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Removal of boron from aqueous solution using
cryptocrystalline magnesite
Vhahangwele Masindi and Mugera W. Gitari

ABSTRACT
The present study aimed to evaluate the efﬁciency of using cryptocrystalline magnesite to
remove boron ions from aqueous systems. Batch experimental protocols were used to evaluate
the adsorption capacity of magnesite for boron. Parameters optimized included: time, dosage,
chemical species concentration and pH. Optimum conditions were observed to be 30 min of
agitation, 1 g dosage of magnesite per 100 mL of aqueous solution and 20 mg/L initial boron
concentration. Removal of boron from aqueous solution was observed to be independent of
initial pH of the aqueous solution. The adsorption of boron onto magnesite was observed to ﬁt
better to pseudo-second-order kinetics than pseudo-ﬁrst-order kinetics hence proving
chemisorption. The intra-particle diffusion model revealed that the adsorption of boron from
aqueous system occurs through multiple reaction phenomena. Adsorption isotherms proved that
the removal of boron by magnesite ﬁtted well to both Langmuir and Freundlich adsorption
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isotherms hence proving that both mono- and multi-site adsorption processes are taking place.
Under optimized conditions, magnesite was able to attenuate the boron concentration to
<0.01 mg/L which is below levels stipulated in World Health Organization guidelines. It was
concluded that this comparative study will be helpful for further application of magnesite in
remediation of boron-contaminated aqueous systems.
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INTRODUCTION
Pollution of water by boron has caused serious environ-

the use of fertilizers, insecticides, corrosion inhibitors,

mental problems that require intensive environmental

antifreeze, cooling systems, pharmaceuticals, dyes, bleach-

mitigation (Masindi et al. a). Boron can enter the

ing agents, detergents and nuclear reactors (Türker et al.

environment through natural processes and anthropo-

). These industrial uses generate boron-rich waste-

genic activities. Naturally, boron is found in association

waters that are discharged to aquatic ecosystems. In

with coal and gold seams, and other mineral seams.

aqueous

environments,

boron

exists

as

After mining, it is exposed to weathering, hence boron lea-

[B(OH)3] in acidic conditions and borate

ches to surface and underground water resources.

basic conditions (Türker et al. ).

Anthropogenically, it enters the environment through

boric

acid

[B(OH)
4]

in

Boron plays a signiﬁcant role in plant and animal
growth. It inhibits prostaglandins and leukotriene, which
are mediators in inﬂammatory conditions; stimulates pro-

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying, adap-

duction of oestrogen in menopausal woman; reduces the

tation and redistribution, provided the original work is properly cited

severity of inﬂammatory conditions associated with rheu-

(http://creativecommons.org/licenses/by/4.0/).

matoid arthritis; may inhibit the incidence of prostate
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MATERIALS AND METHODS

and inhibits enzymatic function to produce anti-inﬂammatory effects (Hilal et al. ; Wang et al. ). However, it

Sampling of the adsorbent

has very narrow nutritional signiﬁcance and if present
above a threshold level, it becomes a socio-economic

Raw magnesite rocks were collected before any processing

and environmental problem. On agricultural soils, it

at the mine from the Folovhodwe Magnesite Mine. Magne-

forms complexes with toxic heavy metals (e.g. Cu, Cd,

site samples were milled to a ﬁne powder using a Retsch

Ni, Pb), thus posing hazardous effects to plant and other

RS 200 miller (Haan, The Netherlands) and passed

organisms (Hilal et al. ; Türker et al. ). For safe

through a 32-μm particle size sieve. After sieving, the

intake, the World Health Organization recommended

samples were tightly kept in zip lock plastic bags until use.

