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The present work provides an electrochemical removal of boron from water and its kinetics, thermodynamics, isotherm using mild steel and
stainless steel as anode and cathode respectively. The various operating parameters on the removal efficiency of boron were investigated, such
as initial boron ion concentration, initial pH, current density and temperature. The results showed that the optimum removal efficiency of 93.2%
was achieved at a current density of 0.2 A dm−2 at pH of 7.0. First-, second-order rate equations, Elovich and Intraparticle models were applied to
study adsorption kinetics. Adsorption isotherms of boron on Fe(OH)3 were determined and correlated with isotherm equations such as Langmuir,
Freundlich and D-R models. Thermodynamic parameters, such as standard Gibb’s free energy (�G◦), standard enthalpy (�H◦) and standard entropy
(�S◦), were also evaluated by Van’t Hoff equation. The adsorption process follows second-order kinetics. The adsorption of boron preferably fits
with Langmuir adsorption isotherm suggesting monolayer coverage of adsorbed molecules. The adsorption of boron onto Fe(OH)3 was found to
be spontaneous and endothermic.
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INTRODUCTION

Awide variety of inorganic contaminants such as arsenic,
chromium, cadmium, nitrate etc., can be found in surface,
brackish and groundwater. Boron is another such contam-

inant of interest due to its occurrence in surface and groundwater.
Boron is widely distributed in the environment as calcium and/or
sodium borates, such as Colemanite, Ulexite and Tincal, etc. or
from anthropogenic pollution mainly in the form of boric acid
or borate salts. Boric acid and borate both exists as monomer in
solution at low concentration (below 25 mM), but at higher con-
centration they appears as highly water soluble poly borate ions
such as B3O3(OH)−

4 , B4O5(OH)−
4 , B5O6(OH)−

4 (Kistler and Helvacı,
1994; Peter, 1998; Senkal and Bicak, 2003; Yurdakoc et al.,
2005; Bryjak et al., 2008). Borate deposits are rare, being found
in dry regions of the world such as the USA, Turkey, Argentine,
China, Russia and Chile. They are, however, extensively used by
industry in the manufacture of glass wool, ceramics, borosilicate
glass, flame retardants, detergents, wood preservatives, antifreeze,
micro-nutrient fertilisers, etc. Since the use and the production of
boron compounds are huge, the surface and ground water as well
as sewage water contains elevated level of boron concentration
(Sartaj and Fernandes, 2005; Baek et al., 2007; Bouguerra et al.,
2008; Xu and Jiang, 2008). The recent European Union (EU) and
USEPA drinking water directive defines an upper limit of 1 mg B/L.
In order to consider the toxic effect of boron on humans, the EU

and USEPA regulations are suggesting a guideline of 1.0 mg L−1

(Guidelines for Drinking-Water Quality, 1998; Jiang et al., 2007).
In human, the sign of boron toxicity includes nausea, vomit-
ing, diarrhea, dermatitis, decreased sexual activity, headache, skin
rashes and central nervous system stimulation. Due to the toxicity
of its compounds, create a pressing need for investigations aimed
at developing effective methods to remove this element from aque-
ous solutions. Removing boron from water is difficult and can
be prohibitively expensive and impractical (Bick and Ora, 2005;
EnnilKose and Ozturk, 2008).

Conventional methods for removing boron include
coagulation–precipitation, biological, ion exchange, mem-
brane technology and electro-dialysis (Vik et al., 1984; Hazef
et al., 2002; Inglezakis et al., 2003; Srivastava et al., 2006;
Thella et al., 2008). Biological treatment methods cannot be used
for boron removal from wastewaters, because inorganic boron
compounds are antiseptics. Coagulation–precipitation methods
are not effective and not feasible for boron removal. Ion exchange
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processes by resin, which is expensive as a consequence of regen-
eration. In general, conventional processes have considerable
disadvantages including incomplete metal removal, requirements
for expensive equipment and monitoring system, high reagent
and energy requirements or generation of toxic sludge or other
waste products that require disposal (Sahin, 2003).

