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Kinetics Study of Boron Adsorption onto Magnesium Aluminum and
Iron Oxides
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Abstract

The boron adsorption process, onto magnesium, aluminum and iron oxide was described
in term of mathematical equations and, taking into account the knowledge acquired by means of
experimental data. The modelization has been carried out by establishing Langmuir, Freundlich
and BET isotherms and kinetic laws for pseudo first order, pseudo second order and
intraparticle diffusion model. The experimental results revealed that adsorption isotherm onto
magnesium and iron oxide fits very well with Langmuir model while adsorption onto aluminum
fits very well with Freundlich model. Results showed that adsorption of boron onto magnesium,
aluminum and iron oxide followed pseudo second order Kinetic
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Introduction

Boron could be released into the
environment by both natural weathering
processing and anthropic sources (Salih,
et al., 2012). Boron at low concentration
Is a nutrient for plant metabolic activities

(Akerman, et al., 2012), it is an
important  micronutrient  for  trees
including sugar transport, cell wall
synthesis, carbohydrate and RNA
metabolisim and respiration (Imam and
Al-Birfkany, 2012), but when the

amount of boron adsorbed exceeds the
nutritional concentration which was 0.3-
Img/ kg (Al-Ameri, et al., 2013),
poisoning will occur (Abdulhalim et al.,
2012), so yellowish spots on leaves and
fruits will appear (Liu, et al., 2007), also
has an adverse effect on seed oil content
for sun flower plants (Mohammed and
Shaker, 2011). When animals absorb
large amount of boron over a relatively
long period of time through plant
consuming animals, the male productive
organs will be affect (Karc, et al.,
2013).The safe concentration of boron in
irrigation water is 0.3 mg/l for sensitive
plant, 1-2 mg/l for semi-sensitive plants
and 2-4 mg/l for tolerant plants
(Cengeloglu, et al., 2007). The world
health organization (WHO) recommends
a maximum boron concentration as low
as 0.5mg/l (Al-naseri, 2012).

Turkey suffers from the contamination
of its water with boron, it is considered
to be the largest boron source in the
world, a big area around Manderes River
in west Anatolia suffers from this
problem (Karahan et al., 2006).

The main sources of surface water
boron contamination were detergents,
cleaning products, fertilizers,
insecticides and corrosion inhibiter in
antifreeze formulated (Liu et al., 2009;
Abdhalim et al., 2012).

According to previous experimental
data (Sulymoon et al., 2013) it can be
suggested that maximum removal of
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boron was achieved at pH 8 for
aluminum and iron oxide and 9.5 for
magnesium oxide and batch results
showed that the equilibrium time was 60,
90 and 240 minute for aluminum, iron
and magnesium oxide respectively.

Materials and Methods

Boric acid (HsBOz) reagent used
in this study to prepare synthetic water
with the required feed concentration of 5
mgL* of boron.

Three types of materials were used
as adsorbents. These are magnesium
oxide (MgO), iron oxide (Fe;0s3), and
aluminum oxide (Al203) with purity of
>99%.

e The concentration of boron was
analyzed by means of HACH DR 2000
spectrophotometer (Carmine Method) at
wave length of 605 nm (ASTM, D
3082).

Batch studies at approximately
30°C were adopted to obtain the
equilibrium data. Different adsorbents
weight 1, 0.9, 0.72, 0.5, 0.45 and 0.34g
of magnesium oxide, 1, 0.769, 0.623,
0.56, 0.514 and 0.425g of aluminum
oxide and 1, 0.8,0.6,0.4and 0.2 g of
iron oxide were added in 18 conical
flasks containing 5 mgL™* boron
solution of 100ml. The flasks were then
placed on a shaker and shaked
continuously for a period of 240, 90 and
60 minute which is enough to reach the
equilibrium state (as the concentration
does not change with time) (Nameni, et
al., 2008). Afterward the solution was
filtered. The filtrate was analyzed by
spectrophotometer  at wave length of
605 nm (Carmine Method) to estimate
the equilibrium concentration of boron.

