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ABSTRACT

The use of low-cost and locally available material in the treatment of wastewater has recently
become an issue of interest, and magnesite as a low-cost material has been used for the
removal of heavy metals in wastewater and has also shown potential as an adsorbent for the
removal of phosphates in wastewater. In this study, batch experiments were conducted to
evaluate the effectiveness of cryptocrystalline magnesite in the removal of phosphates from
wastewater. Parameters optimized include the following: contact time, dosage, ions concen-
tration and pH. Optimum conditions were observed to be 60 min of agitation, 1 g of dosage,
100 mg L−1 ions concentration, 1:100 S/L ratios and pH 10. The phosphate removal efficiency
was found to be greater than 99% at an adsorption capacity of 20 mg g−1 of magnesite under
the optimized conditions. Adsorption kinetics fitted well to pseudo-second-order kinetics
than pseudo-first-order kinetics with pore diffusion also acting as a major rate governing
step, hence proving chemisorption. Adsorption isotherms fitted well to Langmuir adsorption
isotherm than Freundlich adsorption isotherms, demonstrating monolayer adsorption.
PHREEQC geochemical model showed Mg3(PO4)2 and MgHPO4:3H2O as the phosphate-
bearing mineral phases formed in the removal of phosphate. The optimized method is thus
proposed for the application for phosphate removal from wastewater at household and
municipal plant levels.
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1. Introduction

In South Africa, the declining state of municipal
wastewater and sewage treatment infrastructure is one
of the largest contributing factors to the pollution
problems experienced in most parts of the country [1].
A large proportion of the sewage coming from urban

areas is not well treated prior to discharge, because
the wastewater treatment plants are either incomplete
or overloaded [2]. Phosphate is the limiting compo-
nent for growth in most ecosystems, and discharge of
phosphate in surface waters leads to eutrophication
and algal bloom, thus having negative impacts on
human health and aquatic ecosystems [3–15]. It is thus
necessary to control the discharge of phosphates
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particularly from wastewater, to meet the limit of
0.5–1.0 mg L−1 as required by the South African legis-
lation. Because of the severe environmental problems
associated with high levels of phosphates in aquatic
ecosystems, there is a need to control the amount of
phosphates entering surface waters using chemical or
biological techniques.

The usual forms of phosphorus found in aqueous
solution include orthophosphate, polyphosphate and
organic phosphate with the principal component being
orthophosphate and small amounts of organic phos-
phate [16,17]. Municipal wastewater may contain from
4 to 15 mg L−1 phosphorus as phosphate. However,
industrial wastewaters (such as detergent manufactur-
ing and metal coating processes) may contain phos-
phate levels well in excess of 10 mg L−1 [1,17–20]. In
order to meet effluent quality standards, further treat-
ment of secondary effluent is required. Removal of
phosphate from wastewaters has been conducted by
adsorption [3,4,21–25], precipitation [3,7,26], reverse
osmosis [27], coagulation [28–35], electrochemical
[29,36–38], ion exchange [39–44] and phytoremediation
[45–51]. The most effective and common methods for
phosphate removal are chemical treatment methods
including precipitation with calcium [52–55], alu-
minium [56–60] and iron salts [22,61–63]. However,
most of these methods have a high cost of mainte-
nance and are also associated with problems of sludge
handling, sludge disposal and neutralization of the
effluent [3]. Just like chemical precipitation, adsorption
methods have been also been widely used for phos-
phate removal due to their effectiveness and low costs.
The application of low-cost and locally available raw
materials in wastewater treatment has recently
attracted great interest.

Magnesite is as a low-cost and locally available
material and has been used as a potential adsorbent
for the removal of heavy metals in wastewater
treatment [64–66]. The use of naturally occurring
material ensures availability and thus reduces the cost.
This study aimed to evaluate and develop a novel
technology for the removal of phosphates from munic-
ipal wastewaters using the adsorption capacity of
cryptocrystalline magnesite.