During the last few decades, electrochemical water treatment
technologies have undergone rapid growth and development. One
of these technologies is the electrochemically assisted coagula-
tion that can compete with the conventional chemical coagulation
process. Electrochemically generated metallic ions from these
electrodes undergo hydrolysis near the anode to produce a series
of activated intermediates that are able to destabilise the finely
dispersed particles present in the water and waste water to be
treated. The advantages of electro coagulation include high par-
ticulate removal efficiency, a compact treatment facility, relatively
low cost and the possibility of complete automation (Chen et al.,
2002; Chen, 2004; Ali and Gupta, 2007; Gupta et al., 2007, 2009;
Yilmaz et al., 2007, 2008; Vasudevan et al., 2009a,b,c, 2010). Usu-
ally, iron or aluminium plates are used as electrodes in the electro
coagulation followed by electro sorption process.

(i) When iron is used as the electrode, the reactions are as fol-
lows:

At the cathode:

2H2O + 2e− → H2(g) + 2OH− (1)

At the anode:

4Fe → 4Fe2+ + 8e− (2)

In the solution:

4Fe(aq) + 10H2O + O2 → 4Fe(OH)3 + 10H2 (3)

(ii) When aluminum is used as electrode, the reactions are as
follows:

At the cathode:

2H2O + 2e− → H2(g) + 2OH− (4)

At the anode:

Al → Al3+ + 3e− (5)

In the solution:

Al3+(aq) + 3H2O → Al(OH)3(s) + 3H+ (6)

Although, there are numerous reports related to electrochem-
ically assisted coagulation as a means of removal of many
pollutants from water and wastewater using aluminum as anode
material, but there are limited work on boron removal by elec-
trochemically assisted method using mild steel as anode material
and its adsorption and kinetics studies. The main disadvantage in
case of aluminum electrode is the residual aluminum (The USEPA
guidelines suggest maximum contamination is 0.05–0.2 mg L−1)
present in the treated water due to well-known cathodic dissolu-
tion. This will create health problems like cancer. In the case of
mild steel electrodes, there is no such disadvantage like aluminum
electrodes.

This work presents the results of the laboratory scale as well
as scale-up studies on the removal of boron using mild steel and
stainless steel as anode and cathode respectively. To optimise the
maximum removal efficiency of boron, different parameters like
effect of current density, initial boron concentration, temperature,
pH and effect of co-existing ions like carbonate, phosphate, silicate
and arsenic were studied. The adsorption kinetics of electrocoagu-
lants are analysed by using first and second order kinetic, Elovich
and Intraparticle models. The equilibrium adsorption models of
Langmuir, Freundlich and Dubinin-Radushkevich were also stud-
ied and the activation energy is calculated to study the nature of
the adsorption.

EXPERIMENTAL SECTION

Cell Construction and Electrolysis
Figure 1 shows the electrolytic cell consisting of a 1.0-L Plexi-
glas vessel that was fitted with a polycarbonate cell cover with
slots to introduce the anode, cathode, pH sensor, a thermome-
ter and electrolytes. The anode and cathode, commercial grade,
with surface area of 0.2 dm2 were made of mild steel and stain-
less steel respectively are placed at an inter-electrode distance of
0.005 m. The temperature of the electrolyte has been controlled
to the desired value with a variation of ± 2 K by adjusting the rate
of flow of thermostatically controlled water through an external
glass-cooling spiral. A regulated direct current (DC) was supplied
from a rectifier (50 A, 0–25 V; Aplab model).

The boron as boric acid (H3BO4) (Analar Reagent; Merck,
Darmstadt, Germany) was dissolved in distilled water for the
required concentration (3–7 mg L−1). The solution of 0.90 L was
used for each experiment as the electrolyte. The pH of the elec-
trolyte was adjusted, if required, with 1 M HCl or 1 M NaOH
(AR Grade; Merck) solutions before start of the experiments.
To study the effect of co-existing ions, in the removal of boron,
sodium salts (Analar Grade; Merck) of phosphate (0–50 mg L−1),
silicate (0–15 mg L−1), carbonate (0–250 mg L−1) and arsenic
(0–5.0 mg L−1) was added to the electrolyte.