0.3 mg/L concentration of boron in water for domestic
use (Masindi ; Masindi et al. b). For plants and
irrigation

purposes,

safe

exposure

concentration

is

Preparation of standard working solutions

0.3 mg/L for sensitive plants, 1–2 mg/L for semi-sensitive
plants and 2–4 mg/L for tolerant plant species (Masindi

A stock solution containing 500 mg/L of boron ions was

et al. b).

prepared by using analytical grade H3BO3 (Lab Consum-

Thus, water containing elevated concentrations of boron

ables Supply, South Africa). Working solutions with

need to be contained and treated to prevent contamination

different concentrations were prepared using appropriate

of surface and groundwater (Fujita et al. ; del Mar de

dilutions of stock solution.

la Fuente García-Soto & Camacho ; Dydo & Turek
). A number of methods have been developed for
boron removal, including precipitation (Irawan et al. ),
reverse osmosis (Cengeloglu et al. ; Kabay et al. ;
Hilal et al. ), adsorption (Kıpçak & Özdemir ;
Polowczyk et al. ), ion exchange (Kabay et al. ;
Hilal et al. ; Dydo & Turek ), ﬁltration (Dydo et al.
), desalination, phytoremediation (Türker et al. )
and selective resins (Hilal et al. ; Santander et al. ).
Natural and unprocessed raw materials are potential
low cost adsorbents for decontamination of wastewaters
(Masindi et al. a). Calcined crystalline magnesite, calcite
and dolomite have been used with good effect for boron
removal (Kıpçak & Özdemir ; Masindi et al. a).

Characterization
Boron concentration was determined using inductively
coupled plasma mass spectrometry (ICP-MS) (7500ce, Agilent, Alpharetta, GA, USA). The mineralogical composition
of magnesite was ascertained using X-ray diffraction. Morphology and elemental composition were determined using
scanning electron microscopy coupled with electron dispersion

spectrometry

(SEM–EDS)

(JOEL,

JSM–840,

Hitachi, Tokyo, Japan). Surface area was measured by the
Brunauer-Emmett-Teller (BET) method (Tristar II 3020,
Micromeritics BET, Norcross, GA, USA).

Amorphous (cryptocrystalline) magnesite alone has never
been used for boron removal (Masindi et al. a). The pri-

Batch experiments: optimization of boron adsorption

mary aim of this study was to evaluate the potential of

conditions

cryptocrystalline magnesite for use in boron removal. It
has been estimated that the cryptocrystalline magnesite

Optimization experiments were done in batch experimen-

mine in Folovhodwe, Limpopo Province, South Africa

tal procedures. Parameters optimized include contact

(22 350 47.000 S and 30 250 3300 E) has deposits of close to 20

time, magnesite dosage, initial boron concentration and

MT which can be mined for the coming 20 years (Masindi

pH. A table shaker was used for all the experiments

et al. c). Thus, the use of cryptocrystalline magnesite is

(1300E, Labcon, Petaluma, CA, USA). All experiments

expected to be an economically viable way of removing

were done in triplicate and the results were reported as

boron from wastewater.

mean values.

W

W
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where: Ci ¼ initial concentration, Ce ¼ equilibrium ion con-

Effect of shaking time

centration, V ¼ volume of solution and m ¼ mass of magnesite.
To evaluate the effect of equilibration time on the removal of
boron, shaking time was varied from 1 to 360 min. Fixed

Adsorption kinetics

parameters were: initial boron concentration 10 mg/L; magnesite in aqueous solution 1 g/100 mL; initial pH <6;

Adsorption kinetics was done using pseudo-ﬁrst-order

250 rpm shaking; and room temperature.

kinetic, pseudo-second-order kinetic and intra-particle diffusion models (Masindi et al. b).