The adsorption isotherm curves
were obtained by plotting the weight of
solute adsorbed per unit weight of
adsorbent against the equilibrium
concentration of boron in the solution.
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V,(C,-C Freundlich Isotherm
qe:'(OT‘*)(Ahmad etal., 2005) Freundlich offered the following
equation (Zwani et al., 2009)

Where: 1

: ge=Kf-C!

ge =Adsorbent capacity (mg/g) €
Where Kf and n are Freundlich

Vi =Volume of sample (1)

Co = initial concentration of boron in
sample (mg/l)

Ce = Concentration of boron in sample
after adsorption (mg/l)

M = Mass of adsorbent (g)

The experimental data  were
compared using Langmuir, Freundlich
and BET isotherm models which are
given as follows:

Langmuir Model

The  Langmuir  equation  is
commonly written as follows (Mondai
and Lalvani, 2000)

_abC,
1+aC,

Where
ge is the amount of adsorbate adsorbed
per unit weight of adsorbent, (mg/Q)

Ce is the equilibrium concentration of
adsorbate in water, (mg/l)

a and b are constants taking the
reciprocalof both side of Langmuir
equation yields:

1 1

ge " b abee

1

If adsorption follows the Langmuir
isotherm, a linear trace should result
when the quantity I/q is plotted against
1/Ce. Values of the constants a and b
can be determined from the slope and
intercept of the plot.
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adsorption isotherm constants.

Values of the constants n and Ky can be
determined from the slope and intercept
of the plot.

BET Isotherm

The equation, known as
equation, is commonly written
follows (Volesky, 2000)

BET
as

The
above
equatio

can

BC. X,

(C, - ce){lJr {(B ~1) gﬂ

arranged to be

ge =
be

C, 1 +(B—1)&
(C,-C.)ge Bx, Bx, C

m

S

Where:

B is a constant relating to the energy of
interaction with the surface
Xm is the amount of adsorbate adsorbed
per unit weight of adsorbent for mono
layer adsorption (mg/gm)

Data from adsorption processes that
conform to the BET equation will yield a
straight line when the left-hand side of
the BET equation is plotted against
Ce/Cs.

These methods were carried out for
different adsorbents, magnesium,
aluminum and iron oxide.

Adsorption Kinetic Models
The kinetics of adsorption based
on the overall adsorption rate by the
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adsorbents is described by the first order
Lagergren model, pseudo second-order

and intraparticle diffusion model.

The Pseudo First-order Equation
Lagergren (Ozcan A.S., Ozcan

A., 2004) suggested the pseudo first-
order rate equation for the sorption of
This

solid from a liquid solution.

pseudo-first- order rate equation is:

dg

— =k, (g, —qt

o = k0 - a)

Integrating the above equation for the
boundary conditions t=0 to t=t and q=0

to g=q gives:
In(ge —qt) = In(de ) kit
Where:

ge and g are the adsorption capacity at
equilibrium and at time t

Respectively, (mg/g).

K1 is the rate constant of pseudo first-
order adsorption, (min™).

The values of In (ge — qt) were linearly
correlated with t. The plot of the natural
logarithm of (ge — qt) versus t should
give a linear relationship from which ki
can be determined from the slope of the
plot.

95

The Pseudo Second-order Equation
The pseudo second-order Kkinetic

model (Ho and Mckay, 2000) can be

represented as follows:

dq_p.

dt

Integrating the above equation for the

(Ge - q¢)’

boundary conditions t=0 to t=t and g=0

to g=q and rearranged in a linear form

gives:
t__ 1 1,
A k.(qe) de
Where:

k> is the rate constant of pseudo second-
order adsorption (g-mg™* min™).

The plot of (t/qr) and t should give a
linear relationship from which k2 can be

determined from the intercept of the plot.

