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Abstract
Amagnesia–pullulan (MgOP) composite has been developed to remove phosphate from a synthetic solution. In the present study, the 
removal of phosphate by MgOP was evaluated in both a batch and dynamic system. The batch experiments investigated the initial pH 
effect on the phosphate removal efficiency from pH 3 to 12 and the effect of co-existing anions. In addition, the adsorption isotherms, 
thermodynamics, and kinetics were also investigated. The results from the batch experiments indicate that MgOP has encouraging 
performance for the adsorption of phosphate, while the initial pH value (3–12) had a negligible influence on the phosphate removal 
efficiency. Analysis of the adsorption thermodynamics demonstrated that the phosphate removal process was endothermic and 
spontaneous. Investigations into the dynamics of the phosphate removal process were carried out using a fixed bed of MgOP, and 
the resulting breakthrough curves were used to describe the column phosphate adsorption process at various bed masses, volumetric 
flow rates, influent phosphate concentrations, reaction temperatures, and inlet pH values. The results suggest that the adsorption of 
phosphate on MgOP was improved using an increased bed mass, while the reaction temperature did not significantly affect the 
performance of the MgOP bed during the phosphate removal process. Furthermore, higher influent phosphate concentrations were 
beneficial towards increasing the column adsorption capacity for phosphate. Several mathematic models, including the Adams–Bohart, 
Wolboska, Yoon–Nelson, and Thomas models, were employed to fit the fixed-bed data. In addition, the effluent concentration of 
magnesium ions was measured and the regeneration of MgOP investigated.
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Introduction

Phosphorus plays an irreplaceable role in the growth of all
organisms found in the ecosystem. Naturally, it exists in a
large variety of chemical forms, in which phosphate ions
(PO4

3−) are the main form. Excessive use of phosphate-
based fertilizers and improper wastewater treatment result in
an enrichment of phosphate in water bodies (Li et al. 2017;
Zhang et al. 2018). It is believed that the presence of an ex-
cessive amount of phosphate contributes to eutrophication,
which promotes the growth of harmful algae and thereby leads
to an inadequate amount of dissolved oxygen in water (Lin
et al. 2017; Mor et al. 2016; Wan et al. 2017). Consequently,
the death of aquatic life occurs, and the quality of the aquatic
environment deteriorates. More importantly, eutrophication
has a serious impact on the use of water for different purposes,
and to date, this issue has yet to be solved. Therefore, it is
essential to eliminate an excessive amount of phosphate from
wastewater to ensure that the phosphate content is below the
limit of discharge standard.
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Currently, the main techniques used for phosphate removal
include chemical precipitation, biological processes, mem-
brane hybrid systems, and ion exchange and adsorption
(Huang et al. 2017a; Ye et al. 2017; Ye et al. 2016b; Zhu
et al. 2013). However, biological phosphate removal is ener-
gy-intensive, and a large area is involved in the process.
Moreover, strict control of the operating conditions may in-
crease the difficulty in its feasibility. As for chemical precip-
itation, it is expensive as reverse osmosis, ion exchange, and
electrodialysis. In contrast to the other methods used for phos-
phate removal, adsorption is effective and economic due to its
flexible design and operation, high stability and efficiency,
and low cost (Ashekuzzaman and Jiang 2017; Jiang et al.
2016; Lee et al. 2017; Wang et al. 2012; Zhang et al. 2009).
In addition, adsorption is preferable for the recovery of phos-
phate at low concentration and can be applied in undeveloped
countries (Loganathan et al. 2014; Nguyen et al. 2015). To
date, many materials have been developed for the phosphate
removal (Huang et al. 2017b; Liu et al. 2018; Ye et al. 2017).
Due to the strong specific affinity between phosphate ions and
metal sites, oxides and hydroxides of metals and their modi-
fications have been widely used to remove phosphate from
wastewater (Hu et al. 2017; Shi et al. 2019; Tang et al. 2019;
Xu et al. 2017).