Effect of magnesite dosage
Adsorption isotherms
To evaluate the effect of magnesite dosage, the dosage was
varied from 0.1 to 8 g. Fixed parameters were boron

Adsorption isotherms were determined using Langmuir and

10 mg/L; reaction time 30 min; initial pH <6; 250 rpm shak-

Freundlich adsorption models (Masindi et al. b).

ing; and room temperature.
Effect of chemical species concentration

RESULTS AND DISCUSSION

To evaluate the effect of initial boron concentration, the

Mineralogical composition by X-ray diffraction

initial concentrations were varied from 0.1 to 60 mg/L.
Fixed parameters were 1 g magnesite per 100 mL of solution;

The mineralogical composition of cryptocrystalline magne-

reaction time 30 min; initial pH <6; 250 rpm shaking; and

site is presented in Figure 1.

room temperature.

The results revealed that cryptocrystalline magnesite consists of magnesite, dolomite, periclase, brucite, forsterite and

Effect of pH

quartz as the main constituents. The wide broadening of
X-ray diffraction patterns and some sharp peaks indicates

To evaluate the effect of initial pH, the initial pH was varied

that the material is cryptocrystalline in nature. This corrobo-

from 2 to 12. The initial pH was adjusted by using 0.1 M of

rates SEM–EDS results and a study by Nasedkin et al. ().

NaOH and nitric acid. Fixed parameters were boron 10 mg/L;
reaction time 30 min; 1 g magnesite per 100 mL of solution;

Scanning electron microscopy–elemental dispersive

250 rpm shaking; and room temperature.

spectrometry analysis

Optimized conditions obtained from the batch experiments were used in experiments to treat boron rich

The spot elemental composition and morphology of magne-

wastewater.

site is shown in Figure 2.

Calculation of boron removal and adsorption capacity

mostly of aggregates with particle sizes generally below

The SEM image indicates that magnesite is composed
1 μm. The elemental content of magnesite was determined
Computation of % removal and adsorption capacity was

using EDS at four spots. The analysis showed that the min-

done using Equations (1) and (2).

eral is composed of Mg, C and O with weight percentage


Percentage removal (%) ¼

Ci  Ce
Ci

(wt %) of 43.9, 9.4 and 44.4, respectively. The impurities


× 100

(1)

Si and Ca were also observed on cryptocrystalline magnesite
surfaces. Again, the results correspond to arithmetic
averages of four data points obtained from randomly

Adsorption capacity (qe ) ¼

(Ci  Ce )V
m
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Figure 1

|

Mineralogical composition of cryptocrystalline magnesite.

Figure 2

|

Spot elemental composition and morphology of cryptocrystalline magnesite.

Surface area by BET
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BET revealed that magnesite has a surface area of
14.6 m2/g, which is the sum of micropore area and

The surface area of South African magnesite from Folov-

external surface area. It has mean pore diameter of

hodwe is shown in Table 1.

223 Å. The large pore diameter of magnesite allows
boron ions to diffuse into the pore channel of the

Table 1

|

mesoporous material due to smaller radius of boron

Surface area of Folovhodwe magnesite

Parameter
2

BET surface area (m /g)
3

species. Therefore, boron can be adsorbed onto the surMagnesite

faces of magnesite through outer and inner sphere

14.6

complexes.

Micropore area (cm /g)

2.3

External surface area (m2/g)

12.3

Micropore volume (m2/g)

0.0009

Adsorption average pore diameter
(4V/A by BET) (m2/g)

223
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agitation time, magnesite dosage, initial boron concen-

the optimum equilibration time for the subsequent exper-

tration and initial pH.

iment is 30 min. Cryptocrystalline magnesite showed rapid

Figure 3(a) shows the effect of contact time on removal

boron removal abilities as compared to calcined magnesite

of boron: the adsorption of boron increases with increase in

(420 min) (Kıpçak & Özdemir ) and magnesium oxide

contact time. From the ﬁrst minute of interaction, the uptake

(30 min) (del Mar de la Fuente García-Soto & Camacho

of boron was strong. This may be attributed to many surfaces

). Figure 3(b) shows the effect of various dosages on

being available for sorption of boron by magnesite. After

removal of boron from aqueous solution was evaluated.