The Intraparticle Diffusion Model

The intraparticle diffusion model is
expressed as (Weber and Morris, 1964)
q = kpfﬂ.s
Where:
rate constant (mg g min ")

Kp is the intraparticle diffusion

Results and Discussion
Magnesium Oxide

Figures ( 1,2 and 3) illustrate the
use of the Langmuir, Freundlich and
BET models for adsorption of boron at
initial boron concentration of 5 mg / I,
pH 9.5, stirring time 240 minutes and
adsorbent dosage from 3.4 to 10 g per
liter.
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Langmuir isotherm was achieved
by plotting 1/Ce versus 1/ge to give a
straight line with a coefficient of
determination (R?) equal to 1. The
constant (a) which represents adsorption
capacity, (b) which is related to the
energy of adsorption were estimated
from the slope and intercept of the linear
plot and they were equal to 0.5577
mg/mg and 2.053 I/mg respectively.

Freundlich isotherm was achieved
by plotting (Ce versus ge) to give a line
with exponential equation and the
coefficient of determination (R?) is equal
to 0.997. The values of kf and n which
were an indicative of adsorption capacity
and intensity for adsorption were
calculated from the equation and they
were equal to 0.7214 mg/mg and 1.5
mg/l respectively.

BET isotherm was also applied for
boron adsorption and was achieved by
plotting Ce /Cs versus Ce /(Cs-Ce)*q to
give a straight line as shown in Figure 3
with a  coefficient of determination
equal to 0.99. The constant A which
represents adsorption capacity was
estimated from the slope and intercept of
the linear plot and it was equal to 9.03.

=)
=
€ |y=0.873x +0.487
2 R2 =1
)
o
1/Ce(l / mg)...

Figure (1) Langmuir Isotherm for
Adsorption of Boron onto Magnesium
Oxide at pH=9.5; Magnesium Oxide
Conc. =10gm/l and Initial Boron
Conc.=5mg/I
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Ce (mg/1)

Figure (2) Freundlich Isotherm for
Adsorption of Boron onto Magnesium
Oxide at pH=9.5; Magnesium Oxide
Conc. =10gm/I and Initial boron Conc.
=5mg/I
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Figure (3) BET Isotherm for

Adsorption of Boron onto Magnesium
Oxide at pH=9.5; Magnesium Oxide
Conc. =10gm/l and Initial boron
Conc.=5mg/I

From the values of coefficient of
determination of the three models,
Langmuir isotherm fit very well with the
experimental data and this is similar to
another showed in literature by using
magnesium oxide as adsorbent (De la
Fuente and Eugenio, 2006).

Aluminium Oxide

In order to investigate the
adsorption isotherm; Langmuir,
Freundlich and BET models were
analyzed to quantify adsorption capacity
of aluminum oxide.
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Figures (4, 5 and 6) illustrate the
use of the three models for adsorption of
boron have an initial concentration of 5
mg / |, pH=8, stirring time 60 minute and
adsorbent dose range from 4.25to 10 g /
l.

Langmuir isotherm was achieved
by plotting 1/Ce versus 1/ge to give a
straight line as shown in Figure (4) have
a coefficient of determination of 0.97.
The constants (a) and (b) were estimated
from the slope and intercept of the linear
plot and they were equal to0-0.2592
mg/mg and -0.07195 1/mg respectively.

Freundlich isotherm was achieved
by plotting Ce versus ge to give a line
with exponential equation as shown in
Figure (5) and have a coefficient of
determination equal to 0.99. The
constants ks and n were estimated from
the slope and intercept of the linear plot
which were equal to 0.001 mg/mg and
0.202 mg/1 respectively.

To study the applicability of BET
isotherm for adsorption of boron onto
aluminum oxide Ce/Cs was plotted
versus Ce/(Cs-Ce)*q to give a straight
line as shown in Figure (6) with a
coefficient of determination equal to
0.92 and the constant (A) was estimated
from the slope of the linear plot.