However, the studies on the phosphate removal via Mg-
containing materials are few despite the fact that several re-
searches exhibited the potential of Mg-based material for
phosphate adsorption (Lan et al. 2018; Tang et al. 2018;
Tang et al. 2017). It is well known that the struvite
(MgNH4PO4·6H2O) could be obtained if the concentrations
and solution are favorable (Ye et al. 2017), which also facili-
tates the simultaneous removal/recovery of phosphate and am-
monium. Thus, the application of Mg-based material for re-
moving phosphate from wastewater has the opportunity to
achieve struvite or soil with a certain amount of struvite.
Reportedly, the modified magnesia adsorbent has high poten-
tial for the phosphate removal (Kumar and Viswanathan
2017). This may be attributed to the chemical properties of
the magnesium ions being similar to the Lewis acid. In this
case, they lose the electrons in the outer layer, and thereby, the
metal ions can easily combine with phosphate. Besides, Kang
et al. (2011) found that the integration of pullulan (biodegrad-
able extracellular water-soluble microbial polysaccharide)
with magnesia could enlarge the specific surface area when
compared with the original magnesia, which enhanced the
phosphate removal. In the present study, pullulan was mixed
with magnesia to prepare a magnesia–pullulan composite
(MgOP). Since MgOP could also effectively remove fluoride
from wastewater (Kang et al. 2011), this undoubtedly in-
creases the application potential of MgOP in the treatment of
wastewater contaminated by phosphate.

In general, the objectives of this study were to explore the
phosphate removal by MgOP in a single-adsorbate system

using both batch and continuous systems. In batch mode, the
phosphate removal efficiency was explored under various ini-
tial solution pH values and the presence of co-existing anions,
respectively. Detailed studies regarding the adsorption kinet-
ics and thermodynamics were conducted as well as the ad-
sorption isotherm experiments. For the continuous system,
the phosphate removal process with MgOP was performed
using a fixed-bed column and the breakthrough curves for
phosphate adsorption were applied to identify the removal
efficiency of MgOP (Ye et al. 2018b). In this scenario, the
parameters that influenced the breakthrough curves including
the bed mass, flow rate, influent phosphate concentration and
inlet pH value were evaluated. Moreover, mathematical
models were exploited to assess the performance of the fixed
bed to remove phosphate from an aqueous solution. It should
be noted here that the column tests of the phosphate adsorp-
tion on MgOP can offer basic information for scaling up the
MgOP application from laboratory scale to pilot/plant scale
and thereby facilitate the commercial application of MgOP in
treating wastewater contaminated by phosphate. Apart from
this, the regeneration of MgOP was also studied as well as the
stability of MgOP.

Materials and methods

Preparation of MgOP

The synthesis of MgOP was achieved as previously described
(Kang et al. 2011). Pullulan was provided by Shandong Freda
Biotechnology Co., Ltd., Linxi, China. Specifically, 8 g of
MgO was dissolved in 600 mL of deionized water, and then
12 g of pullulan was introduced into the mixture. The resulting
solution was stirred at room temperature for 24 h and subse-
quently heated in an oven at 105 °C for 12 h. The resulting
solid was calcined for 2 h at 450 °C, and the resulting com-
posite (i.e., MgOP) was then allowed to cool to room temper-
ature and sieved to obtain 0.074-mm-diameter particles.
Finally, the sieved MgOP was stored in a dry bag. Apart from
this, the specific surface area of original MgO and MgOP was
7.59 and 32.90 m2/g, respectively (Kang et al. 2011), which
indicates that MgOP has higher defluoridation capacity when
compared with MgO.

Analytical and characterization methods

A 50 mg·P/L stock solution of phosphate was obtained using
potassium dihydrogen phosphate. The stock solution was di-
luted to prepare the working phosphate solutions. To deter-
mine the phosphate content in the treated water, an ammoni-
um molybdate spectrophotometric method was applied (Guo-
Mei 2006). The initial pH values of the solution were adjusted
using 1.0 mol/L sodium hydroxide (NaOH) and 1.0 mol/L



hydrochloric acid (HCl) solutions and confirmed using a pH
meter. The effluent magnesium concentrations were examined
using an atomic absorption spectrophotometer (Willis 1961).

Batch phosphate adsorption

The initial pH effect on the phosphate removal process was
studied in 50-mL tubes containing MgOP and the phosphate
solution. According to our previous study (Ye et al. 2016a),
the MgOP concentration was 1.2 g/L. The experiment was
performed on a thermostatic shaker at 150 rpm at 25 °C.
The effect of co-existing anions on the phosphate removal
process was explored. In addition, the adsorption kinetic ex-
periments were also explored as was the temperature effect
(i.e., adsorption isotherms and thermodynamics). Before ana-
lyzing the aqueous samples, they were filtered using a
0.45-μm membrane filter.

All the experiments were duplicated under the same con-
ditions and the data examined through an analysis of the stan-
dard deviations. The amount of phosphate adsorbed byMgOP
was calculated using Eq. (1).

qt ¼
V C0−Ctð Þ

m
ð1Þ

where qt (mg/g) represents the adsorption capacity of phos-
phate at reaction time (t) (min), m is the dry weight of MgOP,
V is the volume of the phosphate solution, and C0 and Ct are
the initial phosphate concentration and residual phosphate
concentration at t, respectively.