2. Materials and methods

2.1. Sampling

Raw magnesite rocks were collected from Folov-
hodwe Magnesite Mine in Limpopo Province, South
Africa. The rocks were milled to powder using a
Retsch RS 200 miller and passed through a 32-μm par-
ticle size sieve. After sieving, the samples were kept in

a tightly closed zip-lock plastic bags till required.
Municipal wastewater effluent was collected from the
Krugersdorp wastewater treatment plant, Gauteng
Province, South Africa.

2.2. Chemicals

A known volume of 1,000 mg L−1 standard solution
of phosphate from Lab Consumables Supply, South
Africa, was used as a stock, and dilutions were made
accordingly. Milli-Q ultrapure water was used for
preparing solutions throughout the study. A known
volume of 100 mg L−1 solution of phosphate was pre-
pared by extracting 100 mL from the 1,000 mg L−1

stock solution, and it was then transferred into a
1,000-mL volumetric flask followed by filling the
volumetric flask to the mark by adding ultra-pure
water. All reagents used were of analytical grade.

2.3. Characterization

Elemental analysis of raw and processed water
samples was done using inductively coupled mass
spectrometry (ICP-MS) (ELAN 6000). The chemical
characteristics of the magnesite used were determined
by X-ray fluorescence spectroscopy (XRF). Mineralogy
of the magnesite was determined by X-ray diffraction
spectroscopy (XRD). Both XRF and XRD analyses were
done at Geology facility of the University of Pretoria.
The surface area of the adsorbent was determined by
Brunauer–Emmett–Teller (BET). pHpzc was determined
using solid addition method [66].

2.4. Batch studies: optimization of adsorption conditions

Optimization experiments were done in batch.
Parameters optimized include time, dosage, ions con-
centration and pH. To determine the effect of agitation
time, the time was varied from 1 to 360 min. To evalu-
ate the effects of adsorbent dosage on reaction kinet-
ics, the dosage was varied from 0.1 to 5 g. To evaluate
the effect of phosphate concentration, the phosphate
ion concentration was varied from 2 to 200 mg L−1.
The optimized conditions were then used for further
experiments with municipal effluents.

2.5. Modelling

2.5.1. Adsorption kinetics

The effect of contact time on the removal of
phosphates from aqueous solution was evaluated
using different kinetic models to determine the nature
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of the adsorption process and rate-limiting processes.
A Lagergren pseudo-first-order kinetic model is a
well-known model that is used to describe mecha-
nisms of metal species adsorption by an adsorbent. It
can be written as follows [67,68]:

ln qe � qt
� � ¼ ln qe � k1t (1)

where k1 (min−1) is the pseudo-first-order adsorption
rate coefficient and qe and qt are the values of the
amount adsorbed per unit mass at equilibrium and at
time t, respectively. The experimental data were fitted
using the pseudo-first-order kinetic model by plotting
ln qe � qt
� �

vs. t. The pseudo-second-order kinetic
model is another kinetic model that is widely used to
describe the adsorption process from an aqueous solu-
tion. The linearized form of the pseudo-second-order
rate equation is given as follows:

t

qt
¼ 1

k2q2e
þ t

qe
(2)

where k2 [g(mg min−1)] is the pseudo-second-order
adsorption rate coefficient and qe and qt are the values
of the amount adsorbed per unit mass at equilibrium
and at time t, respectively. The overall kinetics of the
adsorption from solutions may be governed by
the diffusional processes as well as by the kinetics of
the surface chemical reaction. In diffusion studies, the
rate is often expressed in terms of the square root time:

qt ¼ kidt
1=2 þ Ci (3)

where kid (mg g−1 min−1/2) is the intra-particle diffu-
sion coefficient (slope of the plot of qt vs. t1=2) and Ci

is the intra-particle diffusion rate constant.

