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1. Introduction

Mechanisms that control the adsorption—
desorption behavior of phosphate on magnetite
nanoparticles: the role of particle size and surface
chemistry characteristics

Lei Hou, @2 Qibin Liang? and Fang Wang*®

Eutrophication caused by excessive phosphate discharge into surface water has raised wide concern, and
the efficient removal of phosphates from wastewater using sorption methods is very important. In our study,
magnetite particles with two different sizes and different surface characteristics were chosen as the
sorbents to examine their adsorption and desorption behavior toward phosphate. Scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and N, adsorption—desorption methods
were used to characterize the morphological and surface chemical properties of the two differently
sized magnetite particles. Adsorption kinetics and isotherm models (including the pseudo-first-order,
Freundlich, Langmuir and Temkin models) were used to fit the experimental data, and to help with the
mechanistic discussions. It was found that the nanometer-sized magnetite (nFezO4) has a much higher
surface area, larger pore volume, higher amounts of surface functional groups, and a lower point of zero
charge (pHpzc) value than the micrometer-sized magnetite (FesO,4). The adsorption kinetics show that
reaching adsorption equilibrium in the case of nFesO4 is much slower, and the particle size or surface
characteristics of the magnetite may become the main factor determining the adsorption rate of the
phosphate to magnetite in the rapid or slow adsorption step, respectively. nFezO4 shows much stronger
adsorption of phosphate compared to FesO,4, which may be attributed to the larger surface area of the
magnetite with a smaller particle size. In addition, the amount of functional groups and the surface
electrical properties may also affect the adsorption of phosphate to magnetite by influencing the
formation of the outer-sphere and/or inner-sphere complexes. The adsorption/desorption of phosphate
to/from the magnetite decreases/increases with increasing pH, and the extent of change is more marked
for nFesO,. Increasing the ionic strength of the solution increases the adsorption of phosphate to the
two differently sized magnetite particles, whereas the presence of humic acid only increases the
adsorption of phosphate to FezO4. These trends may be caused by the different extents of change of the
surface properties or the dispersion state of the two differently sized magnetite particles under different
solution chemistry conditions. The results imply that when the synthesis of magnetite-based materials
for phosphate sorption is performed, both the particle size and surface properties should be considered
in order to realize the efficient and economical removal of phosphate from wastewater.

sorption method>® and so on. Among these approaches, sorp-
tion stands out owing to its effectiveness, low-cost, ease of

The excessive use of phosphate, a life essential element, has
caused serious water pollution problems such as the eutrophi-
cation of lakes, rivers and oceans, and the effective removal of
phosphate from wastewater has always been an important
issue.! Several methods have been used to deal with this issue,
including chemical precipitation,>® biological uptake,* the
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handling and the environmentally friendly method. Plenty of
materials including natural minerals,”® waste products,®™
metal oxide compounds,*™¢ synthesized nanomaterials*’>* and
so forth have been tested for phosphate adsorption. It has been
proven that iron oxide-based materials are quite effective at
adsorbing phosphate and that the magnetic iron oxide-based
materials, such as magnetite are favored owing to their supe-
riority in separation.®

The adsorption of phosphate on iron oxide-based materials
including ferrihydrite, goethite, hematite, magnetite, and other
iron containing compound has been widely studied.*>*'*** Wang
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et al. revealed that the particle size of the ferrihydrite could
control the adsorption kinetic behavior for phosphate, and
further demonstrated the formation of a deprotonated biden-
tate complex between the phosphate and the surface of ferri-
hydrite could be the dominant adsorption mechanism.® Yoon
et al. also discussed the adsorption mechanism of phosphate to
magnetite nanoparticles and indicated that phosphate could
form the inner-sphere complexes with the surface of iron oxide
through ligand exchange, which is affected by the amount of
surface functional groups on the magnetite.” The effects of
solution chemistry, including the solution pH, coexistence of
ions, humic acid (HA) and so forth, on the adsorption behavior
of phosphate to metal oxide materials have also been studied,
but the results varied among different studies.>**'*?*?* The
adsorption of phosphate to iron oxide-based materials was
found to decrease with the increasing pH, however, the extent of
the decrease may depend on the point of the zero charge of the
material.>*® It was found that coexisting anions decrease the
adsorption of phosphate to an iron-zirconium modified nano-
composite by competition adsorption,** whereas an increase in
the ionic strength of the solution can slightly enhance the
adsorption of phosphate to zirconium oxide.*® In addition, the
presence of HA was found to have a limited effect on the
adsorption of phosphate to ferrihydrite and goethite,” whereas
Mahdavi et al. reported that 10 mg L™ " of HA decreased the
adsorption of phosphate to copper oxide nanoparticles.”
Furthermore, several studies have tested the desorption
percentage (i.e. the regeneration efficiencies) of phosphate from
iron oxide-based materials, and rational recovery rates have
been achieved.>** However, the combined effects of the particle
size and the surface functional groups on the adsorption of
phosphate towards magnetite particles have not been reported.
Moreover, the effects of solution chemistry on the adsorption/
desorption of phosphate to/from magnetites with different
particle sizes and surface characteristics have not been
systematically studied, and the dominating mechanisms have
not been fully discussed. Understanding these issues is essen-
tial for designing a proper sorbent to remove phosphate from
wastewater.