Continuous phosphate adsorption

An organic glass column (internal diameter = 4 cm and
height = 20 cm) was applied in the fixed-bed studies
with downward flow. A certain amount of MgOP was
packed into the column. Moreover, a peristaltic pump
was used to control the flow rate in a given experiment.
Glass wool (~ 10 cm) was packed into the bottom of the
cylinder to prevent MgOP outflow. The effluent samples
were analyzed at different reaction times. The perfor-
mance of the fixed bed of MgOP used for the phos-
phate removal process was evaluated using the break-
through curves obtained under different operation con-
ditions, such as bed mass (2, 4, and 6 g, which were
corresponding to the bed height of 2.6, 5.2, and 7.8 cm,
respectively), initial phosphate concentration (1, 5, 10,
and 20 mg/L), flow velocity (8 16 and 24 mL/min),
reaction temperature (25, 35, and 45 °C), and inlet pH
(5, 7, and 9). In addition, several mathematical models,
including the Adams–Bohart, Wolboska, Thomas, and
Yoon–Nelson models, were applied to simulate the ex-
perimental data. It should be noted that the continuous

phosphate removal process using MgOP was carried out
in duplicate and each column was conducted in parallel
during the experiments. The column adsorption capacity
for phosphate was determined using Eq. (2).

qe ¼
Q

1000m
∫t¼ttotal
t¼0 C0−Ctð Þdt ð2Þ

where Ct is the residual phosphate concentration in the
effluent, C0 (mg/L) represents the initial phosphate con-
centration, ttotal (h) is the exhaustion time in which Ct/
C0 reached 0.9, Q (mL/min) is the flow velocity, m (g)
is the dry weight of MgOP in the column, and qe (mg/
g) is the column capacity at the exhaustion point. The
breakthrough time (tb) is the time where Ct/C0 reached
0.1.

Apart from this, the length of the fixed bed where adsorp-
tion of solutes takes place is defined as mass transfer zone
(MTZ), and its calculation was shown in Eq. (3) (Chatterjee
et al. 2017; Vieira et al. 2019).

MTZ ¼ h 1−
tb
ttotal

� �
ð3Þ

where h (cm) is the column height.

MgOP regeneration

In the regeneration experiment, 0.1 mol/L solutions of HCl,
NaOH, sodium chloride (NaCl), sodium carbonate (Na2CO3),
citric acid (C6H8O7) and sodium citrate (Na3C6H5O7), and
deionized water were employed as the desorbing agents. The
phosphate-loaded MgOP was obtained using a mixture of the
phosphate solution (10 mg/L) and MgOP (1.2 g/L) for 24 h at
25 °C. After drying, the phosphate-loaded MgOP was im-
mersed in the elution solution and then continuously stirred
for 24 h at 25 °C. Notably, the pH of all the solvents was above
3 to initiate the dissolution of MgOP. After desorption, the
dried phosphate-desorbed MgOP (1.2 g/L) was mixed with
the phosphate solution (10 mg/L), which was shaken for
24 h at 25 °C. The regeneration efficiency (RE) was calculated
using Eq. (4).

RE ¼ qr
q0

� 100% ð4Þ

where qr (mg/g) is the adsorption capacity of the regenerated
MgOP and q0 (mg/g) is the adsorption capacity of the original
MgOP sample. In addition, the calcination of the used MgOP
under inert conditions was also carried out to examine the
MgOP regeneration process. The resulting solid (1.2 g/L)
was mixed with the phosphate solution (10mg/L) as discussed
above to obtain the regeneration efficiency. The adsorption/
regeneration process was repeated six times using the same
MgOP sample.



Results and discussion

Batch phosphate adsorption

The effect of the initial pH value

The pH value controls the dissociation equilibrium of phos-
phate ions, as shown in Eqs. (5)–(7) (Chitrakar et al. 2006).

H3PO4⇌H
þ þ H2PO4

− pKa ¼ 2:16ð Þ ð5Þ
H2PO4

−⇌Hþ þ HPO4
2− pKa ¼ 7:2ð Þ ð6Þ

HPO4
2−⇌Hþ þ PO4

3− pKa ¼ 12:35ð Þ ð7Þ

The phosphate removal process using MgOP was studied
at different initial pH values (3–12) with 1.2 g/L ofMgOP and
a 10 mg/L phosphate solution. From Fig. 1, the adsorption
capacity of MgOP for phosphate was high over a wide pH
range (3–12). According to the assumption of surface com-
plexation, the MgOP surface has many active hydroxyl
groups. In this scenario, protonation and deprotonation will
occur on the MgOP surface under acidic and alkaline environ-
ments, respectively (Eqs. (8) and (9)) (Hu et al. 2016; Huang
et al. 2015).