Analytical Procedure
The boron was analysed using UV-Visible Spectrophotome-
ter (Merck, Spectroquant Pharo 300). The SEM and EDAX of

Figure 1. Laboratory scale cell assembly. 1. pH Sensor, 2. Water tank, 3.
Electrolytic cell, 4. Magnetic Stirrer, 5. Anode, 6. Electrolyte, 7. Cathode,
8. PVC cover, 9. Power supply, 10. Filter, 11. Treated water tank.
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boron-adsorbed ferric hydroxide coagulant were analysed with
a SEM made by Hitachi (model s-3000 h). The Fourier trans-
form infrared spectrum of ferric hydroxide was obtained using
Nexus 670 FTIR spectrometer (Thermo Electron Corporation, Bar-
rington). The concentration of carbonate, silicate, arsenic and
phosphate were determined using UV-Visible Spectrophotometer
(Merck, Pharo 300).

RESULTS AND DISCUSSION

Effect of Amount of Coagulant
The amount of boron removal depends upon the quantity of adsor-
bent (ferric hydroxide) generated, which is related to the time and
current density. The amount of adsorbent [Fe(OH)3] was deter-
mined from the Faraday law (Golder et al., 2006):

Ec= ItM

ZF
(7)

where I is current in A, t is the time (s), M is the molecular weight,
Z is the electron involved and F is the Faraday constant (96485.3
coulomb mole−1). With the increase in current density the amount
of ferric hydroxide also increases. To investigate the effect of cur-
rent density on the boron removal, a series of experiments were
carried out by solutions containing a constant pollutants load-
ing of 5 mg L−1, at a pH 7.0, with current density being varied
from 0.1 to 0.5 A dm−2. The removal efficiency was found to be
74.1%, 93.2%, 94.1%, 94.8% and 95.0% for the current densi-
ties varying from 0.1, 0.2, 0.3, 0.4 and 0.5 A dm−2 showing the
amount of boron adsorption increases with the increase in adsor-
bent concentration, which indicates that the adsorption depends
up on the availability of binding sites for boron. It is found that,
above 0.2 A dm−2 the removal efficiency remains almost constant
for higher current densities. So, all further studies were carried
out at 0.2 A dm−2.

Effect of Electrolyte pH
The pH is one of the important factors affecting the performance of
electrochemical process. To examine this effect, a series of experi-
ments were carried out using 5 mg L−1 boron containing solutions,
with an initial pH varying in the range 2–12 at a current density
of 0.2 A dm−2. From the results it is found that boron removal effi-
ciency increased with the pH up to 7.0 and then decreased. The
maximum removal efficiency for the removal of boron is 93.2% at
pH 7 and the minimum efficiency is 64.1% at pH 12. At acidic and
alkaline pH, the oxide surfaces exhibit net positive and negative
charges respectively and would tend to repulse the adsorption of
boron and resulting the maximum adsorption at pH 7. The highest
boron removal efficiency was obtained at pH 7.0 because boron
was at B(OH)3 form and the formation Fe(OH)3 was a quite high
at this pH.

Effect of Initial Boron Concentration
In order to evaluate the effect of initial boron concentration, exper-
iments were conducted at varying initial concentration of boron
from 3 to 7 mg L−1. Figure 2 shows that the uptake of boron
(mg g−1) increased with increase in boron concentration and
remained nearly constant after equilibrium time. The equilibrium
time was found to be 60 min for all concentration studied. After
60 min, the amount of boron adsorbed (qe) increased from 1.9966
to 5.5103 mg g−1 as the concentration increased from 3–7 mg L−1.
The figure also shows that the adsorption is the rapid in the ini-

Figure 2. Effect of reaction time and amount of boron adsorbed at
different concentrations.

tial stages and remains almost constant with the progress of the
adsorption. The plots are single, smooth and continuous curves
leading to saturation, suggesting the possible monolayer cover-
age to boron on the surface of the adsorbent (Namasivayam and
Prathap, 1999).