Therefore, nanometer-sized magnetite particles (nFe;O,)
and micrometer-sized magnetite particles (Fe;0,) were selected
as the sorbent, and the sacrificed sampling and batch experi-
ment method was used to obtain the adsorption kinetics and
adsorption isotherms of phosphate to magnetite, respectively.
The objective of this study was to investigate the combined
effect of the particle size and the amount of surface iron-oxygen
groups on the adsorption behavior and to discuss the dominant
mechanisms. In order to reveal the mechanisms, scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and N, sorption-desorption methods were used to
characterize the morphology and surface properties of the
magnetite. Meanwhile, the adsorption data were fitted to
several models of adsorption kinetics and adsorption isotherms
including the pseudo-first-order, Freundlich, Langmuir and
Temkin models, and the fitting parameters were discussed. The
effects of solution chemistry on the adsorption and desorption
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processes were also conducted, and the environmental impli-
cation of this study was then summarized.

2. Materials and methods
2.1 Chemicals and materials

Magnetite powders with nanometer-sized (nFe;0,) and
micrometer-sized (Fe;O,) particle diameters were purchased
from Shuitian Technology Co. (Shanghai, China). The two
differently sized magnetite particles were synthesized using the
sol-gel method. The particle size was tailored by varying the
annealing temperature.> HA (98%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Other reagents of chemically pure
grade, including monopotassium phosphate (KH,PO,), sodium
chloride (NaCl), hydrochloric acid (HCI) and sodium hydroxide
(NaOH) were all purchased from Guanghua Technology Co.
(Guangzhou, China).

2.2 Characterization of magnetite

The morphological structures and size dimensions of magne-
tites were explored using SEM (Sigma 500, Carl Zeiss Co., Ger-
many), and the particle size was measured using Nano
Measurer software (version 1.2, Fudan University, China). The
surface element compositions of the magnetites were explored
using XPS (Thermo K-Alpha, Thermo Fisher Scientific Inc., US),
and the energy spectrum analysis of C1s and O1s was conducted
using CasaXPS software (Version 2.3.0, Casa software Ltd., UK).
Specific surface areas of the magnetites were obtained from the
N, adsorption-desorption isotherms using a physical adsorp-
tion instrument (ASAP 2020, Micrometrics Co., US) using the
Brunauer-Emmett-Teller (BET) method, and the pore proper-
ties including the pore volume and size of the magnetite were
calculated from the desorption isotherms using the Barrett-
Joyner-Halenda (BJH) and Horvath-Kawazoe (HK) model,
respectively. The point of zero charge values (pHpzc) of the
magnetites were determined using the method reported by
Kocharova et al.*

2.3 Adsorption experiments

The sacrificed sampling method was used to obtain the
adsorption kinetics of phosphate to magnetite particles with
different sizes. Based on the results of the preliminary experi-
ment, a different mass was used for the two sized magnetite
particles in order to guarantee the easy measurement of the
aqueous concentration of a phosphate and the accuracy of the
adsorption isotherm data. To start the experiment, 5 mg of
nFe;0, or 0.5 g of Fe;O, were first added to a series of 40 mL
amber glass vials containing 0.01 M NaCl solution. Then,
a certain amount of KH,PO, stock solution was added to make
up the initial concentration of phosphate to 1 or 3 mg P L™ " for
nFe;0,4 and Fe;0y, respectively. Then, the vials were sealed and
tumbled end-over-end at 5 rpm. At predetermined time inter-
vals, certain vials were taken down and centrifuged at 3000 rpm
for 5 min. The supernatant was withdrawn to analyze the
concentration of freely dissolved phosphate, and then the vials
were discarded. The adsorbed mass of phosphate to magnetite
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was calculated as the difference between the total mass and the
mass in the dissolved phase.