*
y=53.60x-13.89
Rz2=0.97
8]
=
1/Ce

Figure (4) Langmuir Isotherm for
Adsorption of Boron onto Aluminum
Oxide at pH=8; Aluminum Oxide Conc.
=10gm/I and Initial Boron Conc.=5mg/I

y = 0.001x4946
R2=0.99
€
(@]
D
E
(on
Ce( mg/l)

Figure (5) Freundlich Isotherm for
Adsorption of Boron onto Aluminum
Oxide at pH=8; Aluminum Oxide Conc.
=10gm/I and Initial Boron Conc. =5mg/I

'S
*Ci'
)
Q
w
y& -21.01x + 18.53 \¢
— 2 —
8 R?=0.91
CelCs

Figure (6) BET Isotherm for Adsorption
of Boron onto Aluminum Oxide at
pH=8; Aluminum Oxide Conc. =10gm/I
and Initial boron Conc.=5mg/I.

The coefficient of determination for
Freundlich isotherm plot was higher than

that for Langmuir and BET, so
Freundlich  model  describes  the
adsorption data within the entire

correlation range. Comparison with
results showed in literature by using
aluminum oxide as adsorbent, Bouguerra
et al., 2009 stated that Langmuir and
Freundlich isotherm models fitted with
the result obtained from adsorption of
boron have an initial concentration of 50
mg/I0, pH=8-8.5 and adsorbent dose of
50.

Iron Oxide
The adsorption data which were
obtained from adsorption of boron onto
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iron oxide were tested using Langmuir,
Frundlich and BET models.

In testing the Langmuir isotherm,
the adsorption data were plotted as 1/Ce
versus 1l/ge to get a straight line as
shown in Figure (7) and have a
coefficient of determination equal to
0.93. Constants for Langmuir isotherm
(@) and (b) were estimated from the slope
and intercept of the straight line which
were equal t0-0.298 mg/mg and -0.0312
I/mg respectively.

Figure (8) illustrates the use of
Freundlich  isotherm  model  for
adsorption of boron by plotting Ce
versus ge to get a line with exponential
equation have a coefficient of
determination equal to 0.81. The
constants (kf) and (n) were estimated
from the slope and intercept of the
straight line and their values were
1.42*107 mg/mg and 0.0758mg/I
respectively.

Figure (9) describes the use of
BET isotherm model for adsorption of
boron by plotting Ce/Cs versus Ce/ (Cs-
Ce)*q to yield a straight line with a
coefficient of determination equal to
0.86. Slope and intercept were used to
estimate the constant (A) and its value
was -0.4723.

From  comparison  of  the
coefficient of determination of the three
models, Langmuir isotherm have a
correlation coefficient higher than that
for Freundlich and BET isotherm, so
Langmuir isotherm fits best with the
experimental data.

98

S

£

2 | y=#075x-32.03
o *R2=0.93

1/Ce (I/ mg)

Figure (7) Langmuir Isotherm for
Adsorption of Boron onto Iron Oxide at
pH=8; Iron oxide conc. =10gm/l and
Initial boron conc. =5mg/I

.

(5)

é’ = 3 ®7x13.18

g R2=0.81
Ce(mg/l)

Figure (8) Freundlich Isotherm for
Adsorption of Boron onto Iron Oxide at
pH=8; Iron oxide conc. =10gm/l and
Initial boron conc. =5mg/I

L)

*

= -71.72x + 48.71
R?=0.86 ¢

Cel/(Cs-Ge)*qe

Ce/Cs

Figure (9) BET Isotherm for Adsorption
of Boron onto Iron Oxide at pH=8; Iron
oxide conc. =10gm/l and Initial Boron
conc. =bmg/I
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Table (1) Constants for Langmuir, Freundlich and BET Isotherm, and Coefficient of
Determination R?

