-nZVI showed
lower phosphate adsorption capacities compared to nZVI,



288

Table 1

A. Shanableh et al. | Desalination and Water Treatment 184 (2020) 282-291

Parameters for pseudo-first-order and pseudo-second-order kinetics

Type Solution pH C, Dy Pseudo-first-order Pseudo-second-order
(mg/l) B k (min") g, (mg/p) Kk (g/mgmin) g, (mg/g) K, (mg/gmin) R
nZVI PO?, solution 5 125 374 0.0191 252.3 0.970 0.0004 400 64 0.999
7 100 125 0.0302 107.1 0.983 0.0021 130 36.0 0.997
CSnzZVl POY, 5 125 230 0.0408 129.4 0.837 0.00165 238 93.5 0.995
solution 7 100 90 0.012 80.7 0.688 0.0026 118 36.2 0.899
nZVI Mixtureof, 5 100 344 0.0184 116.6 0.662 0.0006 357 76.5 0.997
PO}, CI, 7 100 164 0.0158  55.7 0.824 0.00185 169 52.8 0.998
SO7, NO;

*Experimentally determined

the effect of interfering anions on CS-nZVI was not probed
further.

The kinetics trends for phosphate removal by nZVI
observed at pH 5 and pH 7 in the presence of a mixture of
interfering anions (Cl-, SOZ, NO;) were similar to the trends
observed in solutions without the anions. From Table 1 we
observe that a higher g, = 357 mg/g was attained at pH 5
compared to q, = 169 mg/g at pH 7. The initial rates were
also higher at pH 5 (76.5 mg g min™) compared to pH 7
(52.8 mg g min™). In a previous study by Almeelbi and
Bezbaruah [24], the authors reported slight improvements
(3%) in phosphate removal by nZVI in the presence of NO;,
while presence of SO? resulted in a decrease of 24% in
phosphate removal. The data presented graphically by the
authors also suggested an increase in phosphate removal
rates in the presence of NO; while a decrease in rates was
observed in the presence of SO, compared to that in
deionized water.

In this study, upon comparing the kinetic parameters
in the presence and absence of interfering anion mixture,
we observe increases in the phosphate removal rates in the
presence of anions at both pH 5 and 7. For instance, at pH
5, initial phosphate removal rate was 64 mg g™ min™ in the
absence of anions whereas it was 76.5 mg g™ min™ in the
presence of anions. However, the g, showed an appreciable
change only at pH 7 (increased from 130 mg/g in the absence
of anions, to 169 mg/g in the presence of anions). The dif-
ferences could be due to mixed effects arising from corro-
sion and nZVI surface pitting due to Cl- and formation of
iron oxides sorption sites due to reaction of nZVI with NOj;
[24,26]. However, further studies are needed to elucidate
the exact mechanisms for the observed effects.

Table 1 also highlights the kinetics of chitosan-coated
nZVI (CS-nZVI). The kinetics of phosphate removal by nZVI
and CS-nZVI were similar at pH 7, with g, = 130 mg/g and
initial rate dg/dt = k, x > = 36.0 mg g™ min™' for nZVI, and
q,=118 mg/g and initial rate = 36.2 mg g™ min™ for CS-nZV1.
This could be due to the poorer solubility of chitosan in
non-acidic solutions (pH 2 7) which may cause precipita-
tion of the coating in solution resulting in poorer surface
coverage. This makes the kinetic behavior of CS-nZVI and
nZVI similar at pH 7. However, a significant reduction in
the adsorption capacity of CS-nZVI was observed at pH
5 with g, = 238 mg/g compared to nZVI which attained

a g, = 400 mg/g. In contrast, the initial rate was higher for
CS-nZVI at pH 5 = 93.5 mg g min' compared to nZVI
with initial rate = 64 mg g™ min™. The likely mechanism for
observed reduction in g, is the blocking of active sorption
sites on the nZVI surface by chitosan, which decreases the
interaction between nZVI and phosphate anions. However,
because the chitosan is positively charged in acidic medium,
it likely improves the initial adsorption of phosphate anions
to the nZVI surface.

3.3. Phosphorus adsorption isotherms

To assess the adsorption behavior of nZVI and CS-nZVI
preparations, the experimental adsorption results were fit-
ted using the Freundlich (Eq. (8)) and Langmuir (Eq. (9))
isotherm equations. The linear forms of the Freundlich and
Langmuir models are presented in Egs. (10) and (11).

q.=k,C" ®)
K.C

qulqm L>e )
+K,C,

! =log k 11 C 10

0gq, =10g f+;08 e (10)

&:LWLLCK (11)

qe quL qm

where g, is the adsorbent capacity at equilibrium (mg/g);
C, is the equilibrium concentration of phosphorus in solution
(mg/L); g, is the Langmuir theoretical maximum adsorp-
tion capacity (mg/g), k, and n are Freundlich constants and
K, is Langmuir constant (L/mg). The Langmuir isotherm
model assumes an adsorption monolayer that contains a
finite number of homogeneous adsorption sites while the
Freundlich isotherm assumes heterogeneous surface ener-
gies [27].

The experimental data fitted with the Freundlich and
Langmuir models are shown in Figs. 8-11 and the parame-
ters of the two models are summarized in Table 2.

For removal using nZVI, the experimental data were
well represented by both Freundlich and Langmuir
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Fig. 8. Freundlich and Langmuir representation of phosphorus adsorption onto nZVI particles at pH 5.
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Fig. 9. Freundlich and Langmuir representation of phosphorus adsorption onto nZVI particles at pH 7.

400

Freundlich lsotherm [
= 300 —+ ®  Experimental Data _
g 200

o kf=§661

- n=2.