Protonation pH < 7ð Þ : ≡SOHþ Hþ
sð Þ↔≡SOHþ

2 ð8Þ
Deprotonation pH > 7ð Þ : ≡SOH↔≡SO− þ Hþ

sð Þ ð9Þ

where ≡SOH, ≡SOH2
+, and ≡SO− represent neutral, posi-

tively charged, and negatively charged hydroxyl groups on
the MgOP surface, respectively, and H+

(s) is the concentration
of H+ ions on the surface of MgOP.

An acidic environment can result in the formation of a
positively charged surface MgOP and H2PO4

2− as the

predominant species of phosphate. In this scenario, the phos-
phate removal process using MgOP was enhanced due to the
electrostatic attraction between H2PO4

2− and the MgOP sur-
face. Increasing the pH decreases the effect of electrostatic
attraction because the MgOP surface is negatively charged,
and electrostatic repulsion increasingly dominates the reaction
between the MgOP surface and phosphate ions. In addition,
an increased concentration of hydroxyl ions may negatively
affect the phosphate removal process (Zhang et al. 2010) since
there is a competition between the hydroxyl ions and phos-
phate ions for the hydroxyl groups on the MgOP surface.
However, the experimental results show an opposite trend in
which the phosphate removal efficiency was not significantly
influenced upon increasing the initial pH from 7 to 12. This
may be attributed to the pHzpc value ofMgOP, standing at 10.7
(Kang et al. 2011). In this scenario, the case where the solution
pH was less than the pHzpc may result in the electronic attrac-
tion between the MgOP surface and phosphate ions.
Consequently, the effective phosphate adsorption via MgOP
was obtained before solution pH reaching 10.7. Moreover,
according to the study of Ye et al. (2018a), increasing pH
may only affect the adsorption rate of phosphate and have
negligible impacts on the total number of hydroxyl groups
on the MgOP surface. In other words, the high adsorption
capacity of MgOP for phosphate could also be achieved at
solution pH over 10.7, and the equilibrated adsorption capac-
ity of MgOP for phosphate was negligibly varied over a wide
initial pH range (3–12). In addition, the equilibrated pH was
stable in the range from 10.7 to 11.2. This may be ascribed to
the ligand exchange observed between the phosphate ions and
hydroxyl groups on the MgOP surface, which results in the
equilibrium pH under alkaline conditions. Apart from this,
MgOP prefers to adsorb H+ ions than OH− ions (Ye et al.
2018a), which causes the pH elevation of treated phosphate
solution. To sum up, our investigations on the pH effect sug-
gest that MgOP is effective for phosphate removal from a
wide range of wastewater/water sources.

The effect of co-existing anions

Since anions such as chloride, sulfate, bicarbonate, and nitrate
often co-exist with phosphate in wastewater, these anions at
different initial concentrations (100–500 mg/L) were added to
the tubes used in our investigation, which contained 1.2 g/L of
MgOP and the 10 mg/L of phosphate solution, in order to
evaluate the selectivity of MgOP for phosphate. The reactions
were carried out for 100 min. From Fig. 2, all the anions had
an insignificant effect on the adsorption efficiency for phos-
phate. This was attributed to MgOP having a higher affinity
for phosphate ions than the anions mentioned above.
Furthermore, H2PO4

2− ions are the predominant form of phos-
phate ion found in the present study, and it has been reported
that multivalent anions are more easily adsorbed when

Fig. 1 The effect of the initial pH on the phosphate removal process using
MgOP. Conditions: MgOP concentration = 1.2 g/L, contact time =
100 min, reaction temperature (25 °C), and initial phosphate
concentration = 10 mg/L



compared with monovalent anions (Wan et al. 2012). Even
though the addition of HCO3

− increased the solution pH to
some extent, this change had no notable impact on the adsorp-
tion of phosphate and a similar trend was observed to that
found in the pH effect study.

The mechanism for phosphate adsorption on MgOP

As discussed above, the phosphate removal process using
MgOP was endothermic and a chemisorption process (see
the Supplementary Information). According to another study,
the pHzpc of MgOP is 10.7 (Kang et al. 2011). In addition, the
analysis of the Fourier transform infrared spectroscopy (FTIR)
spectra recorded in our previous study (Ye et al. 2016a) and
the results derived from the pH effect study further imply the
adsorption mechanism of phosphate on MgOP:

1. When solution pH is less than the pHzpc of MgOP (10.7),
protonation of the hydroxyl groups leads to the formation
of a positively charged surface on the MgOP. In this sce-
nario, the adsorption of phosphate was enhanced because
the electrostatic attraction increased the transfer of phos-
phate ions (negatively charged ions) to the positively
charged surface of MgOP. Therefore, electrostatic interac-
tion and ligand exchange are the main mechanisms of the
phosphate removal using MgOP during the adsorption
process at pH < 7.0.