2.5.2. Adsorption isotherm

The relationship between the amount of ions
adsorbed and the concentration of ions remaining in
solution is described by an isotherm. The two most
common isotherm types for describing this type of
system are Langmuir and Freundlich adsorption
isotherms. These models describe adsorption processes
on a homogenous (monolayer) or heterogeneous
(multilayer) surface, respectively. The most important
model of monolayer adsorption came from Langmuir.
This isotherm is described as follows:

qe ¼
Q0bCe

1 þ bCe
(4)

The constant Q0 and b are characteristics of the
Langmuir equation and can be determined from a lin-
earized form of equation. The Langmuir isotherm is
valid for monolayer sorption due to a surface with
finite number of identical sites and can be expressed
in the following linear form:

Ce

qe
¼ 1

Qmb
þ Ce

Qm
(5)

where Ce = Equilibrium concentration (mg L−1),
Qe = Amount adsorbed at equilibrium (mg g−1),
Qm = Langmuir constants related to adsorption capac-
ity (mg g−1) and b = Langmuir constants related to
energy of adsorption (L mg−1). A plot of Cevs. Ce=Qe

should be linear if the data is described by the Lang-
muir isotherm. The value of Qm is determined from
the slope and the intercept of the plot. It is used to
derive the maximum adsorption capacity and b is
determined from the original equation and it repre-
sents the intensity of adsorption. The Freundlich
adsorption isotherm describes the heterogeneous sur-
face energy by multilayer adsorption. The Freundlich
isotherm can be formulated as follows:

qe ¼ kCe
1=n (6)

The equation may be linearized by taking the loga-
rithm of both sides of the equation and can be
expressed in linear form as follows (Eq. (16)):

log qe ¼
1

n
log C þ logK (7)

where Ce = Equilibrium concentration (mg L−1),
qe = Amount adsorbed at equilibrium (mg g−1),
K = Partition Coefficient (mg g−1) and n = Intensity of
adsorption. The linear plot of log Ce vs. log qe
indicates whether the data is described by Freundlich
isotherm. The value of Kf implies that the energy of
adsorption on a homogeneous surface is independent
of surface coverage and n is an adsorption constant
which reveals the rate at which adsorption is taking
place. These two constants are determined from the
slope and intercept of the plot of each isotherm. An
error analysis is required in order to evaluate the fit
of the adsorption isotherms to experimental data. In
this study, the linear coefficient of determination (R2)
was employed for the error analysis. The linear coef-
ficient of determination is calculated by using the
equation:
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r ¼ n
P

xy� ðP xÞðP yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðP x2Þ � ðP xÞ2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP y2Þ � ðP yÞ2

q (8)

Theoretically, the value of R2 ranges from 0 to 1. A R2

value of one shows that 100% of the variation of
experimental data is explained by regression equation.
The coefficient of determination R2 was applied to
determine the relationship between the experimental
data and the isotherms in most studies.

2.6. PHREEQC geochemical modelling

The speciation and mineral phases occurring
during the sorption process were predicted using the
PHREEQC geochemical modelling code database.

2.7. Treatment of municipal wastewater

A known volume of 100 mL of municipal effluent
was transferred into three 250-mL volume HDPE bot-
tles and 1 g of the adsorbent was added. The mixtures
were equilibrated for 60 min using a Stuart reciprocat-
ing shaker at 250 rpm. After shaking, the mixtures

were filtered through 0.45 μm pore cellulose mem-
brane and analysed for the remaining phosphates.

3. Results and discussion

3.1. Characterization of cryptocrystalline magnesite

3.1.1. Elemental composition by XRF

The magnesite consisted of MgO (77%) as the main
component with impurities of SiO2 (5%), CaO (2%),
FeO3 (0.5%) and MnO (5%). After contacting
magnesite with phosphate-rich water, the levels of
phosphates (5%) were observed to be available in the
secondary residues, hence indicating that magnesite is
scavenging phosphates from wastewater. This has cor-
roborated the XRD results which indicated the pres-
ence of magnesite and quartz in the magnesite soils.

3.1.2. Mineralogical composition by XRD

The mineralogical composition of the cryptocrys-
talline magnesite is presented in Fig. 1.