A batch experiment was conducted to obtain the adsorption
isotherms of phosphate to magnetite with different particle
sizes. First, a series of 40 mL amber glass vials each containing
10 mg nFe;0, or 0.5 g Fe;0, and 40 mL 0.01 M NacCl solution
were prepared. Then, different amounts of the KH,PO, stock
solution were added to the vials to give initial concentrations of
phosphate ranging from 0.5 to 20 mg P L ", Then, the vials were
sealed and tumbled end-over-end at 5 rpm for 3 d. After
reaching equilibrium, the vials were centrifuged at 3000 rpm for
5 min, and the supernatant was withdrawn to analyze the
concentrations of the freely dissolved phosphate. The adsorbed
mass of phosphate was also calculated using a mass balance,
using the same procedure as the kinetic experiment part.

Both the kinetic and adsorption isotherm data points were
run in duplicate. The blank control samples showed negligible
non-adsorptive losses, and the solution pH for the kinetic and
adsorption isotherm experiment was set around neutral (7.00
0.10).

2.4 Effects of solution chemistry

To consider the effects of the pH, ionic strength and HA on the
adsorption and desorption of phosphate to magnetite particles
with different sizes, a single point experiment in triplicate was
conducted. A series of 40 mL amber glass vials each containing
10 mg nFe;0, or 0.5 g Fe;0, were prepared, and the background
solution was varied for different purposes. For the experiment
on the effect of the pH, the pH of the background solution was
adjusted to a predetermined value ranging from 3 to 11 using
HCI or NaOH solution. For the experiment on the effect of the
ionic strength (IS), different NaCl background solutions with
concentrations ranging from 0.01 to 1 M were used. For the
experiment on the effect of HA, 5 and 10 mg L' HA background
solutions were used. Then, a certain amount of KH,PO, stock
solution was added to the vials to give an initial concentration
of phosphate of 1 mg P L~'. Then, the procedures for the
tumbling, sampling and calculating the adsorbed mass of
phosphate were performed using the same method as the
experiment on the adsorption isotherms described above.
Afterwards, the supernatant was removed as much as possible,
and the corresponding background solution (e.g. 5 or 10 mg L™"
HA solution was used for the HA effect experiments) was added
to the vials with magnetite residues. The vials were then
tumbled at 5 rpm for 3 d to reach the desorption equilibrium.
After centrifuging at 3000 rpm for 5 min, the supernatant was
removed to analyze the desorbed concentration of phosphate,
and the residue of the adsorbed mass of phosphate on the
magnetite was calculated using the mass balance. The solution
pH was around neutral (7.00 =+ 0.10) for the effects of the IS and
HA experiment.

2.5 Determination of phosphate and data analysis

The concentrations of phosphate in the supernatant solution
were measured using a spectrophotometric method modified
from Murphy and Riley.*® This method depends on the
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formation of the complex during the reaction between the
orthophosphate and molybdate, and ascorbic acid may reduce
the complex and show absorption at the wavelength of 700 nm.

The Freundlich, Langmuir and Temkin models were used to
fit the adsorption isotherms of phosphate to the magnetite
particles. The Freundlich model is given as eqn (1):

Qe = KFCen (1)

In which Q. and C. are the equilibrium adsorption capacity (mg
kg™ ") and the concentration of phosphate in the solution (mg
L"), respectively. Ky is the Freundlich adsorption constant and
n is the non-linear index.
The Langmuir model is given as eqn (2):
Q°C.

Qe: A+Ce (2)

In which Q° is the maximal adsorption capacity (mg kg '), and A
is the Langmuir constant related to the adsorption energy (mg

LY.
The Temkin model is given as eqn (3):
RT RT
Qe: —Inar+—InC, (3)
by br

In which ar and by are the equilibrium bonding constant cor-
responding to the maximum binding energy (L kg™') and the
Temkin constant related to the heat of sorption (k] mol™"),
respectively. R is the universal gas constant (8.314 x 107> kJ
(mol K)™"), and T is the absolute temperature (K).

The adsorption kinetic data were fitted with a pseudo-first-
order model. The model is given as eqn (4):

In (%) =kt+b (4)

In which C, (mg L") is the initial concentration of phosphate,
and C (mg L") is the concentration of phosphate at a given time
¢ (min). k (min™") and b, are the adsorption rate constant and
intercept, respectively.

For the experiment on the effect of the solution chemistry,
the solid-liquid distribution coefficient, Ky (L kg™ ') was calcu-
lated to illustrate the effect of the solution chemistry conditions
on the adsorption of phosphate on the magnetite particles. The
desorption ratio (%) was calculated to compare the desorption
trends of the phosphate from the magnetite particles in
different solution chemistry conditions.

The solid-liquid distribution coefficient is given as eqn (5):

Ko = %: (5)

The desorption ratio (DR) calculation equation is given as
eqn (6):
DR— &~ (6)
0.