Effect of Coexisting Ions

Carbonate
Effect of carbonate on boron removal was evaluated by increas-
ing the carbonate concentration from 2 to 250 mg L−1 in the
electrolyte. The removal efficiencies are 93.2%, 90.4%, 46.2%,
44.1%, 21.0% and 10.0% for the carbonate ion concentration of
0, 2, 5, 65, 150 and 250 mg L−1 respectively. From the results it is
found that the removal efficiency of the boron is not affected by
the presence of carbonate below 2 mg L−1. Significant reduction
in removal efficiency was observed above 5 mg L−1 of carbonate
concentration is due to the passivation of anode resulting, the
hindering of the dissolution process of anode (Kabay et al., 2008).

Phosphate
The concentration of phosphate ion was increased from 2 to
50 mg L−1, the contaminant range of phosphate in the ground
water. The removal efficiency for boron was 93.2%, 87.6%,
60.2%, 51% and 38% for 0, 2, 5, 25 and 50 mg L−1 of phosphate
ion respectively. There is no change in removal efficiency of boron
below 2 mg L−1 of phosphate in the water. At higher concentra-
tions (at and above 5 mg L−1) of phosphate, the removal efficiency
decreases drastically. This is due to the preferential adsorption of
phosphate over boron as the concentration of phosphate increase.

Arsenic
From the results it is found that the removal efficiency of boron
decreased from 93.2%, 83%, 72.8%, 70.4% and 65% by increas-
ing the concentration of arsenate from 0, 0.2, 0.5, 2 and 5 mg L−1.
Like phosphate ion, this is due to the preferential adsorption of
arsenic over boron as the concentration of arsenate increases. So,
when arsenic ions are present in the water to be treated arsenic
ions compete greatly with boron ions for the binding sites.
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Silicate
The removal efficiencies of boron following silicate additions of
0, 2, 5, 10 and 15 mg L−1 are 93.2%, 85.3%, 67.5%, 59.0% and
36.0%. The removal of boron decreased with increasing silicate
concentration from 2 to 15 mg L−1. In addition to preferential
adsorption, silicate can interact with ferric hydroxide to form sol-
uble and highly dispersed colloids that are not removed by normal
filtration.

Studies on Adsorption Kinetics
In order to establish kinetic of boron adsorption, adsorption kinet-
ics of mild steel was investigated by using first order, second order
kinetic models, Elovich and Intraparticle diffusion.

First and Second Order Lagergren Model
The first order Lagergren model is generally expressed as follows
(Singh et al., 2005):

dqt

dt
=k1(qe−qt) (8)

where qe and qt are the adsorption capacities at equilibrium and
at time t (min) respectively, and k1(min−1) is a rate constant.
Equation (8) can be linearised for use in the kinetic analysis of
experimental analysis by applying boundary conditions t = 0 to
t = t and qt = 0 to qt = qt as follows:

log(qe−qt) = log(qe)−
(

k1t

2.303

)
(9)

The values of log (qe − qt) were linearly correlated with t. The
plot of log (qe − qt) versus t should give the linear relationship
from which k1 and qe can be determined by the slope and intercept
of the respectively (figure not shown).

The Lagregren second order kinetic model is expressed as
(Mckay and Ho, 1999):

dqt

dt
= k2(qe−qt)2 (10)

where k2 is the rate constant of second order adsorption. The
integrated form of Equation (10) with the boundary condition
t = 0 to t > 0 (q = 0 to q > 0) is:

1
(qe−qt)

=
(

1
qe

)
+ k2t (11)

Figure 3. Second order kinetic model plot of different concentrations of
boron.

Equation (11) can be rearranged and linearised as:

(
t

qt

)
=

(
1

k2qe
2

)
+

(
t

qe

)
(12)

The plot of t/qt and time (t) (Figure 3) gave a linear relationship
from which qe and k2 can be determined from the slope and inter-
cept of the plot with high regression co-efficient. Table 1 shows
the computed results of first and second order kinetics. The calcu-
lated qe values well agree with experimental qe values with high
regression value for second order kinetic model.