2. When solution pH is over the pHzpc of MgOP (10.7), a
negatively charged surface on the MgOP is formed due to
the increasing OH− content. Theoretically, the weakened
electrostatic attraction decreases the phosphate adsorption

on MgOP. However, the high adsorption capacity of
MgOP for phosphate was also observed under alkaline
conditions because high pH only affects the adsorption
rate of phosphate through changing the surface charge
of MgOP whereas the number of hydroxyl groups on
the MgOP surface is insignificantly influenced as well
as the equilibrated adsorption capacity of MgOP for
phosphate.

In addition, the FTIR spectra studied in our previous study
(Ye et al. 2016a) showed the presence of hydrogen bonding
between phosphate ion and hydroxyl group (Arai and Sparks
2001; Belelli et al. 2014; Uzunova and Mikosch 2016), which
is also involved in the mechanism for phosphate adsorption on
MgOP. Since the energy of adsorption in H-bonding is lower
than that in the ligand exchange process (Loganathan et al.
2013), it is apparent that the ligand exchange process may be
the main mechanism for phosphate removal using MgOP.

Based on Eqs. (5)–(7), the H2PO4
− and HPO4

2− ions dom-
inate the species of phosphate ions over the pH range of 3–12.
Therefore, the mechanism for phosphate removal using
MgOP includes ligand exchange (Eqs. (10) and (11)) and H-
bonding with phosphate ions (Eqs. (12) and (13)).

Ligand exchange : ≡S−OHþ H2PO
−
4↔S−OPO3H2

þ OH− ð10Þ
≡S−OHþ HPO2−

4 ↔S−OPO3H
− þ OH− ð11Þ

H−bonding : ≡S−OHþ H2PO
−
4↔S−OH⋯OPO3H2 ð12Þ

≡S−OHþ HPO2−
4 ↔S−OH⋯OPO3H

− ð13Þ

Dynamic phosphate adsorption

The effect of the bed mass

The effects of various bed masses (2, 4, and 6 g) on the phos-
phate adsorption process at a flow velocity of 16 mL/min and
influent phosphate concentration of 10 mg/L are shown in
Fig. 3. An increased amount of MgOP results in a smaller
slope in the breakthrough curve. The breakthrough time and
exhaustion time both increase at a high bed mass. For exam-
ple, increasing the bed mass from 2 to 6 g causes the break-
through time to increase from 0.5 to 4.7 h. This is attributed to
the higher bed mass possessing a longer contact time between
the phosphate ions and MgOP. Moreover, increasing the bed
mass may provide more hydroxyl groups available for phos-
phate removal and an increase in the height of the mass trans-
fer zone. As a result, the column adsorption capacity for phos-
phate increases from 3.39mg/g observed for a bed mass of 2 g
to 11.53 mg/g observed for a bed mass of 6 g. Other studies
have also reported a similar trend (Chowdhury and Saha 2013;

Fig. 2 The effect of co-existing anions on the phosphate removal process
using MgOP. Conditions: MgOP concentration = 1.2 g/L, contact time =
100 min, reaction temperature (25 °C), and initial phosphate concentra-
tion = 10 mg/L



Guo et al. 2013; Ye et al. 2018b). However, an increased bed
pressure drop may result from an excessive bed mass (Du
et al. 2018), which can seriously affect the phosphate adsorp-
tion process. Therefore, a bed mass of 4 g was used in the
following dynamic experiments.

The effect of the flow velocity

The breakthrough curves at different volumetric flow rates (8,
16, and 24 mL/min) using a bed mass of 4 g and inlet phos-
phate concentration of 10 mg/L are depicted in Fig. 4. Sharper
breakthrough curves were observed at a higher flow rate,
which was related to the mass transfer process. In this scenar-
io, the breakthrough time decreased from 3.3 to 0.7 h upon
increasing the flow rate from 8 to 24 mL/min. The decreased
pattern is similar to the exhaustion time because a higher vol-
umetric flow rate increases the mass transfer rate, so the
amount of phosphate ions adsorbed per unit bed mass in-
creased and the time taken for MgOP to reach saturation is
decreased. Moreover, increasing the flow rate may accelerate
the downward flow of phosphate ions, and their residence
time in the column is thereby decreased. As a consequence,
the column adsorption capacity of phosphate theoretically de-
creases upon increasing the flow rate. However, the adsorp-
tion capacity of phosphate increases from 5.72 to 6.88mg/g as
the flow rate is varied from 8 to 16 mL/min. The possible
reason for this is that a higher flow rate may result in more
phosphate flowing into the column with time (Xia and Wang
2014). Hence, the phosphate removal process can be im-
proved by appropriately increasing flow rate, and a flow rate
of 16 mL/min was thus used in the subsequent experiments.