30 min, there was no further signiﬁcant removal of boron

According to Kıpçak & Özdemir (), as the dosage

ions observed hence, indicating that the adsorbent is satu-

increases, more surfaces which are suitable for adsorption

rated with boron or boron has been depleted from the

are present and vacant. As shown in Figure 3(b), as the

aqueous system. From these results, it was concluded that

dosage increases, there was an increase in boron removal:

Figure 3

|

Effect of contact time, magnesite dosage, initial boron concentration and initial pH on percentage removal of boron.
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from 0.5 g/100 mL to 1 g/100 mL, the adsorption of boron

where k1 (min1) is the pseudo-ﬁrst-order adsorption rate

by magnesite was very rapid and above 1 g/100 mL no

coefﬁcient and qe and qt are the values of the amount

more notable change was observed denoting that the

adsorbed per unit mass at equilibrium and at time t, respect-

adsorption has reached equilibrium. The ﬂattening of the

ively. The experimental data were ﬁtted by using the pseudo-

adsorption curve above 1 g/100 mL shows that boron

ﬁrst-order kinetic model by plotting ln(qe  qt ) vs t, and the

has been depleted from the aqueous system. As such,

results are shown in Table 2. The pseudo-ﬁrst-order was

1 g/100 mL was taken as the optimum dosage for the sub-

applied and it was found to converge poorly with the exper-

sequent experiments. Figure 3(c) shows the percentage

imental data; the correlation coefﬁcient was <0.95.

removal of boron decreases with an increase in initial

Moreover, the calculated amounts of boron ions adsorbed

boron concentration. This is attributed to more ions being

by magnesite [qe, calc (mg g1)] were less than the exper-

introduced to aqueous system hence saturating the vacant

imental values [qe,

sites on the surface of the adsorbent. At low concentration,

indicated that the Lagergren pseudo-ﬁrst-order kinetic

more site for adsorption are available than ions and at high

model is inappropriate to describe the adsorption of boron

concentration, more ions are available than adsorption sites.

ions from aqueous system by magnesite.

exp

(mg g1)] (Table 2). The ﬁnding

From 0.1 to 20 mg/L the adsorption of boron was rapid and

The pseudo-second-order kinetic model is another kin-

above 20 mg/L, the adsorption capacity decreased gradually

etic model that is widely used to describe the adsorption

hence indicating that the adsorbent was saturated with

process from an aqueous solution. The linearized form of

boron. However, 20 mg/L has been chosen as the optimum

the pseudo-second-order rate equation is given as follows:

concentration for the subsequent experiments. Figure 3(d)
shows the percentage removal of boron with varying pH.
The initial pH was in the range 2 to 12. Variation of boron
concentration with varying supernatant pH showed that

t
1
t
¼
þ
2
qr
k 2 qe
qe

(4)

the removal of boron by magnesite is independent of

where k2 [g (mg min1)] is the pseudo-second-order adsorp-

initial pH level. Dissolution of magnesite leads to an

tion rate constant and qe and qt are the values of the amount

increase in pH of the solution to pH >10. At alkaline pH,

adsorbed per unit mass at equilibrium and at time t, respect-

boron exists as an oxyanion. Oxyanionic boron will be

ively. An application of the pseudo-second-order rate

cations in solution or co-precipitate

equation for adsorption of chemical species to magnesite

with Mg(OH)2. Similar results were obtained by Kıpçak &

showed a better ﬁt with experimental data (Table 2). The

Özdemir () when using magnesite tailings.

results obtained conﬁrm that pseudo-second-order model

2þ

adsorbed to Mg

is the more suitable kinetic model to describe adsorption
of boron ions by magnesite from aqueous systems. MoreModelling of experimental results

over, this also conﬁrms that the mechanism of boron
removal from aqueous solution is chemisorption. Different

Adsorption kinetics
Table 2

|

Different kinetic model parameters for adsorption of boron on magnesite

The effect of contact time on removal of boron from aqueous solution was evaluated using different kinetic models