R? B 1/n Ks b a Adsorbent
mg/mg I/mg mg/mg
1

0.997 9.03 0.6662 0.7214 2.053 0.5577 Magnesium
0.99 oxide
0.97 Aluminum
0.99 -0.3188 | 4.946 0.0011 -0.0719 | -0.259 oxide
0.92

0.93

0.81 -0.4723 | 13.18 | 1.42*10°7| -0.0312 | -0.298 Iron oxide
0.86

Adsorption Kinetic Models y =+0.029x - 1.541
Several kinetic models have been .

applied with view to find out which o

model  represents the  adsorption &

mechanism of boron adsorption onto =

magnesium, aluminum and iron oxide:
i . t(min)
The Pseudo First Order Equation
In (ge —qt) was plotted versus t to

investigate the fit of pseudo-first-order Figure (10) Pseudo First-order
Kinetic to boron adsorption. The Kinetics to Boron Adsorptlon onto

coefficient of determination Ri?> for Magnesium Oxide at Initial boron
pseudo first-order are 0.88, 0.88 and conc.=5mg/l; MgO Conc.=10gm/I and
0.74for magnesium, aluminum and iron pH=9.5

oxide respectively as shown in Figures

(10, 11 and 12). From these figures the

value of ki was determined from the
slope. The higher the value of ki, pointed y =-0.046x - 1.259
to greater the adsorption. =
Adsorption kinetic by magnesium, g
aluminum and iron oxide shows that =4
pseudo-second-order  kinetic  model
represents the adsorption mechanism of {(min)
boron adsorption  because that the
coefficient of determination for pseudo Figure (11) Pseudo First-order Kinetics to
second order kinetic model is higher Boron Adsorption onto Aluminium Oxide at
than that for pseudo first order kinetic Initial Boron Conc.=5mg/l;Aluminium
model for the three adsorbents. Oxide Conc.=10gm/I and pH=8
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y =-0.041x - 1.379

R2=0.74
| ®
"6- \
o)
T =10.0416x-1.37
£ R2=0.7416 .

t (min)

Figure (12) Pseudo First—order Kinetics

to Boron Adsorption onto Iron Oxide at

Initial Boron Conc.= 5mg/l; Iron Oxide
Conc.=10gm/I and pH=8

The Pseudo Second Order Equation

The plot of t/q¢ versus t gives a
straight line with a slope of 1/ge and an
intercept of 1/kzqe?.

k=2
s
.011x + 27.85
R2=0.99
t(min)
Figure (13) Pseudo Second-order

Kinetics to Boron Adsorption onto
Magnesium Oxide at Initial Boron
conc.=5mg/l; MgO Conc.=10gm/l and

pH=9.5
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£S)
£
£
o
£ =3.324x + 77.36
E R?=0.96
o
s
t (min)
Figure (14) Pseudo Second-order

Kinetics to Boron Adsorption onto
Aluminium Oxide at Initial Boron
gm/l conc.=5mg/l; Alumina Conc.= 10

and pH=8
_— * .
(@) *
=
D
c
I= y& 4.504x + 94 .34
= R2=0.9
O
s
t (min)
Figure (15) Pseudo Second-order
Kinetics to Boron Adsorption onto Iron
Oxide Oxide at Initial Boron
conc.=5mg/l; Iron Oxide Conc.= 10
gm/l and pH=8

As shown from Figures (13, 14
and 15), the linearity of the plots implies
the applicability of the pseudo-second-
order kinetic equation for adsorption of
boron onto magnesium oxide, alumina
and iron oxide. Correlation coefficient
(R?) for pseudo-second-order kinetic
values is obtained to be 0.99 , 0.96 and
0.9for magnesium, aluminum and iron
oxide respectively. From these Figures
the value of K2 was determined from the
slope.
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The kinetic results can be used to
determine if intraparticle diffusion is the
rate-limiting step for boron adsorption
onto magnesium, aluminum and iron
oxide.

Beside adsorption at the outer
surface there is also possibility of
intraparticle diffusion from the outer
surface into the pores of the material.
The adsorption mechanism of sorbate
onto the adsorbate follows three steps,
film diffusion, pore diffusion and
intraparticle transport. There is a high
possibility for pore diffusion to be the
rate-limiting step in a batch process
(Panday, et al., 2006).