The effect of the influent phosphate concentration

The breakthrough curves at different initial phosphate concen-
trations using a bed mass of 4 g and flow rate of 16 mL/min
are illustrated in Fig. 5. Increasing the inlet phosphate concen-
tration can lead to a steeper breakthrough curve. In addition,
the column adsorption capacity for phosphate ions increased
from 2.68 to 9.57 mg/g as the influent phosphate

Fig. 3 The effect of the bed mass on the breakthrough curves observed
for the phosphate removal process using MgOP. Conditions: bed mass =
2–6 g, volumetric flow rate = 16 mL/min, influent phosphate
concentration = 10 mg/L, and room temperature (25 °C)

Fig. 4 The effect of the volumetric flow rate on the breakthrough curves
observed for the phosphate removal process using MgOP. Conditions:
bed mass = 4 g, volumetric flow rate = 8–24 mL/min, influent
phosphate concentration = 10 mg/L, and room temperature (25 °C)

Fig. 5 The effect of the influent phosphate concentration on the
breakthrough curves observed for the phosphate removal process using
MgOP. Conditions: bed mass = 4 g, volumetric flow rate = 16 mL/min,
influent phosphate concentration = 1–20 mg/L, and room temperature
(25 °C)



concentration was varied from 1 to 20 mg/L. This can be
ascribed to the higher driving force of mass transfer caused
by the greater phosphate concentration gradient between the
solution and MgOP surface. These findings also indicate that
the fixed-bed adsorption process depends on the phosphate
concentration (Muliwa et al. 2018; Nur et al. 2014; Shi et al.
2018). However, the breakthrough time for phosphate adsorp-
tion decreases from 11.2 observed for an influent phosphate
concentration of 1 mg/L to 0.65 h observed for an influent
phosphate concentration of 20 mg/L. Similar changes were
observed for the exhaustion time because a higher influent
phosphate concentration may accelerate the adsorption satu-
ration process, resulting in a decrease in the breakthrough and
exhaustion time.

The effect of the influent pH value

The effect of the inlet pH (5, 7, and 9) on the breakthrough
curves observed for the phosphate adsorption process using
MgOP was explored. The experiments were performed using
a bed mass of 4 g, flow velocity of 16 mL/min, and initial
phosphate concentration of 10 mg/L (Fig. 6). Theoretically,
the column adsorption capacity for phosphate may be negli-
gibly affected by increasing the initial pH from 5 to7 because
of the MgOP’s pHzpc being 10.7 (Kang et al. 2011), as
discussed in BThe effect of the initial pH value^ section.
Indeed, the adsorption capacity for phosphate at the exhaus-
tion time decreases from 6.76 mg/g at an initial pH of 5 to
5.56 mg/g at an initial pH of 7, but the adsorption capacity
increases to 7.31 mg/g at pH 9. The possible reason for this is

that increasing the pH may vary the adsorption rate of phos-
phate onMgOP (Ye et al. 2018a) and the breakthrough curves
were thereby influenced as well as the column capacity at the
exhaustion time. This is despite the fact that the total number
of hydroxyl groups on the MgOP surface is insignificantly
affected. In contrast, the batch experiments show that the
phosphate ions are effectively removed from a synthetic aque-
ous solution over a wide range of pH (3–10). A possible ex-
planation for this is that the variations in the initial solution pH
may not significant impact on the equilibrated adsorption ca-
pacity of MgOP for phosphate (Ye et al. 2018a), as mentioned
in BThe effect of the initial pH value^ section.

Breakthrough curve models

Predicting the parameters of a continuous fixed-bed column is
important, not only for a laboratory-scale study, but also for
industrial-scale processes. A breakthrough curve is the plot of
the effluent and influent concentration ratios versus the run-
ning time, and its prediction can help to better understand the
mechanism involved in the removal process and to predict any
further changes that may occur under different operating con-
ditions (Borba et al. 2006). In the present study, the column
breakthrough curves observed for the phosphate removal pro-
cess using MgOP were evaluated using mathematic models,
including the Adams–Bohart, Wolboska, Thomas, and Yoon–
Nelson models.

