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for the removal of boron from drinking water
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Abstract

BACKGROUND: There are a number of articles related to removal of boron by electrocoagulation using aluminium electrodes,
but there are fewer articles describing the use of magnesium as the anode material. The main disadvantage of aluminium
electrodes is the residual aluminium present in the treated water due to cathodic dissolution, which can create health problems.
In the case of magnesium electrodes, there is no such disadvantage. This paper presents the results of studies on the removal
of boron using magnesium and stainless steel as anode and cathode, respectively.

RESULTS: Results show that a maximum removal efficiency of 86.32% was achieved at a current density of 0.2 A dm−2 and
pH of 7 using magnesium as the anode and stainless steel as the cathode. The adsorption of boron fitted the Langmuir
adsorption isotherm, suggesting monolayer coverage of adsorbed molecules. The adsorption process follows second-order
kinetics. Temperature studies showed that adsorption was endothermic and spontaneous in nature.

CONCLUSIONS: The magnesium hydroxide generated in the cell remove the boron present in the water and reduced to a
permissible level and making it drinkable. The process scale up results was consistent with the results obtained from the
laboratory scale, showing the robustness of the process.
c© 2010 Society of Chemical Industry
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INTRODUCTION
Recently boron has come to the forefront as a possible drinking
water contaminant. Boron is widely distributed in the environment
as calcium and/or sodium borates, such as Colemanite, Ulexite,
Tincal, etc., or as a result of anthropogenic pollution mainly in
the form of boric acid or borate salts. Boric acid and borate
both exist as monomers in solution at low concentration (below
25 mmol L−1), but at higher concentration they appear as highly
water soluble poly-borate ions.1 – 5 Salts of boron and boric acids
are mainly used in the manufacture of glass and porcelain, carpets,
cosmetics, in food preservatives, medicines and insecticides and
as a neutron absorber in nuclear plants. Since the use and
production of boron compounds is huge, surface and groundwater
as well as sewage water contains elevated levels of boron.6 – 10 In
consideration of the toxic effect of boron on humans, the EU
and USEPA regulations suggest a guideline of 1.0 mg L−1.11,12

In humans, signs of boron toxicity include nausea, vomiting,
diarrhoea, dermatitis, decreased sexual activity, headache, skin
rashes and central nervous system stimulation. The toxicity of its
compounds creates a pressing need for investigations aimed
at developing effective methods to remove it from aqueous
solutions. Removing boron from water is difficult and can
be prohibitively expensive and impractical.9,13,14 Conventional
methods for removing boron include coagulation–precipitation,
biological processes, ion exchange, membrane technology and

electrodialysis.15 – 19 In general, conventional processes have
disadvantages including incomplete metal removal, they require
expensive equipment and monitoring systems, have high reagent
and energy requirements or generate toxic sludge or other waste
products that require disposal.17,20

During the last few decades, electrocoagulation has undergone
rapid growth and development. In this process, electrochemically
generated metallic ions undergo hydrolysis near the anode
to produce a series of activated intermediates that are able
to destabilize the finely dispersed particles in the water and
wastewater being treated. The advantages of electrocoagulation
include high particulate removal efficiency, compact treatment
facility, relatively low cost, and the possibility of complete
automation.21 – 25 Usually magnesium and aluminium plates
are used as electrodes for electrocoagulation followed by an
electro-sorption process.
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(i) When magnesium is used as the electrode, the reactions are
as follows:

At the cathode : 2H2O + 2e− ⇒ H2(g) + 2OH−

(1)

At the anode : Mg ⇒ Mg2+ + 2e−

(2)

In solution : Mg2+(aq) + 2H2O ⇒ Mg(OH)2 ↓ +2H+(aq)

(3)

(ii) When aluminium 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 solution : Al3+(aq) + 3H2O ⇒ Al(OH)3 ↓ +3H+(aq)

(6)

Although there are numerous reports related to removal of
boron by electrocoagulation using aluminium as the anode,26 – 28

reports using magnesium as anode material are scant. The main
disadvantage of using aluminium is the presence of residual
aluminium in the treated water due to cathodic dissolution. This
will create health problems and the USEPA guidelines suggest
a maximum contamination of 0.05–0.2 mg L−1. In the case of
magnesium electrodes, there is no such disadvantage as the
USEPA guidelines suggest a maximum value of magnesium in
water of 30 mg L−1.