In which Q, (mg kg™ ") is the adsorption capacity when the
desorption equilibrium is reached.

This journal is © The Royal Society of Chemistry 2020
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2.6 Statistical analysis

The solid-liquid distribution coefficients (K4) and the desorp-
tion ratios (DR) were presented as the mean of three replicates
with the standard error. Analysis of Duncan's multiple range
tests were used to determine the significance of the difference
for the K4 and DR values of the different groups (e.g. pH, ionic
strength and HA). All of the statistical analysis was performed
with SPSS software (version 19.0, IBM Co., US) and all of the
figures were drawn using Origin (version 2017, OriginLab Co.,
us).

3. Results and discussion
3.1 Characterization of the magnetite particles

The morphological characteristics of the magnetite particles
with different sizes are shown in Fig. 1. Obvious differences in
the particle size can be noted from the images. The nanometer-
sized magnetite (nFe;0,) shows a diameter of 23.1 + 3.4 nm
(Fig. 1a), whereas the micrometer-sized magnetite (Fe;0,)
shows a diameter of 0.35 & 0.1 pm (Fig. 1b). Furthermore, the
aggregation of the nFe;0, particles is much tighter than that of
Fe;0,, and the intervals of the nFe;O, aggregates may form
a pore structure, which Fe;O, cannot. The structural properties
of the two sized particles are compared in Table 1. It is not
surprising that nFe;O, has a much higher surface area and pore
volume than that of Fe;0,. Furthermore, the average pore size
of nFe;0, is much smaller than that of Fe;O,. The structural
properties are consistent with the findings in the SEM images.

The surface properties of the magnetite particles character-
ized using XPS are shown in Table 1. It was found that in
addition to the existence of iron and oxygen, carbon also exis-
ted, and nFe;0, shows a higher surface composition of iron and
oxygen and a lower composition of carbon than that of Fe;0,. It
should be noted that ethylene glycol was used in the prepara-
tion of the two sized magnetite particles, and therefore the
relatively high content of C may be due to the residue of the
organic reagent. Hasanpour et al. used the same method to
synthesize the nanocomposite of Fe;0,-ZnO. From their
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characterization results using Fourier transform infrared spec-
troscopy (FTIR), the strong absorption peaks of O=C=0
(2366.99 cm™') and C=C (1430.24 cm™ ') may indicate the
residue of an organic reagent on the surface of the material.””
Based on the analysis results of the C1s and O1s binding energy
and the corresponding carbon, oxygen and iron bonds on the
magnetite surface (Fig. 2), the same surface composition was
found for the two sized magnetite particles. However, the ratio
of each chemical bond varies. For carbonaceous bonds, nFe;0,
has a greater amount of C-O and C=0 polar functional groups
than that of Fe;0,. For oxygenous bonds, nFe;O, also has
a higher amount of iron-oxygen bonds than that of Fe;O0,. The
greater amount of oxygen involving bonds may result in a lower
value for the point of zero charge (pHp,c). This is consistent
with the measurement that shows that nFe;O, exhibits a lower
value of pHpzc (6.2) compared to that of Fe;O4 (9.1), which
indicates that when the background solution is set at a neutral
pH, the surface of the two sized magnetite particles carry the
opposite charge.

3.2 Adsorption of phosphate to the magnetite particles

The adsorption kinetics of phosphate to the two differently
sized magnetite particles are shown in Fig. 3. It can be seen that
it is much slower for nFe;O, to reach the adsorption equilib-
rium than that for Fe;0, (Fig. 3a). In addition, the Q. of nFe;0,
(5890 mg kg ') is more than 30 times higher than that of Fe;0,
(184 mg kg "). The adsorption kinetics data was fitted to
a pseudo-first-order model. The results are shown in Fig. 3b,
and the fitting parameters are summarized in Table 1. Wang
et al.® has reported that the adsorption progress of phosphate to
the ferrihydrite surface could be divided into three stages:
a relatively rapid adsorption step (the initial 20 min), followed
by a slow adsorption step (from 20 to 240 min), and finally a very
slow progression in the amount adsorbed (after 240 min). As
there was no sampling point within the initial 20 min in our
research, only two steps are discussed, a rapid adsorption step
(0-240 min), followed by a relatively slow adsorption step (240-
4320 min). The pseudo-first-order model can easily fit the two

Date: 23 Jun 2019
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Fig. 1 SEM images of magnetite particles with different sizes: (a) nanometer-sized magnetite particles; and (b) micrometer-sized magnetite

particles.
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Table 1 Basic surface and structural properties of the magnetite materials and the parameters of phosphate adsorbed on them