As shown in Fig. 1, cryptocrystalline magnesite
contains magnesite and quartz. This indicates that the
material used was predominantly cryptocrystalline

Fig. 1. Mineralogical composition of cryptocrystalline magnesite.
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magnesite with few impurities of quartz. Based on the
XRD results, the precipitation reaction between phos-
phate and magnesite could be described as follows:

Mg2þ þ Hþ þ PO3�
4 þ 2H2O ¼ MgHPO4 � 2H2O (9)

3.1.3. Surface area and point of zero charge (pHPZC)

The results for surface area and pHPZC for magne-
site are shown in Table 1

Surface area is one of the most important aspects
in the adsorption process. High surface area attributes
to high adsorption capacity of the material since more
surfaces are available for adsorption [18–20,69–72].
The magnesite was found to have a surface area of
14.6 m2/g. The surface area is a combination of exter-
nal surface area and micropore area. The point of zero
charge (pHpzc) is one of the important parameters in
adsorption since it dictates the type of species that will
be adsorbed by the material at a given pH. Simply
put, when the pH of a solution is greater than pHpzc,
the material will adsorb cations, and when the pH of
the solution is less than the pHpzc, the material will
adsorb anions [16]. The cryptocrystalline magnesite
was found to have a pHpzc of 12. This corresponded
with results in other studies [16] which also found the
pHpzc of MgO to be 12.4. As such, at pH lower than
12, the phosphate is much likely to be adsorbed by
the cryptocrystalline magnesite in aqueous solution.

3.2. Batch experiments: Optimization of phosphate removal
conditions

Effect of contact time, adsorbent dosage, phos-
phates concentration and pH on the removal of phos-
phate species from aqueous solution was evaluated in
batch experimental procedures.

3.2.1. Effect of shaking time on the removal of
phosphate

Effect of shaking time on the removal of phosphate
from aqueous solution is shown in Fig. 2.

The percentage removal of phosphates was moni-
tored with an increase in shaking time and (Fig. 2).
The removal of phosphates by magnesite increased
with an increase in shaking time. The uptake was
observed to be rapid from the 1st minute of contact
leading to >50% removal efficiency. After 60 min of
shaking, approximately 100% removal efficiency was
achieved, and thereafter, no significant uptake was
observed, hence indicating that the reaction had
reached equilibrium. From the first few minutes to 60
min, the removal efficiency increased from approxi-
mately 50–100%; thus, a shaking time of 60 min was
found to be the optimum time for the subsequent
experiments.

3.2.2. Effect of adsorbent dosage on removal of
phosphate

The effect of the adsorbent dosage on the removal
of phosphates from aqueous solution is shown in
Fig. 3.

The effect of magnesite dosage on the removal of
phosphates from aqueous solutions was evaluated by
varying the adsorbent dosage from 0 to 5 g per
100 mL of the solution. A known volume of 100 mL of

Table 1
Surface properties and pHPZC of cryptocrystalline magnesite

Parameter Magnesite

BET surface area 14.6129
Micropore area 2.271
External surface area 12.3419
Micropore volume 0.0009
Adsorption average pore diameter (4 V/A by BET) 222.9594
Point of zero charge (pHPZC) 12
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Fig. 2. Variation of phosphate removal with shaking time
(Conditions: 1 g dosage, 100 mg L−1 phosphate concentra-
tion, pH < 7, 250 rpm shaking speed, 1:100 S/L ratios,
100 mL and 26˚C).
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aqueous solution was pipetted into 250 mL of high-
density polyethylene (HDPE) plastic bottles. Varying
dosages (1–5 g/100 mL) of magnesite were added. The
percentage removal of phosphates was monitored
with increasing magnesite dosage. Removal of phos-
phates by magnesite increased with an increase in
magnesite dosage (Fig. 3). The uptake of phosphates
was observed to increase as the adsorbent dosage was
increasing from 0.1 to 1 g. This can simply be
explained by the mere fact that the increase in the
adsorbent dose led to a greater surface area. At low
dosages, there are finite surfaces available for the
adsorption to take place, and at higher dosages, more
surfaces are available. From 0.1 to 1 g, the removal
efficiency increased from approximately 30–100%, and
thereafter, an increase in the adsorbent dose did not
have any significant impact on the uptake. At a higher
dosage, the equilibrium uptake of phosphate ions did
not increase significantly with increasing magnesite
dosage. This is because, at high dosages (beyond 1 g/
100 ml), the saturation level would have been attained
during an adsorption process. Therefore, 1 g was
taken as the optimum dosage for the subsequent
experiments.