Elovich Equation
The Elovich model equation is generally expressed as (Oke et al.,
2008):

dqt

dt
= ˛ exp (−ˇqt) (13)

the simplified form of Elovich Equation (13) is:

qt =
(

1
ˇ loge(˛ˇ)

)
+

(
1

ˇ loge(t)

)
(14)

where ˛ is the initial adsorption rate (mg g−1 h−1) and, ˇ is the
desorption constant (g mg−1). If boron adsorption fits the Elovich
model, a plot of qt versus loge(t) should yield a linear relation-
ship with the slope of (1/ˇ) and an intercept of 1/ˇ loge (˛ˇ).
Table 2 depicts the results obtained from Elovich equation. Lower
regression value shows the inapplicability of this model.

Table 1. Comparison between the experimental and calculated qe values for different initial boron concentration in first order and second order
adsorption kinetics at room temperature

First order adsorption Second order adsorption

Concentration (mg L−1) qe (exp) qe (Cal) K1 × 104 (min mg−1) R2 qe (Cal) K2 × 104 (min mg−1) R2

3 1.9966 24.31 −0.0066 0.8122 2.1642 0.0335 0.9992
4 2.9121 26.33 −0.0071 0.8176 3.0115 0.0568 0.9956
5 3.8664 28.31 −0.0083 0.8431 3.9132 0.0633 0.9965
6 4.6822 29.32 −0.0091 0.8314 4.9132 0.0701 0.9942
7 5.5103 30.94 −0.0098 0.8846 5.6311 0.0766 0.9999
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Table 2. Elovich model and intra particle diffusion for different initial boron concentrations at temperature 305 K and pH 7

Elovich model Intra particle diffusion

A (mg g−1 h−1) ˇ (g mg−1) R2 kid (l h−1) A (% h−1) R2

12.21 53.11 0.8012 31.25 0.181 0.7658
6.34 36.32 0.7344 30.33 0.194 0.7134
2.01 24.64 0.8011 29.21 0.201 0.6645
1.99 20.14 0.8132 28.34 0.221 0.7132
0.96 15.31 0.8312 26.33 0.294 0.7674

Intra-particle Diffusion
The intraparticle diffusion model is expressed (Weber and Morris,
1963; Allen et al., 1989):

R = kid(t)˛z (15)

A linearised form the Equation (15) is followed by:

log R = log kid + a log(t) (16)

in which ‘a’ depicts the adsorption mechanism and kid may be
taken as the rate factor (percent of boron adsorbed per unit time).
Lower and higher value of kid illustrates an enhancement in the
rate of adsorption and better adsorption with improved bonding
between pollutant and the adsorbent particles respectively. The
results are presented in Table 2.

Tables 1 and 2 depicts the computed results obtained from
first order, second order, Elovich and intraparticle diffusion. From
tables, it is found that the correlation coefficient decreases from
second order, first order, intraparticle diffusion to Elovich model.
This indicates that the adsorption follows the second order than
the other models. Further, the calculated qe values agree much
better with the experimental qe values for second order kinet-
ics model, thus indicating that the adsorption system follows the
second order kinetics model.

Studies on Adsorption Isotherm
To investigate the adsorption capacity of boron on Fe(OH)3 Fre-
undlich, Langmuir and Dubinin-Radushkevich isotherms were
analysed. These models have been widely used to describe
the behaviour of adsorbent-adsorbate systems. To obtain the
isotherms the initial pH was kept at 7 and the concentration of
boron used was in the range of 3–7 mg L−1.

Freundlich Isotherm
According to the Freundlich isotherm model, the amount of
adsorbed compounds initially increased rapidly and as the sur-
face coverage increased the trend decreased. The linearised in
logarithmic form and the Freundlich constants can be expressed
as (Gasser et al., 2007; Uber, 1906):

log qe = log kf + n logCe (17)

where, kf is the Freundlich constant related to adsorption capac-
ity, n is the energy or intensity of adsorption, Ce is the equilibrium
concentration of boron (mg L−1). In testing the isotherm, the
boron concentration used was 3–7 mg L−1 and at an initial pH
7, the adsorption data is plotted as log qe versus log Ce and should
result in a straight line with slope n and intercept kf . The intercept
and the slope are indicators of adsorption capacity and adsorption