Parameter Material
Aspect Details nFe;0, Fe;0,
Surface composition (%)“ Fe 23.34 16.12
O 39.09 35.74
C 37.56 48.14
Structural properties” Specific surface area (m* g™*) 106.50 5.93
Pore volume (m?) 0.295 0.030
Average pore size (nm) 11.1 20.5
PHpzc’ 6.2 9.1
Kinetics? Ky (min™") 1.2x10°+93x107° 2.0x107*+8.9 x 10°°
k, (min™) 6.6 x 107> £ 6.3 x 10°° 53x107°+1.1x 10°°
Freundlich model Ke (Lkg™") 2431 + 47 209 + 9.5
n 0.202 £ 0.012 0.315 £ 0.021
R 0.980 0.974
Langmuir model A(mgL™) 0.208 + 0.064 1.57 + 0.35
Q° (mg kg™ 3454 £ 191 500 + 27
R 0.808 0.916
Temkin model ar (Lkeg™) 162 + 69 8.88 + 2.47
br (K] m0171) 0.0048 + 0.0004 0.0254 + 0.0019
R 0.956 0.957

“ Determined using XPS. ? Determined using BET and calculated using the BJH and HK models. ¢ Determined using the method reported by

Kocharova et al.>* ¢ k; and k, are the adsorption rate constants from 0-240 and 240-4320 min, respectively (see Fig. 3).

steps of the adsorption of phosphate for both nFe;0, and Fe;0,.
When the adsorption starts (0-240 min), the adsorption sites
are quite adequate, with high rate constants (k;): 1.2 X
10~* min~" (nFe;0,) and 2.0 x 10~* min~" (Fe;0,). Clearly,
nFe;0, shows an adsorption rate that is almost 10 times greater
than that of Fe;0,4, which may be attributed to the much higher
adsorption capacity required to reach for nFe;O,. As the
adsorption proceeds (240-4320 min), the surface charge
become more/less negative/positive, and the sites available for
phosphate adsorption further decrease.**® Thus, the adsorption
rate slows down, and the rate constants (k,) for this step also
decreases with the increasing particle size from 6.6 X
107> min~ " (nFe;0,4) to 5.3 x 107> min~" (Fe;0,). It can be
noted that compared with the k;, the k, decreases more than
100 times for nFe;0,4, whereas it only decreases 20 times for
Fe;0,. Based on the literature studies, the slow adsorption of
phosphate can be ascribed to the further accumulation of the
negatively charged phosphate at the external surface of the iron
oxide-based particles, which are also negatively charged, and to
the diffusion into the internal pore structure formed between
the aggregates of the iron oxide-based particles.**® This may
account for the slower adsorption kinetics and higher
decreasing times of the adsorption rate constant of nFe;O,
compared to that of Fe;0,, as nFe;O, has more pore structures
and a more negatively charged surface as indicated by the
characterization results of the pore volume and the pHp, of the
two differently sized magnetite particles.

It has been reported that both the amount of adsorption sites
and the surface charge may control the adsorption kinetics of
phosphate to the iron oxide-based surface.*** Magnetite parti-
cles with a nanometer size obviously have a greater amount of

2382 | RSC Adv, 2020, 10, 2378-2388

adsorption sites for phosphate compared to Fe;O,, indicated by
the much higher surface area. The final pH of the background
solution was around neutral for the adsorption kinetic experi-
ment. According to the pHp;c values of the two differently sized
magnetite particles, nFe;O, is negatively charged whereas Fe;0,
is positively charged. The phosphate is negatively charged,
therefore, if the electrostatic interaction dominates the
adsorption process it may be easier for it to adsorb onto the
surface of Fe;0, compared to that of nFe;0,. Thus, for the rapid
adsorption step, the rate constant of nFe;O, is much higher
than that of Fe;0,4. It can be speculated that in this step, the
amount of adsorption sites is more important for control of the
adsorption progress. When it proceeds to the slow adsorption
step, the rate constant of nFe;O, is just a little bit higher than
that of Fe;O,4, which indicates that the electrostatic interaction
(attraction between the phosphate and the positively charged
surface of Fe;0,) may play the dominant role and will coun-
terbalance part of the weak adsorption because of the smaller
amount of adsorption sites for Fe;0,.

The adsorption isotherms of phosphate for the two sized
magnetite particles are shown in Fig. 4, and the fitting param-
eters of the chosen Freundlich, Langmuir and Temkin models
are summarized in Table 1. It was found that the adsorption of
phosphate on nFe;0, is at least one order of magnitude higher
than that on Fe;0, (Fig. 4a). Compared to the Langmuir model,
the adsorption of phosphate on magnetite can be better
described by the Freundlich and Temkin models, which may be
attributed to the heterogeneity of the magnetite surface.®
Parameters indicating the sorption capacity from the three
models including K, Q° and ay all show the same trend, in that
they decrease with the increasing size of the magnetite particles.