3.2.3. Effect of phosphate concentration on the
adsorption process

The effect of phosphate species concentration on
the adsorption process in aqueous solution is shown
in Fig. 4.

The effect of phosphate removal as a function of spe-
cies concentration was evaluated from 2 to 200 mg L−1

phosphate concentration. As shown in Fig. 4, there was

a decrease in % removal of phosphate with an increase
in phosphate concentration. It can be clearly seen in
Fig. 4 that as the concentration of phosphate ions was
increased beyond 100 mg L−1, the % removal rapidly
decreased. At low concentration, more surfaces are
available for the sorption to take place, and at high
concentrations, fewer surfaces are available for the
adsorption. From 2 to 100 mg L−1, approximately 100%
of phosphate removal was achieved, and thereafter, the
uptake reduced, indicating that the vacant surfaces were
all occupied with phosphates. High adsorption of
phosphate at low concentration is attributed to large
number of vacant sites available on the adsorbent. As
the concentration increased, more surfaces were being
occupied by the phosphate ions in solution, hence
making the available surfaces to be reduced. Over the
concentration range of 2–100 mg L−1, magnesite
managed to remove ≈100% of phosphates in aqueous
solution. This demonstrated that the magnesite used
had a strong affinity for phosphates. It was thus
concluded that 60 min of contact time, 1 g of dosage and
a 100 mg L−1 concentration of phosphate ions were the
optimum conditions for the adsorption of phosphates
by magnesite in aqueous solution.

3.2.4. Effect of supernatants pH

The effect of pH on the adsorption of phosphate
ions by magnesite in aqueous solution is shown in
Fig. 5.

The effect of pH on the removal of phosphates from
aqueous solution was evaluated at pH ranging from 2
to 12. Hundered milliliters of aqueous solution with
phosphate being pipetted into 250 mL of HDPE plastic
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Fig. 3. Variation of phosphate removal with adsorbent
dosage (Conditions: 60 min of shaking time, 100 mg L−1

phosphate concentration, pH < 7, 250 rpm shaking speed,
100 mL aqueous solution and 26˚C).
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Fig. 4. Variation of phosphate removal with varying phos-
phate species concentration (Conditions: 60 min of shaking
time, 1 g dosage, 1:100 S/L ratios, pH < 7, 250 rpm shaking
speed, 100 mL aqueous solution and 26˚C).
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bottles and 1 g of magnesite added. The mixture was
equilibrated for 60 min. The percentage removal of
phosphates was monitored at various pH. Removal of
phosphates by magnesite at varying pH was observed
to be high over a wide range of pH (Fig. 4). From pH 2
to 12, the removal efficiency was greater than 98%. The
pH-dependent increase is due to increasing adsorption
of formed phosphate anions, with pKa 7.2, and with the
positively charged surface sites of the magnesite. High
adsorption of magnesite may also be attributed to the
high pHpzc magnesite which was found to be around
12 (Table 2). As such at pH < 12, magnesite has a high
affinity for anions like phosphate in aqueous solution,
and at pH > 12, adsorption of anions is poor (Fig. 5).
As such, pHs of 2–10 were observed to be suitable for
the subsequent experiments.

3.3. Adsorption kinetics and mechanisms

In general, kinetic studies provide information on
the amount of adsorbate being adsorbed over time,

which later reflects the residence time to complete the
reaction. Mechanisms involved during the reaction of
magnesite and phosphate were determined using
adsorption kinetics. The commonly used kinetics is
pseudo-first-order and pseudo-second-order kinetics.
Fig. 6 shows pseudo-first-order and pseudo-second-
order kinetics.

As shown in Table 4, the kinetic data fitted better
to pseudo-second-order adsorption isotherm than
pseudo-first-order kinetic model and intra-particle dif-
fusion model, hence confirming chemisorption. The
experimental adsorption capacity was comparable to
the calculated adsorption capacity, hence further con-
firming better fit of pseudo-second order. Magnesite is
porous as proved by BET (Table 1). Diffusion of solute
filling the pores could influence the rate of adsorption.
To explain the mechanism of intra-particle diffusion,
the Weber–Morris model is used to illustrate the con-
cept. Interaction of solute with the adsorbent can be
defined by four major steps: Bulk diffusion, film diffu-
sion, pore diffusion and adsorption at active sites
(Fig. 7) [73].
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Fig. 5. Percentage phosphate removal with varying pH
levels (Conditions: 60 min of shaking time, 1 g dosage, 1:100
S/L ratios, 100 mg L−1 phosphate concentration, 250 rpm
shaking speed, 100 mL aqueous solution and 26˚C).