intensity respectively. The value of ‘n’ falling in the range of 1–10
indicates favourable sorption. The Freundlich constants kf and n
values are 0.4624 (mg g−1) and 0.9794 (L mg−1) respectively. It
has been reported that values of ‘n’ lying between 0 and 10 indi-
cate favourable adsorption. From the analysis of the results it is
found that the Freundlich plots fit satisfactorily with the experi-
mental data obtained in the present study. This is agreed with the
results presented in the literature (Giles et al., 1960).

Langmuir Isotherm
An alternative equation was derived by Langmuir on the basis
of a definite case of the nature of the process of adsorption
from solution. The maximum adsorption occurs when molecules
adsorbed on the surface of the adsorbent form a saturated layer.
The linearised form of Langmuir adsorption isotherm model is
(Langmuir, 1918):

Ce

qe
=

(
1

qmka

)
+

(
Ce

qm

)
(18)

where Ce is the concentration of the boron solution (mg L−1) at
equilibrium, qm is the adsorption capacity (Langmuir constant)
and ka is the energy of adsorption. Figure 4 shows the Langmuir
plot with experimental data. Langmuir plot is a better fit with the
experimental data compare to Freundlich plots. The value of the
adsorption capacity qm as found to be 104.33 mg g−1. The essential
characteristics of the Langmuir isotherm can be expressed as the
dimensionless constant RL (Michelson et al., 1975):

RL = 1
(1 + bCo)

(19)

Figure 4. Langmuir plot (1/qe vs. 1/Ce) at 305 K.
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Table 3. Constant parameters and correlation coefficient for different adsorption isotherm models for boron adsorption at 5 mg L−1

Isotherm Constants

Langmuir qm (mg g−1) ka(L mg −1) RL R2

104.33 0.0033 0.9091 0.9999
Freundlich kf (mg g−1) n (L mg−1) R2

0.4624 0.9794 0.9845
D-R Qs (×103 mol g−1) B (×103 mol2 kJ−2) E (kJ mol−1) R2

0.9463 0.6651 14.62 0.8656

where RL is the equilibrium constant it indicates the type of
adsorption, b, is the Langmuir constant. Co is various concentra-
tion of boron solution. The RL values between 0 and 1 indicate the
favourable adsorption. The RL values were found to be between 0
and 1 for all the concentration of boron studied.

Dubinin-Radushkevich Isotherm
Dubinin-Radushkevich isotherm assumes that characteristic sorp-
tion curve is related to the porous structure of the sorbent and
apparent energy of adsorption. This model is given by:

qe = qs exp(−Be2) (20)

where ε is polanyi potential, equal to RT ln(1 + 1/Ce), B is related
to the free energy of sorption and qs is the Dubinin-Radushkevich
(D-R) isotherm constant (Tan et al., 2007). The linearised form is:

ln qe = ln qs−2B RT ln

[
1 +

(
1
Ce

)]
(21)

The isotherm constants of qs and B are obtained from the inter-
cept and slope of the plot of ln qe versus ε2 (Demiral et al., 2008)
The constant B gives the mean free energy of adsorption per
molecule of the adsorbate when it is transferred from the solid
from infinity in the solution and the relation is given as:

E =
(

1√
2B

)
(22)

The magnitude of E (activation energy) is useful for estimating
the type of adsorption process. It was found to be 14.62 kJ mol−1,
is placed between the energy ranges of adsorption reaction
(8–16 kJ mol−1), (Oguz, 2005). So the type of adsorption of boron
on ferric hydroxide was defined as chemical adsorption.

The correlation co-efficient values of different isotherm models
are listed in Table 3. The Langmuir isotherm model has higher
regression co-efficient (R2 = 0.999) when compared to the other
models. The value of RL for the Langmuir isotherm was calculated
between 0 and 1, indicating the favourable adsorption of boron.