This journal is © The Royal Society of Chemistry 2020
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Fig.2 XPS analysis of the Cls and O1s binding energies and the corresponding carbon, oxygen and iron bonds on the surface of the magnetite
particles with different sizes. (a) and (c) show the nanometer-sized magnetite particles, whereas (b) and (d) show the micrometer-sized

magnetite particles.

This is consistent with the trend for the adsorption isotherms.
The nonlinear index of the Freundlich model shows very low
values (0.202 for nFe;0,4 and 0.315 for Fe;0,) indicating a strong
heterogeneous distribution of the adsorption sites. Nanometer-
sized magnetite particles may have more hydroxyls attached to
the iron or carbon atoms to interact with the phosphate
compared to that of the micrometer-sized particles, which can
be inferred from the results of the XPS characterization (Fig. 2).
The values of the by (Temkin model parameter) can indicate the

7000
a
6000 ®) o
® () ©)
__ 5000 O
E; &
te)) L P
g 4000 =
100 |
0R \ : \ .
0 1000 2000 3000 4000 5000
t (min)

Fig. 3 The adsorption kinetics of phosphate on magnetite particles with

adsorption mechanism, and if it is in the range of 8 to
16 kJ mol ™, the sorption is governed by ion exchange.*® The
values of fitting by are far less than 8 kJ mol ™" for the two
differently sized particles, thus the adsorption process may
involve both physical and chemical adsorption mechanisms.**

To better understand the mechanisms dominating the
adsorption of phosphate to these two differently sized magne-
tite particles, the BET-surface-area normalized adsorption
isotherms are shown in Fig. 4b. It can be noted that the

2.0
(b)
18} _--0O
- 8- -
1.6 g0 g~ 8
(8]
S 14t
£
121 O nFe,0,: Y=0.89+1.2x10-°X
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adsorption of phosphate to Fe;0, becomes stronger than that to
nFe;0,. Meaning that for the same unit area of adsorption
surface of the two differently sized magnetite particles, phos-
phate has a higher affinity to adsorb on the surface of Fe;O,
compared to that of nFe;0,, whereas the adsorption capacity
(Qe) is only 1.5 to 2 times higher when compared at the same
aqueous phosphate concentration (C.). In addition to the
surface area (ie. the amount of adsorption sites) of the
magnetite particles, there are two further effects which may
control the adsorption process. The first one is the electrostatic
interaction which drives the formation of the outer-sphere
complex between the phosphate and the surface of the
magnetite particles.”®* At certain pH conditions (around
neutral) for the adsorption isotherm experiment, phosphate
and nFe;O, are both negatively charged, whereas Fe;O, is
positively charged, which is speculated from their values of
PHpzc. The electrostatic attraction dominates the adsorption of
phosphate to Fe;0,4, whereas the electrostatic repulsion domi-
nates that to nFe;O,4, which makes phosphate form an outer-
sphere complex on the surface of the micrometer-sized parti-
cles more easily and adsorb more strongly. The other effect is
the formation of the inner-sphere complexes including the
monodentate, bidentate, mononuclear or binuclear complexes
through phosphate replacing hydroxyl on the surface of the
magnetite particles.>*'** According to the results of XPS char-
acterization, the magnetite particles with a nanometer-size have
higher contents of oxygen and iron-oxygen bonds than the
micrometer-sized particles, and may provide further amounts
of iron containing groups to form inner-sphere complexes with
phosphate. However, it can be inferred from the normalized
adsorption isotherms that the stronger inner-sphere-complex
effect between nFe;O0, and phosphate does not overcome the
outer-sphere-complex effect between Fe;0, and phosphate.

3.3 Effects of solution chemistry

The effects of the solution pH on the adsorption/desorption of
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shown in Fig. 5a and b. A general trend can be found in which
the adsorption of phosphate to nFe;O, decreases significantly
with the increasing pH (p < 0.05), but no such obvious trend can
be found for the adsorption of phosphate to Fe;04. The
desorption ratios of the phosphate from these two differently
sized magnetite particles show the same trend that increases
with the increasing pH values, and the extent of the increase is
more marked for the nanometer-sized magnetite particles.