Adams–Bohart model and Wolborska model

Bohart andAdams (1920) developed the Adams–Bohart mod-
el, which is based on the surface reaction rate theory and is
always used to evaluate the initial part of breakthrough curves.
In addition, the Adams–Bohart model assumes that the ad-
sorption rate is proportional to both the adsorbate concentra-
tion and the remaining adsorption capacity of the adsorbent,
and the equilibrium is not instantaneous. The Adams–Bohart
model is given by Eq. (14).

t ¼ N0Z
CtU0

−
1

kAB
In

Ct

C0
−1

� �
ð14Þ

where kAB (L/(mg min)) is the kinetic constant of the Adams–
Bohart model, t (min) is the running time from the beginning
to the end of breakthrough, N0 is the column adsorption ca-
pacity estimated by the Adams–Bohart model, Z (cm) is the
height of the column, and U0 (cm/min) is the volumetric flow
rate.

Apart from this, the Wolborska model is based on the mass
transfer phenomenon for the inner diffusionmechanism at low
concentrations. It is always used to describe the initial seg-
ment of the breakthrough curves (Wolborska 1989). The mod-
el is given by Eq. (15).

Fig. 6 The effect of the influent pH value on the breakthrough curves
observed for the phosphate removal process using MgOP. Conditions:
bed mass = 4 g, volumetric flow rate = 16 mL/min, influent phosphate
concentration = 10 mg/L, and room temperature (25 °C)



t ¼
In
Ct

C0

βaC0
N0 þ Z

C0U 0

N 0 ð15Þ

where βa (min−1) is the rate constant of the Wolborska model.
The Adams–Bohart model andWolborska model can share

the same the linear dependence (InCt
C0

vs. t). Hence, these two

models may share the same plots. Moreover, the column ad-
sorption capacities estimated by the Wolborska and Adams–
Bohart models are theoretically equal. As shown in Table 1,
the values of R2 range from 0.819 to 988 and indicate that the
breakthrough curves can be predicted using the Adams–
Bohart model and Wolborska model with satisfactory results.
The values of kAB increase at a higher volumetric flow rate,
which indicates that external mass transfer controls the initial
part of the phosphate removal process (Aksu and Gönen
2004). Moreover, the values of N0 increase upon increasing
the influent phosphate concentration, as expected.

Thomas model

The present isotherm and kinetic studies indicate that the
Langmuir isotherm and pseudo-second-order kinetic model
have a good agreement with the phosphate removal process
using MgOP. The Thomas model assumes that the adsorption
follows the second-order reversible reaction kinetics and the
Langmuir isotherm with no axial diffusion (Thomas 1944). In
addition, the column void fraction and physical properties of
the adsorbent are also constant when the Thomas model is
employed. The effects of intra-particle diffusion during the
mass transfer process may be ignored as well as the external
resistance effects while applying the Thomas model for the
simulation. The Thomas model can be given by Eq. (16).

t ¼ qTm
QC0

þ
In

C0

Ce
−1

� �

kTC0
ð16Þ

where qT (mg/g) is the column adsorption capacity predicted
by the Thomas model, Q (mL/h) is the flow velocity, kT (mL/
h/mg) is the kinetic rate constant of the Thomas model, and m
(g) is the bed mass.

The Thomas model can fit the breakthrough curves ob-
served for the phosphate adsorption process using MgOP
(R2 0.898–993). In addition, the adsorption capacities estimat-
ed by the Thomas model have a better agreement with the
experimental values when compared with the Adams–
Bohart model and Wolborska model. The kT values depend
on the flow rate, influent phosphate concentration, and bed
mass. For example, the values of kT increase by increasing
the flow rate, which is ascribed to the higher driving force
caused by the greater flow rate. In contrast, changes in the
influent pH values have a negligible effect on the kT values,

which implies that the rate of mass transfer was not influenced
by this factor.

Yoon–Nelson model

The Yoon–Nelsonmodel can predict 50% of the breakthrough
time and is always employed to simulate the column data
derived from a single-adsorbate system (Yoon and Nelson
1984). The model assumes that the rate of decrease in the
probability of adsorption for each adsorbate molecule is pro-
portional to the probability of adsorbate adsorption and the
probability of adsorbate breakthrough on the adsorbent (Xu
et al. 2013). More importantly, calculation of the Yoon–
Nelson model needs neither the properties of the adsorbate
and adsorbent nor the column system’s structure. The model
can be described using Eq. (17).

t ¼ τ þ In
C0

Ct
−1

� �kYN

ð17Þ

where kYN (min−1) is the rate constant of the Yoon–Nelson
model and τ (min) is the time where 50% of the adsorbate is
adsorbed. Therefore, the adsorbent will become completely
exhausted at t = 2τ.