Thermodynamic Studies
To understand the effect of temperature on the adsorption pro-
cess, thermodynamic parameters should be determined at various
temperatures. The amount of boron adsorbed on the adsorbent
increases by increasing the temperature indicating the process to
be endothermic. The energy of activation for adsorption of boron
can be determined by the second order rate constant is expressed
in Arrhenius form:

ln k2 = ln ko−
(

E

RT

)
(23)

where ko is the constant of the equation (g mg−1 min−1), E
is the energy of activation (J mol−1), R is the gas constant
(8.314 J mol−1 K−1) and T is the temperature in K. Figure 5 shows
that the rate constants vary with temperature according to Equa-
tion (23). The activation energy (0.7382 kJ mol−1) is calculated
from slope of the fitted equation. The free energy change is
obtained using the following relationship,

�G = −RT ln Kc (24)

where (G is the free energy (kJ mol−1), Kc is the equilibrium con-
stant, R is the gas constant and T is the temperature in K. The Kc

and (G values are presented in Table 4. From the table it is found
that the negative value of (G indicates the spontaneous nature
of adsorption. Other thermodynamic parameters such as entropy
change (�S) and enthalpy change (�H) were determined using
van’t Hoff equation:

lnKc = �S

R
−�H

RT
(25)

The enthalpy change (�H = 7.892 J mol−1) and entropy change
(�S = 9.441 J mol−1 K−1) were obtained from the slope and inter-
cept of the van’t Hoff linear plots of lnkc versus 1/T (Figure 6).
Positive value of enthalpy change (�H) indicates that the adsorp-
tion process is endothermic in nature, and the negative value of
change in internal energy (�G) show the spontaneous adsorp-
tion of boron on the adsorbent. Positive values of entropy change
show the increased randomness of the solution interface during
the adsorption of boron on the adsorbent (Table 4). Enhancement

Table 4. Thermodynamics parameters for adsorption of boron

Temperature (K) Kc (G◦ (J mol−1) (H◦ (kJ mol−1) (S◦ (J mol−1 K−1)

313 1.0096 −111.33
323 1.1164 −204.66 7.892 9.441
333 1.3226 −316.42
343 1.3966 −447.33

| 1022 | THE CANADIAN JOURNAL OF CHEMICAL ENGINEERING | | VOLUME 90, AUGUST 2012 |



Figure 5. Plot of log k2 and 1/T.

Figure 6. Plot of ln Kc and 1/T.

of adsorption capacity of electrocoagulant (ferric hydroxide) at
higher temperatures may be attributed to the enlargement of pore
size and or activation of the adsorbent surface. Using Lagergren
rate equation, first order rate constants and correlation co-efficient
were calculated for different temperatures (305–343 K). The cal-
culated ‘qe’ values obtained from the second order kinetics agrees
with the experimental ‘qe’ values better than the first order kinet-
ics model, indicating adsorption following second order kinetics.
Table 5 depicts the computed results obtained from first and sec-
ond order kinetic models.

Table 6. Pore diffusion coefficients for the adsorption of boron at
different concentration and temperature

Concentration Pore diffusion constant
(mg L−1) D × 10−9 (cm2 s−1)

3 2.33
4 1.92
5 0.76
6 0.64
7 0.53

Pore diffusion constant
Temperature (K) D × 10−9 (cm2 s−1)

313 0.66
323 0.93
333 1.66
343 2.03

The diffusion co-efficient (D) for intraparticle transport of boron
species into the adsorbent particles has been calculated at different
temperature by:

t1/2 = 0.03 ×
(

ro
2

D

)
(26)

where t1/2 is the time of half adsorption (s), ro is the radius of the
adsorbent particle (cm), D is the diffusion co-efficient in cm2 s−1.
For all chemisorption system, the diffusivity co-efficient should
be 10−5 to 10−13 cm2 s−1 (Yang and Al-Duri, 2001). In the present
work, D is found to be in the range of 10−10 cm2 s−1. The pore diffu-
sion coefficient (D) values for various temperatures and different
initial concentrations of boron are presented in Table 6.