If intraparticle diffusion is involved
in the sorption process then a plot of
sorbate uptake versus the square root of
time would result in a linear relationship
and that particle diffusion would be the
rate-controlling step if this line passes
through the origin (Weber and Morris,
1964).

In order to determine the rate
limiting step in the present adsorption
system, intraparticle diffusion model was
also applied on the experimental data.
The values of kp were calculated from
the slope of the linear plot of g (amount
of boron adsorbed per unit mass of
adsorbent) wversus t°° as shown in
Figures (16, 17and18) for magnesium
oxide, aluminum and iron oxide
respectively.

As elucidated in Figures (16,
17and18) the result can be represented
by a linear relationship but they do not
pass through the origin. This indicates
that intraparticle diffusion involved in
the sorption process but it is not the only
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rate-limiting mechanism is involved.
Such a deviation of the straight line from
the origin may be due to boundary layer
effect (Hussain, et al., 2012; Yakout and
Elsherif, 2010).

A first linear part in the Figures
ended with a smooth curve followed by a
second linear part. The double nature of
the curve reflects the two stage boundary
diffusion usually could be represented by
the initial curved portion and
intraparticle diffusion by the final curved
portion. The rate constant of intraparticle
diffusion kp, as obtained from the slope
of the final linear portion was tabulated
in table 2. The correlation coefficient
obtained for this stage was 0.9449 for
magnesium oxide and 1 for aluminum
and iron oxide.

smilpmmt
9 .rE(R2:o.94
o)
E
T
t*0.5 (min*0.5)
Figure (16) Intraparticle Diffusion

Model for Boron Adsorption onto
Magnesium Oxide Oxide at Initial boron
conc.=5mg/l; MgO Conc.= 10gm/I and
pH=9.5
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0.0346x - 0.0B4¢ 1
025%e+=010192 |
2= 0.9964

II‘“<
11

i

qt (mg/ g)<

tA0.5 (Minf0.5)

Figure (17) Intraparticle Diffusion
Model for Boron Adsorption onto
Alumimuim Oxide at Initial Boron
conc.=5mg/l; Aluminum Oxide Conc.=
10gm/I and pH=8

qt (mg/ g)

tA0.5 (Minf0.5)

Figure (18) Intraparticle Diffusion
Model for Boron Adsorption onto Iron
Oxide at Initial Boron Conc.= 5mg/I;
Iron Oxide Conc.= 10gm/l and pH=8
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Table (2) Rate Constants for Pseudo First-order, Pseudo Second- order Kinetic and
Intraparticle Diffusion Model for the Three Adsorbents

R? for R?for | R? for Kp K> K1 Adsorbent
Intraparticle || 2" 18 | (mg/g.min®®) || (g/min.mg) | (min™)
diffusion order order
model kinetic | kinetic
0.94 0.99 0.88 0.006 0.1452 0.0292 | Magnesium
oxide
1 0.96 0.88 0.034 0.14287 | 0.0466 | Aluminum
oxide
1 0.90 0.74 0.028 0.35014 | 0.0416 Iron oxide
Conclusions
- The coefficients of determination show flocculation, American Journal  of

that Langmuir model fit very well with
magnesium and iron oxide, so there were
a mono layer coverage of boron onto
magnesium and iron oxide, while
Freundlich model fit very well with
alumina, so the uptake of boron by
aluminum oxide occurs by multilayer
adsorption.

-Adsorption of boron onto magnesium,
aluminum and iron oxide followed
pseudo-second-order kinetic and the
mechanism is complex and both the
surface  adsorption as well as
intraparticle contributes to the rate
determining step.

-1t is important to study the kinetics of
boron adsorption onto magnesium,
aluminum and iron oxide because from
the kinetics and adsorption isotherm we
can get knowledge of adsorption
efficiency, maximum adsorption
capacity, and in order to desighn and to
optimize separation, the knowledge of
the adsorption is mandatory.
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