Table 2
Different kinetic model parameters for adsorption of phosphate by cryptocrystalline magnesite

Element R2 k1 (min–1) qe(cal) (mg g–1) qe(exp) (mg g–1)

Pseudo-first-order kinetics
Phosphate 0.2 0.06 –2,500 10

Pseudo-second-order kinetics
Element R2 k2 (g mg min–1) qe(cal) (mg g–1) qe(exp) (mg g–1)
Phosphate 1 0.9 10 10

Intra-particle-diffusion model
Element R2 Ci (mg g–1) kid (mg g–1 min–1/2) qe(exp) (mg g–1)
Phosphate 0.4 7.4 0.2 10

y = 0.0995x + 0.1304
R² = 1
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Fig. 6. Pseudo-second-order plot for phosphate adsorption
by cryptocrystalline magnesite.
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The plot of t0.5 and qt (mg g−1) by Webber–
Morris model indicated that there are more than
one rate-limiting step that are involved when an
adsorbate is being removed from aqueous solution.
The first step is a very steep slope which represents-
film diffusion (2), and the second step which is
slightly steep slope represents pore diffusion (3),
and the final step of linearity indicates that the
reaction has approached the equilibrium phase. The
linear plots did not pass through the origin, hence
indicating that intra-particle diffusion is not the only
step governing the chemical reaction (Fig. 8). The
lower Kid ðmgg�1min�1=2Þ indicates that the adsorp-
tion process is taking place at a very fast rate with
high adsorption capacity as represented by high

Ci ðmgg�1Þ (Table 2) which is pretty much close to
the experimental value.

3.4. Adsorption isotherms

Equilibrium data are basic requirements for the
design of adsorption systems and are used for the
mathematical description of the adsorption equilib-
rium of the metal ion on the adsorbent. Data for the
adsorption of phosphate ions by magnesite were
analysed by Langmuir and Freundlich adsorption
isotherms. The sorption data for the removal of
phosphate ion was correlated with the Langmuir and
Freundlich adsorption models, Figs. 9 and 10,
respectively.

Fig. 7. Proposed diagram for the transportation of solute to adsorbent (not to scale).

Fig. 8. Intra-particle diffusion plots for phosphate by cryptocrystalline magnesite.
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The parameters of Langmuir and Freundlich
adsorption isotherms are shown in Table 3.

As tabulated, the Langmuir showed high correla-
tion coefficient (R2 > 0.99) (Fig. 9). The “Qm” and “b”
show that the adsorption of phosphate by magnesite
takes place at high energy with high intensity of
adsorption. The Freundlich adsorption isotherm also
showed a good regression coefficient (R2 > 0.90)
(Fig. 10). The n value between 1 and 10 shows the fea-
sibility of the reaction with high adsorption capacity
as indicated by high Kf value. This indicates a good
agreement between the experimental values 20 mg g−1

and isotherm parameters. The data fitted well to Lang-
muir adsorption isotherm than Freundlich adsorption
isotherm, hence showing that phosphate adsorption
by magnesite depicts a monolayer adsorption mode.

3.5. Geochemical modelling

PHREEQC geochemical modelling code was used
to determine the saturation indices of the main phos-
phate mineral phases during the adsorption process.
PHREEQC geochemical model predicted that the
phosphate-bearing mineral phases were Mg3(PO4)2
and MgHPO4:3H2O. Moreover, it was postulated that
monodentate or bidentate inner sphere surface com-
plex between phosphate (P–OH) and hydroxyl group
on alkali metal (Mg–OH) might be formed during the
chemical reaction. According to Fig. 11, it could be
seen that there was electrostatic attraction between
negatively charged phosphate species (HPO4

2− and
H2PO

�
4 ) and electropositive adsorbent surface since

the pH of the solution was below pHpzc of the adsor-
bent. So the possible adsorption reaction between the
aqueous phosphate and magnesite could be better
described by Fig. 11.