Adsorption kinetics

to reveal the nature of the adsorption process and rate-limit-

R2

ing processes. A Lagergren pseudo-ﬁrst-order kinetic model

Pseudo-ﬁrst-order kinetic

is a well-known model that is used to describe mechanisms

0.95

of species adsorption by an adsorbent. It can be written as

Pseudo-second-order kinetic

follows (Masindi et al. b):

1

Qe(exp)
1
1

Qe

(cal)

11.1

0.4

1

1.9

0.85

0.07

Intra-particle-diffusion model

ln (qe  qt ) ¼ ln qe  k1 t
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kinetic model parameters for adsorption of boron ions are

The constants Q0 and b are characteristics of the Lang-

shown in Table 2. Note the theoretical adsorption capacity

muir equation and can be determined from a linearized form

is close to the experimental adsorption capacity further con-

of Equation (6). The Langmuir isotherm is valid for mono-

ﬁrming that this model describes the adsorption data. The

layer adsorption onto a surface with a ﬁnite number of

overall kinetics of the adsorption from solutions may be gov-

identical sites and can be expressed in the following linear

erned by the diffusional processes as well as by the kinetics

form:

of the surface chemical reaction as proposed by Weber and
Morris (Masindi et al. b). To determine whether ﬁlm diffusion or intra-particle diffusion is the rate limiting step, the

Ce
1
Ce
¼
þ
Qm b
Qe
Qm

(7)

intra-particle diffusion model parameters were calculated
(Table 2). The model suggested that if the sorption mechan-

where, Ce ¼ equilibrium concentration (mg/L), Qe ¼ amount

isms are via intraparticle diffusion then a plot of qt vs t1=2

adsorbed at equilibrium (mg/g), Qm ¼ Langmuir constant

will be linear and intraparticle diffusion is the only rate limit-

related to adsorption capacity (mg/g) and b ¼ Langmuir

ing step when such plot passes through the origin. When the

constant related to energy of adsorption (L/mg).

sorption process is controlled by more than one mechanism,

A plot of Ce =Qe vs Ce should be linear if the data con-

then the plot of qt vs t1=2 will be multi-linear. Intra-particle

form to the Langmuir isotherm. The value of Qm is

diffusion is computed using the following expression:

determined from the slope and the intercept of the plot. It
is used to derive the maximum adsorption capacity and b

qt ¼ kid t1=2 þ Ci

(5)

is determined from the original equation and represents
the degree of adsorption.

) is the intra-particle diffusion

The Freundlich adsorption isotherm describes the het-

coefﬁcient (slope of the plot of qt vs t1=2 ) and Ci is the

erogeneous surface energy by multilayer adsorption and is

intra-particle diffusion rate constant.

expressed as:

1

where kid (mg g

1/2

min

The C value (Table 2) indicate the thickness of the boundary layer which was observed to be very small for magnesite
thus suggesting that surface diffusion plays a lesser role as the
rate-limiting step in the overall sorption process.

qe ¼ kCe1=n

(8)

The equation may be linearized by taking the logarithm
of both sides of the equation and can be expressed in linear
form as:

Adsorption isotherms
log qe ¼

1
log Ce þ log K
n

(9)

The relationship between the amounts of ions adsorbed and
the ion concentration remaining in solution is described by

where Ce ¼ equilibrium concentration (mg/L), qe ¼ amount

an isotherm. The two most common isotherm models for

adsorbed at equilibrium (mg g1), Kf ¼ partition coefﬁcient

describing this type of system are the Langmuir and Freund-

(mg/g) and n ¼ degree of adsorption.