This work presents the results of the laboratory scale and
scale-up studies on the removal of boron using magnesium and
stainless steel as anode and cathode, respectively. To optimize the
maximum removal efficiency of boron, the 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 electrocoagulants is analyzed
using first- and second-order kinetic models. The Langmuir,
Freundlich and Dubinin-Radushkevich equilibrium adsorption
models were also studied and the activation energy calculated
to study the nature of the adsorption.

MATERIALS AND METHODS
Experimental procedure
Figure 1 shows the electrolytic cell consisting of a 1.0 L Plexiglas
vessel fitted with a polycarbonate cell cover with slots to introduce
the anode, cathode, pH sensor, thermometer and electrolytes. A
magnesium sheet (Alfa, UK), 0.14 m × 0.15 m × 0.001 m, surface
area 0.02 m2 acted as the anode and stainless steel (commercial
grade, India) sheets of the same size were placed at an inter-
electrode distance of 0.005 m. The temperature of the electrolyte
was controlled to a variation of ±2 K by adjusting the flow rate
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, India, L 3230).

Boron as boric acid (H3BO4) (Analar Reagent, Merck, Germany)
was dissolved in distilled water to the required concentration
(3–7 mg L−1). This solution (0.90 L) was used for each experiment

Figure 1. (1) DC power supply, (2) pH meter, (3) electrochemical cell, (4)
cathodes, (5) anode, (6) electrolyte, (7) outer jacket, (8) thermostat, (9) inlet
for thermostatic water, (10) outlet for thermostatic water, (11) PVC cover,
(12) pH sensor, (13) magnetic stirrer.

as the electrolyte. The pH of the electrolyte was adjusted, if
required, with 1 mol L−1 HCl or 1 mol L−1 NaOH solutions before
the start of the experiments. To examine the effect of co-existing
ions on the removal of boron, Analar grade sodium salts of
carbonate, phosphate, silicate and arsenate were added to the
electrolyte at the appropriate concentrations.

Analysis
The concentration of boron was determined spectrophotomet-
rically using standard boron kits (Merck, Germany) by UV-visible
spectrophotometer (Merck, Pharo 300). The magnesium hydrox-
ide was analyzed with a scanning electron microscope (SEM)
(Hitachi model s-3000h, Japan). The Fourier transform infrared
spectrum of magnesium hydroxide was obtained using a Nexus
670 FTIR spectrometer (Thermo Electron Corporation, USA) and
X-ray diffraction(XRD) patterns of electrocoagulation by-products
were analyzed using an X’per PRO X-ray diffractometer (PANalyti-
cal, USA).

RESULTS AND DISCUSSION
The effect of amount of coagulant
The current density determines dosage rate of the coagulant
in the electrocoagulation process and thus, the current density
should have a major impact on pollution removal efficiencies. The
amount of boron removed and its removal rate increased with
increasing current density. Furthermore, the amount of boron
removed depends upon the quantity of adsorbent (magnesium
hydroxide) generated, which is related to the time and current
density.29 The amount of adsorbent produced was determined
using the Faraday law:29

Ec = ItM/ZF (7)

where I = current (A), t = time (s), M = molecular weight,
Z = number of electrons involved, and F = the Faraday
constant (96 485.3 coulomb mole−1). To investigate the effect
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of current density on boron removal, a series of experiments
were carried out using solutions containing a constant pollutant
loading of 5 mg L−1, with the current density being varied from
0.1–0.5 A dm−2. The removal efficiency was 74.1, 86.3, 89.9,
92.3 and 97.3% for current densities of 0.1, 0.2, 0.3, 0.4 and 0.5
A dm−2, respectively, showing that boron adsorption increases
with increase in adsorbent concentration, indicating that the
adsorption depends on availability of binding sites for boron.