It has been reported that the solution pH can alter the
adsorption/desorption of phosphate to/from iron oxide-based
materials by changing the amount of charge and the charge
characteristics of the phosphate and the surface of the materials
and further changing the dominant adsorption/desorption
mechanisms.>**?**% When the solution pH is around 3, the
electrostatic attraction between the positively charged magne-
tite surface and the negatively charged phosphate will drive the
formation of an outer-sphere complex,* which provides the
strong adsorption and weak desorption behavior of the phos-
phate. When the solution pH rises, the amount of positive
charge on the surface of the magnetite particles with both sizes
decreases, and the surface will finally become negatively
charged when the solution pH is above the value of pHpzc (6.2
for nFe;0, and 9.1 for Fe;0,). When the solution pH is above
6.2, the electrostatic attraction will change into electrostatic
repulsion, which will significantly decrease/increase the
adsorption/desorption of the phosphate to/from nFe;0,. The
higher the pH, the lower/higher the adsorption/desorption of
phosphate to/from the nanometer-sized magnetite particles.
The effect of the solution pH is more powerful for the
nanometer-sized magnetite particles than for the micrometer-
sized magnetite particles. This is because the nFe;O, has
larger amounts of hydroxyl which can be deduced from the
higher surface oxygen content and also the higher ratios of the
C-0 and Fe-O bond for nFe;0, compared to that for Fe;O0, in
the XPS analysis (Table 1 and Fig. 2). Furthermore, the
protonation and deprotonation of the radical can alter the
charge characteristics of the surface and further alter the

phosphate to/from magnetite particles with different sizes are related  adsorption/desorption  behavior.>*  Moreover,
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Fig. 4 The adsorption isotherms of phosphate on magnetite particles with different sizes (a), and the data normalized using the BET specific

surface area of the magnetite particles (b).
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phosphate still has a certain degree of adsorption on magnetite
when the solution pH is above the pHp,c and the outer-sphere
complex effect cannot be formed. This is because under
a certain pH, the protonated iron surface groups with phos-
phate can form an inner-sphere complex such as the bidentate
binuclear phosphate complex,** which may result in a reduced
desorption of phosphate from the magnetite particles.

The effects of the IS of the solution on the adsorption/
desorption of phosphate to/from magnetite particles are
shown in Fig. 5c and d. It can be found that the adsorption of
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phosphate on both sizes of magnetite increases with the
increasing IS (p < 0.05), and changing the IS of the solution does
not significantly alter the desorption behavior of the phosphate
on both of the sizes of magnetite (p > 0.05). nFe;0, shows
a higher adsorption of phosphate for all of the three IS condi-
tions compared to that of Fe;O, respectively. It has been re-
ported that if the adsorption of phosphate to the metal oxide
material decreases with the increasing IS of the solution, the
adsorbed phosphate may form outer-sphere complexes with the
surface of the material, and if the adsorption increases with the
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Fig. 5 The effects of solution chemistry on the adsorption ((a), (c) and (e)) and desorption ((b), (d) and (f)) of phosphate on/from the magnetite
particles with different sizes. Bars of the same style are marked with different letters to indicate significant differences (p < 0.05).
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increasing solution IS, inner-sphere surface complexes may be
formed instead.”>** Based on the higher ratios of the surface Fe—
O and C-O bond and the lower values of the pHp,c of the
nanometer-sized magnetite particles than that of the
micrometer-sized magnetite particles from the XPS and pHpc
analysis, the neutral solution pH of the IS effect experiment will
result in the surface of nFe;O, being negatively charged,
whereas it will result in the surface of Fe;O, being positively
charged. In these conditions, the inner-sphere complexes may
be dominantly formed between the adsorbed phosphate and
the nFe;0, surface, whereas the outer-sphere complexes may be
formed on the surface of Fe;0,.>*** Thus, the increase in the
solution IS will improve the formation of the protonated Fe-OH
groups, which may favor the further formation of the inner-
sphere complex between the adsorbed phosphate and the
surface functional groups of nFe;0,4, and then the adsorption of
phosphate will be increased."**® However, the abovementioned
effect is not significant for the formation of the outer-sphere
complex, resulting in a reduced promoting effect in the
adsorption of phosphate to Fe;0,. The increasing solution IS
may not change the amount of adsorption sites and the domi-
nant adsorption mechanism, thus the desorption ratios do not
change significantly.