3.6. Comparison of adsorption capacity of magnesite with
other adsorbents

Table 4 shows a comparison of the adsorption
capacity of cryptocrystalline magnesite against other
adsorbents used for phosphate removal.

Sorption capacity of cryptocrystalline magnesite for
phosphate has shown better sorption capacity as com-
pared to other studies except for activated MgO, mag-
nesite-bentonite clay composite and Ferric sludge. The
above data prove that magnesite can be used as a sub-
stitute for conventional adsorbents, but issues such as
cost, availability and feasibility will need further
investigation.
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Fig. 9. Langmuir adsorption plot for phosphate.
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Fig. 10. Freundlich adsorption plot for phosphate.

Table 3
Langmuir and Freundlich parameters

Langmuir adsorption isotherm

Chemical species R2 Qm (mg g–1) qe(exp) (mg g–1) b (L mg–1)

Phosphate 0.99 19.7 20 33.3

Freundlich adsorption isotherm

Chemical species R2 kf (mg g–1) qe(exp) (mg g–1) n
Phosphate 0.9 20.8 20 2.2
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3.7. Treatment of municipal wastewater under optimized
conditions

Chemical composition of treated and raw munici-
pal effluents is shown in Table 5.

The raw municipal effluent used obviously con-
tained a host of other anions and cations, a few of
which were analysed in this study and are presented
in Table 5. After treatment, the levels of most of the
other cations which were analysed together with phos-
phate were observed have significantly decreased after

the treatment. The findings demonstrated that magne-
site can take up phosphates and host of other anions
and metals in municipal effluents. The presence of
anions such as chloride and bromide were observed
not to affect the adsorption of phosphate by magne-
site. A significant amount of nitrate was also removed
from municipal effluent.

4. Conclusions

After the batch experiments, the following conclu-
sions were drawn:

(1) Cryptocrystalline magnesite successfully
removed phosphates from municipal wastewa-
ter effluents.

(2) Optimum conditions for the removal of phos-
phates were observed to be 60 min, 1 g, 100 mg
L−1, pH 10, 1:100 S/L ratios and 250 rpm.

(3) Greater than 99% removal efficiency and
20 mg g−1 were reported under the optimized
conditions.

(4) Adsorption kinetics fitted well to pseudo-first
order than pseudo-second order with pore dif-
fusion as the major step determining the chem-
ical reaction, hence confirming chemisorption.

Fig. 11. Schematic presentation of possible phosphate adsorption reaction.

Table 4
Adsorption capacity of adsorbents for phosphate

Feedstock Adsorption capacity (mg g−1) Refs.

Cryptocrystalline magnesite 20 Present study
Magnesite/bentonite clay composite 82 [66]
Hydrous Niobium oxide 15.0 [74]
Magnetite Iron oxide nanoparticles 0.33 [75]
Paper mill sludge 12 [76]
Activated MgO 95.2 [77]
Ferric sludge 25.5 [78]
Oyster shell 0.7 [79]
Bauxite 3.0 [80]

Table 5
Composition of raw and treated municipal effluents

Parameter Before treatment After treatment

pH 5 10
EC (μS/cm) 123 40
TDS (g/L) 61 19
NO�

3 (mg/L) 100 50
PO3�

4 (mg/L) 90 0.1
Chloride 80 75
Bromide 15 10
Ni (mg/L) 2.5 0.001
Cu (mg/L) 7 0.001
Zn (mg/L) 1 0.001
Pb (mg/L) 9 0.001
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(5) Adsorption data fitted well to Langmuir
adsorption isotherm than Freundlich adsorp-
tion isotherm, hence proving monolayer
adsorption.

(6) The raw, unprocessed and locally available
cryptocrystalline magnesite has good adsorp-
tion capacity as compared to other conven-
tional adsorption methods previously studied.

(7) PHREEQC geochemical model predicted that
phosphates precipitate as Mg3(PO4)2 and
MgHPO4:3H2O from aqueous solution.
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