lich adsorption isotherms (Masindi et al. b). These

A linear plot of log qe vs log Ce indicates whether the

models describe adsorption processes on a homogenous

data conform to the Freundlich isotherm. The value of Kf

(monolayer) or heterogeneous (multilayer) surface, respect-

implies that the energy of adsorption on a homogeneous sur-

ively. The most important model of monolayer adsorption

face is independent of surface coverage and n is an

came from Langmuir (Masindi et al. b). This isotherm

adsorption constant which reveals the rate at which adsorp-

is given as:

tion takes place. These two constants are determined from
the slope and intercept of the plot of each isotherm. The

qe ¼

Q0 bCe
1 þ bCe
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Comparison of adsorption capacities of materials used for removal of boron

result demonstrates that the adsorption process was taking

Adsorption
capacity (mg/g)

Reference

Cryptocrystalline
magnesite

6

Present study

Magnesite/bentonite
composite

4

Masindi et al. (a)

Freundlich plots. The constants were found to be Kf ¼

Goethite

0.3

Goli et al. ()

199,526.2 and 0.5, respectively. The n values between 1

Calcined magnesite

57

Kıpçak & Özdemir ()

and 10 represent beneﬁcial adsorption. This show adsorp-

Siral 5

1

Yurdakoç et al. ()

tion of ions from aqueous solution by magnesite was

Siral 40

1

Yurdakoç et al. ()

favourable. The parameters of Langmuir and Freundlich

Siral 80

1

Yurdakoç et al. ()

adsorption isotherms are shown in Table 3.

Camlica bentonite 1
(CB2)

3

Öztürk & Kavak ()

Camlica bentonite 2
(CB2)

0.1

Öztürk & Kavak ()

place on both homogeneous and heterogeneous surface.
Qmax and b were determined from the slope and intercept
of the plot and were found to be 5.4 and 27.64, respectively.
Qm was similar to experimental Qe, thus conﬁrming the
better ﬁt. Kf and n were calculated from the slopes of the

Comparison of adsorption capacities of materials used

Adsorbents

for removal of boron
A comparative study of different adsorbents for boron in

aqueous solution was evaluated. Batch experiments revealed

contaminated water is shown in Table 4. Cryptocrystalline

that the optimum conditions for removal of boron from aqu-

magnesite offers better adsorption capacity for boron as

eous solution using cryptocrystalline magnesite is 30 min of

compared to other adsorbents except calcined magnesite.

shaking, 1 g of magnesite per 100 mL of aqueous solution

This suggests that cryptocrystalline magnesite can also be

and 20 mg L1 initial boron concentration. The removal of

used as an alternative technology in place of conventional

boron was observed to be independent of initial pH of the

methods for treatment of boron. Moreover, other treatment

solution. Under optimized conditions, cryptocrystalline

methods require pre-treatment of the adsorbent which is

magnesite managed to reduce boron concentration to

costly. The present study uses raw magnesite which is not

below levels speciﬁed in WHO water quality guidelines.

pre-treated.

The adsorption of boron onto magnesite was observed to
ﬁt better to pseudo-second-order kinetic than pseudo-ﬁrstorder-kinetic hence proving chemisorption. The intra-particle diffusion model revealed that the adsorption of boron

CONCLUSION

from aqueous system is through multiple reaction phenomIn this study, the feasibility of using cryptocrystalline magnesite as an alternative adsorbent for removal of boron from

ena. Adsorption isotherms proved that the removal of
boron by magnesite ﬁtted well to both Langmuir and Freundlich adsorption isotherm hence proving that both mono-

Table 3

|

and multisite adsorption are taking place. This study

Parameters of Langmuir and Freundlich adsorption isotherms

proved that cryptocrystalline magnesite can be used as

Adsorption isotherms

low-cost material for removal of boron from contaminated

Langmuir adsorption isotherm

water bodies.

2

R

b (L/mg)

Qm (mg/g)

Qe(exp)

0.95

27.64

5.4

6

Freundlich adsorption isotherm
R2

n

Kf

Qe(exp)

0.94

0.5

199,526.2

6
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