The effects of HA on the adsorption/desorption of phosphate
to/from magnetite particles are shown in Fig. 5e and f. The
presence of HA does not change the adsorption of phosphate on
nFe;0,, but increases that on Fe;O,, especially when the HA
concentration is 10 mg L™ '. The desorption behavior is not
significantly changed for both sizes of magnetite particles (p >
0.05). It has been reported that HA may decrease the adsorption
of phosphate to metal oxides by covering the adsorption sites.*®
At the same time, the presence of HA may help disperse the
aggregates of the particles and expose more adsorption sites,
which may result in increasing the adsorption.*””** Also, based
on the higher ratios of the surface Fe-O and C-O bonds and the
lower values of pHpyc of the nanometer-sized magnetite parti-
cles compared to that of the micrometer-sized magnetite
particles from XPS and pHpyc analysis, the neutral solution pH
for the HA effect experiment makes the surface of nFe;O,
negatively charged, whereas the surface of Fe;O, becomes
positively charged. Thus, the negatively charged HA will interact
more strongly with the positively charged Fe;O4, and the
dispersion effect which can increase the available adsorption
sites for phosphate may be stronger than the effect of covering
the adsorption sites which can decrease the adsorption. Inter-
estingly, the improvement resulting from HA on the adsorption
of phosphate to Fe;O, only shows a significant effect (p < 0.05)
when the HA concentration is 10 mg L " rather than 5 mg L™ ".
This fact further demonstrates that only a certain amount of HA
can expose a significant amount of adsorption sites for phos-
phate and increase the adsorption significantly. However, the
interaction between both the negatively charged nFe;0, and HA
is much weaker, thus HA shows no obvious effects on the
adsorption behavior of the phosphate to nFe;O,. Moreover, as
HA does not alter the dominant interaction effect between the
magnetite and phosphate, the desorption of phosphate from
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the two sized magnetite particles with the presence of HA does
not change significantly.

3.4 Environmental implications

The removal of phosphate from wastewater using iron oxide-
based materials as the sorbent has always been a good choice.
If a sorbent that has fast sorption Kkinetics, a high sorption
capacity, easy regeneration and an easy separation approach,
that could also retain these advantages in a wide range of
solution chemistry conditions (e.g. wastewater with extreme
acidity or alkalinity, and very high concentrations of ionic
strength and/or natural organic matter) could be synthesized,
the problems caused by phosphate will be solved perfectly.
However, based on our research, both the particle size and the
surface chemistry properties of magnetite could control its
capability to adsorb phosphate (summarized in Fig. 6). Thus, it
is difficult to synthesize such an ideal material. Although
magnetite with nanometer-sized particles has a very strong
adsorption capacity for phosphate, it takes much more time to
reach the adsorption equilibrium, and the solution chemistry
conditions (e.g. the solution pH and IS) have a great effect on its
adsorption and desorption behavior. Furthermore, it has been
reported that the nanometer-sized particles of magnetite are
very hard to separate from aqueous solution using the magnetic
method as the magnetic force decreases with the decreasing
size of the particles.* In order to conquer these disadvantages,
significantly more effort should be made and the benefits
brought by “nanometer technologies” may be decreased, not to
mention the price disadvantages of nanometer materials.
Therefore, in order to realize the effective and green removal
of phosphates from wastewater, the proper surface area, the
amount of surface functional groups and the charge charac-
teristics of the sorbent should all be considered to improve the
regeneration capacity, resistance to the interference of solution
chemistry conditions, and excellent magnetic separation
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Fig. 6 A schematic diagram of the mechanisms controlling the
adsorption of phosphate to magnetite with different particle sizes and
surface chemical characteristics.
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abilities in future research. Moreover, in order to discuss the
sorption mechanisms dominated by sorbent properties more
precisely and to avoid the uncertainties brought about by
different synthesis processes or the conditions of the sorbents,
choosing sorbents with different properties, but prepared using
the same synthesis processes or conditions as possible is
another major concern for the future research.

4. Conclusions

Nanometer and micrometer sized magnetite particles were
chosen for studies of their adsorption kinetics and isotherms
towards phosphate. It was found that the nanometer-sized
magnetite has a higher surface area, larger pore volume, more
abundant surface oxygen and iron containing functional groups
and a lower pHpyc value compared to the micrometer-sized
magnetite. Phosphate adsorption equilibrium is reached
faster in the case of Fe;O, than nFe;O,, and the amounts of
sorption sites and the electrostatic interactions may become the
main factors determining the adsorption rate of phosphate on
magnetite in the fast-sorption and slow-sorption steps, respec-
tively. The adsorption of phosphate on nFe;O, is one order of
magnitude higher than that on Fe;0,. In addition, the domi-
nant effects of the sorbent surface area, the electrostatic inter-
actions and iron-oxygen—-phosphate complex formation may be
valid mechanisms. The effects of the solution chemistry (e.g.,
solution pH, and concentrations of IS and HA) on the
adsorption/desorption of phosphate on magnetite vary with
particle size. This may be attributed to differences in the
amount of surface functional groups, the ability to form an
outer-sphere and/or inner-sphere complex, and the interaction
affinity with HA between these two differently sized magnetite
particles.
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