100 R?=0.991

o |

0 20 40 60 80 100120
C. (mg/L)

300 Langn.mlrlsotherm%
— ®  Experimental Data |
0o - |
o
w200
£ ng |
w O = 289277 |
S 100 - £
k,=0.041— |
mg |
R?=0.984
0 T T T T T !

0O 20 40 60 80100120

C. (mg/L)

Fig. 10. Freundlich and Langmuir representation of phosphorus adsorption onto CS-nZVI particles at pH 5.

isotherms at both pH 5 and pH 7, with (R* > 0.95). The
Langmuir theoretical maximum adsorption capacity (q,)
was 437 mg P/g nZVI at pH 5 compared to 169 mg P/g
nZVI at pH 7 (Figs. 7 and 8). The adsorption capacities esti-
mated from the isotherm experiments are consistent with
those obtained from the kinetic studies (g, = 400 at pH 5
and g, = 130 at pH 7). In a previous study [16] phosphorus

adsorption by nZVI was also well represented by both
Langmuir and Freundlich models with q = 246 mg/g at
pH 5, which is much lower than the results reported in this
study (g, =437 mg/g).

Similarly for CS-nZVI, the experimental data were well
represented by Freundlich and Langmuir isotherms at both
pH 5 and 7 (R* > 0.92). The Langmuir theoretical maximum
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Fig. 11. Freundlich and Langmuir representation of phosphorus adsorption onto CS-nZVI particles at pH 7.

Table 2
Parameters for Freundlich and Langmuir isotherms

Adsorbent Solution pH Freundlich isotherm Langmuir isotherm
ke n R? q,, (mg/g) k, (L/mg) R
5 374 1.8 0.995 437.4 0.054 0.969
ZVI1 PO, soluti
n 4 SOIUHON 7 137 21 0.950 168.5 0.029 0.996
5 26.1 2.0 0.991 289.2 0.041 0.984
CS-nZVI PO, soluti
n 4 solution 7 1.15 1.08 0.920 152.32 0.02 0.95
VI Mixture of PO, 5 35 1.8 0.914 453.3 0.044 0.975
nZv Cl, SO*, NO; 7 1.1 2.5 0.931 182.2 0.024 0.978
(@) 500 7 ) (b) 180 Langmuir Isotherm |
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Fig. 12. Comparison of phosphorus adsorption capacities in the presence of competing for anions (Cl;, NO;, SO}) at (a) pH 5 and

(b) pH7.

adsorption capacity (q,) was 289.2 mg P/g CSnZVI at
pH 5 while at pH 7 it was 152.3 mg P/g (Figs. 9 and 10).
Upon comparing g, for nZVI and CS-nZVI at pH 5 we
observe a decrease in adsorption capacity from 437.4 mg/g
to 289.2 mg/g respectively. However, the adsorption capac-
ities at pH 7 did not change drastically between nZVI and
CS-nZVI (168.5 mg/g for nZVI compared to 152.3 mg/g for
CS-nZVI). The trends for adsorption isotherms for both
nZVI and CS-nZVI are similar to trends observed in g, val-
ues in kinetic experiments. The variation in the applicability

of the different adsorption isotherm models may be due to
the involvement of multi-removal mechanisms, including
adsorption, ion exchange and precipitation.

The differences in phosphorus adsorption capacities
from solutions containing phosphorus alone and from solu-
tions containing phosphorus and other potentially compet-
ing anions (Cl, SO}, NO;) were assessed using nZVI only
and the results are shown in Fig. 12. The data show that the
adsorption capacities from the mixtures at both pH 5 and 7
were low at the lower equilibrium concentrations compared
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to the capacities at the higher adsorption concentrations.
However, available data suggest that at the higher equi-
librium concentrations, the adsorption capacities from the
mixtures of anions were consistent with those obtained for
the phosphorus solutions alone. Unfortunately, the available
data are not enough to provide a clear explanation of the
observed differences, but the results indicate an impact on
competing anions at lower equilibrium concentrations.

Previous studies have also demonstrated that adsorp-
tion of phosphorus by nZVI was well represented by both
Langmuir and Freundlich models and the maximum adsorp-
tion capacity reported was 246 mg/g [16]. In comparison, in
this study significantly higher removal of phosphorus was
observed with the maximum adsorption capacity of 437 mg/g
in deionized water.

4. Conclusion

This study showed that both nZVI and CS-nZVI effec-
tively removed phosphorus from solution and achieved
relatively high adsorption capacities. To our knowledge,
this is the first study that highlights the performance of
chitosan-coated nZVI on phosphate removal. Furthermore,
the presence of competing for anions (Cl;, SO7, NO;) did
not significantly affect nZVI phosphorus adsorption kinet-
ics nor adsorption capacities. The phosphorus adsorption
capacities were pH-dependent for both types of adsorbents,
nZVlis and CS-nZVI (q,, = 400 mg/g at pH 5 and 130 mg/g
at pH 7 for nZVI and g, = 238 mg/g at pH 5 and 118 mg/g
at pH 7 for CS-nZVI). The phosphate removal capacity by
nZVI (437 mg/g at pH 5) reported in this study is superior
to those reported previously in the literature [18]. The addi-
tion of chitosan significantly reduced the adsorption capacity
of nZVI at both pH 5 and pH 7, possibly due to coating the
active sorption sites. The experimental data for both nZVI is
and CS-nZVI were well represented by both Langmuir and
Freundlich isotherm models at pH 5 and 7. Furthermore, the
adsorption kinetics followed pseudo-second-order kinetics,
with higher initial adsorption rates at pH 5. The results from
the study suggest that nZVI is a promising material for the
removal of phosphorus from water.
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