Process Scale-up
On the basis of results obtained on the laboratory scale, a
large capacity cell was designed, fabricated and operated for
the removal of boron from drinking water. The solution of
8.5 L was used for each experiment as the electrolyte. A cell
[0.35(length × 0.25 (width) × 0.25 m (height)] was fitted with
PVC cover having suitable holes to introduce anode, cathode,
thermometer and the electrolyte acted as the cell. A mild steel
anode [0.17 (width) × 0.18 m (height)] was used. Stainless steel
plates of same dimension as that of anode were used as cath-
ode. The cell was operated at 0.2 A.dm−2 and the electrolyte
pH of 7.0. The results showed that the maximum removal effi-
ciency of 93.1% was achieved at a current density of 0.2 A.dm−2

and a pH of 7 using mild steel as the anode and stainless steel
as the cathode. The results were consistent with the results

Table 5. Comparison between the experimental and calculated qe values for the boron concentration of 5 mg L−1 in first and second order
adsorption kinetics

First order adsorption Second order adsorption

Concentration (mg L−1) qe (exp) qe (Cal) K1 × 104 (min mg−1) R2 qe (Cal) K2 × 104 (min mg−1) R2

313 3.1023 26.66 −0.0036 0.8642 3.1126 0.0326 0.9999
323 3.6632 28.65 −0.0052 0.8134 3.5932 0.0531 0.9996
333 3.8012 31.34 −0.0067 0.8533 3.6221 0.0614 0.9864
343 3.8315 33.34 −0.0083 0.8634 3.9943 0.0648 0.9644
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Figure 7. SEM image of the mild steel anode (a) before and (b) after
treatment.

obtained from the laboratory scale, showing the robustness of the
process.

Material Characterisation

SEM and EDAX studies
To gain further insight, the morphology of the electrode surface
was studied by SEM/EDAX (Figures 7 and 8). SEM images of
mild steel electrode, before and after, electrocoagulation of boron
electrolyte was obtained to compare the surface texture. Figure
7a shows the original mild steel plate surface prior to its use in
electrocoagulation experiments. The surface of the electrode is
uniform. Figure 7b shows the SEM of the same electrode after
several cycles of use in electrocoagulation experiments. The elec-
trode surface is now found to be rough, with a number of dents.
These dents are formed around the nucleus of the active sites
where the electrode dissolution results in the production of fer-
ric hydroxides. The formation of a large number of dents may be
attributed to the anode material consumption at active sites due
to the generation of oxygen at its surface.

Energy-dispersive analysis of X-rays was used to analyse the
elemental constituents of ferric hydroxide after boron adsorption
(Figure 8). The presence of B, Fe and O appears in the spectrum
thus providing direct evidence that boron is adsorbed on the ferric
hydroxide. Other elements detected in the ferric hydroxide come
from adsorption of the conducting electrolyte, chemicals used in

Figure 8. EDAX spectrum of boron-adsorbed ferric hydroxide.

Figure 9. FTIR spectrum of boron-adsorbed ferric hydroxide.

the experiments, alloying and the scrap impurities of the anode
and cathode.

FTIR Studies
Figure 9 presents the FT-IR spectrum of boron—ferric hydrox-
ide. The sharp and strong peak at 3408.32 cm−1 is due to the
O–H stretching vibration in the Fe(OH)3 structures (Hernandez-
Moreno et al., 1985). The 1637.07 and 1385.13 cm−1 peak
indicates the bent vibration of H–O–H. The strong peak at
960.01 cm−1 is assigned to the Fe–O–H bending. B–O vibration
at 694.80 cm−1 also observed.

CONCLUSIONS
The results showed that the optimised removal efficiency of 93.2%
was achieved at a current density of 0.2 A dm−2 and pH of 7.0
using mild steel as anode and stainless steel as cathode. The fer-
ric hydroxide generated in the cell remove the boron present in
the water and made it for drinking. The results showing that
the process was technologically feasible. The adsorption of boron
preferably fitting the Langmuir adsorption isotherm suggests
monolayer coverage of adsorbed molecules. The adsorption pro-
cess follows second order kinetics. Temperature studies showed
that adsorption was endothermic and spontaneous in nature.
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