The results of the Yoon–Nelson model shown in Table 1
show that the R2 values are > 0.92, which ensures the validity
of the model and its high goodness of fit for the fixed-bed
adsorption process of phosphate. The higher values of τ sug-
gest the longer breakthrough time and slow adsorption satu-
ration. However, the values of τ evaluated using the Yoon–
Nelson model are smaller than the experimental τ values since
the model does not consider the properties of MgOP and the
parameters of the fixed-bed column. Besides, kYN increased at
a higher volumetric flow rate since the adsorption of phos-
phate was enhanced by increasing the flow velocity (Fathy
et al. 2017).

Phosphate regeneration of MgOP

For the removal of phosphate via adsorption, it is the most
important to regenerate the MgOP composite without signifi-
cantly affecting its original adsorption capacity. In this case,
the MgOP can be reused and thereby increase the economic
feasibility of the phosphate adsorption process. As shown in
Fig. 7, the regeneration efficiency of the phosphate-adsorbed
MgOP was around 50% using studied solvents. Among them,
deionized water, in theory, has no effects on the regeneration
efficiency, but the results showed an opposite trend in which
application of deionized water could also obtain the regener-
ation rate of the phosphate-loadedMgOP (~ 50%). The kinetic
results showed that phosphate-loaded MgOP, which was ob-
tained at an initial phosphate concentration of 10 mg/L, may
not reach saturation. As a result, the phosphate-loaded MgOP
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used in the regeneration experiment can still adsorb additional
phosphate ions. However, successful phosphate adsorption
may not be attributed to the effective regeneration of the
phosphate-adsorbed MgOP, but to the hydroxyl groups that
remained on the surface of the phosphate-adsorbed MgOP
prior to regeneration. Hence, the regeneration experiment con-
ducted in the presence of deionized water could be considered
as a control experiment, which can be compared with the
regeneration experiment conducted using the other solvents
studied. The regeneration efficiency of the solvents other than
deionized water used for the phosphate-adsorbed MgOP
should subtract the regeneration efficiency achieved using de-
ionized water (~ 50%). Hence, the regeneration efficiency of
the solvents other than deionized water was low (< 1%) for the
phosphate-loaded MgOP.

In contrast, the regeneration experiment conducted using
the calcination of the phosphate-loaded MgOP at 450 °C pre-
sented an efficiency of ~ 99%. This may be attributed to the
fact that fresh hydroxyl groups were formed on the surface of
the calcined, phosphate-loaded MgOP. To explore the opti-
mized calcination temperature and time used to regenerate
the phosphate-loaded MgOP, the phosphate-adsorbed MgOP
was calcined at 100–550 °C and the calcined time ranged from
15 to 90 min. The results indicate that the optimized calcina-
tion temperature and time for the MgOP regeneration are
450 °C and 30 min, respectively.

In addition, the MgOP regenerated via calcination was
washed by doubly distilled water and then dried for the phos-
phate adsorption under the pre-determined conditions. After
carrying out the regeneration experiments for six cycles, the
regenerated MgOP still presents a high removal efficiency for
phosphate (> 95%) (Fig. 7). It can be deduced that the

phosphate removal process using MgOP was still efficient
after multiple regeneration cycles.

Conclusions

The present study uses a MgOP composite for the effective
separation of phosphates from an aqueous solution in batch
and continuous systems. The results from the batch experi-
ments demonstrate that the phosphate can be efficiently re-
moved using MgOP over a wide range of pH. In addition,
co-existing anions exert negligible effects on the phosphate
removal efficiency, which indicates the good affinity of
MgOP for phosphate. Our study on the adsorption isotherms
and kinetics indicates that the phosphate removal process
using MgOP occurs via chemisorption. In conclusion, the
mechanism of phosphate removal by MgOP mainly includes
ligand exchange and hydrogen bonding. To guide the practical
application of MgOP for phosphate removal in wastewater
treatment, a fixed-bed column was used to study a continuous
phosphate removal process using a synthetic solution, which
can achieve the basic information required to upgrade the
column in the future. An appropriate increase in the flow rate
can facilitate the dynamic phosphate removal process.
Moreover, both acidic and alkaline environments can improve
phosphate adsorption on theMgOP bed.When comparedwith
the other models, the dynamic adsorption capacity of phos-
phate estimated using the Thomas model was closest to the
experimental values. Furthermore, the magnesium level in the
treated water was found to be in the safe range for human
health. The phosphate-adsorbed MgOP can be effectively re-
generated via calcination and has a high adsorption capacity
after multiple regeneration cycles. Overall, MgOP is a prom-
ising adsorbent for the effective and safe removal of phosphate
from water on a plant scale.
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