The effect of pH
The initial pH is one of the important factors affecting the
performance of the electrochemical process. To study this effect, a
series of experiments were carried out using solutions containing
5 mg L−1 boron, with an initial pH in the range 2–10. It was
found that boron removal efficiency increased for pH up to 7.0
and then decreased. The maximum removal efficiency of boron at
pH 7 was 86.3% and the minimum efficiency was 72% at pH 10.
The decrease of removal efficiency with aluminium electrodes at
more acidic and alkaline pH values has been observed by many
investigators,17 and is attributed to the amphoteric behaviour
of Al(OH)3, leading to soluble Al3+ cations (at acidic pH) and
monomeric anions Al(OH)4− (at alkaline pH). It is well known
that these soluble species are not useful for water treatment.
When the initial pH was neutral, all the aluminium produced
at the anode formed polymeric species (Al13O4(OH)24

7+) and
precipitated Al(OH)3 leading to greater removal efficiency. In the
present study, the electrolyte pH was maintained at neutral, so the
formation of Mg(OH)2 predominates leading to greater removal
efficiency. Also, when the solution is alkaline, borate ions in solution
are predominantly present as B(OH)4

− whereas in acidic solution
the borate ions are present as B(OH)3. Thus the highest boron
removal efficiency was obtained at pH 7.0 because boron was
present as B(OH)3 and the formation of Mg(OH)2 was high.

The effect of initial boron concentration
To study the effect of initial boron concentration, experiments
were conducted at varying initial concentrations ranging from
3–7 mg L−1. The adsorption of boron increased with increasing
boron concentration and remained constant after equilibrium
(Fig. 2), which was reached after 30 min for all concentra-
tions studied. The amount of boron adsorbed (qe) increased
from 1.7914–5.313 mg g−1 as concentration increased from
3–7 mg L−1. Figure 2 also shows that in the initial stages, ad-
sorption is rapid and then gradually decreases with progress of
adsorption. The plots are smooth and continuous, leading to sat-
uration, suggesting possible monolayer coverage of boron on the
surface of the adsorbent.30

Effect of coexisting anions
Carbonate
Effect of carbonate on boron removal was evaluated by increasing
carbonate concentration in the electrolyte from 5–250 mg L−1.
The removal efficiencies are 86.3, 83.2, 51.2, 45.8, 28.1, and
12.3% for the carbonate ion concentration of 0, 2, 5, 65, 150 and
250 mg L−1, respectively. The results show that below 2 mg L−1

the removal efficiency of boron is not affected by the presence
of carbonate. However, significant reduction in removal efficiency
was observed above 5 mg L−1 carbonate due to passivation of the
anode, reducing dissolution of the anode.
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Figure 2. Effect of agitation time and amount of boron adsorbed.
Conditions, current density: 0.2 A dm−2; pH of the electrolyte: 7.0;
temperature: 305 K.

Phosphate
The concentration of phosphate ion was increased from
2–50 mg L−1, i.e. the range of phosphate in groundwater. The
removal efficiency of boron was 86.3, 85.2, 54.4, 48.7 and 40.2%
for 0, 2, 5, 25 and 50 mg L−1 of phosphate ion, respectively. There
was no change in removal efficiency of boron below 2 mg L−1

phosphate but at higher concentrations (5 mg L−1 and above) the
removal efficiency decreased drastically. This is due to the pref-
erential adsorption of phosphate over boron as the phosphate
concentration increases.

Arsenic
From the results it is found that the efficiency decreased
from 86.3–35.2% on increasing the arsenate concentration from
0.2–5 mg L−1. Like the effect of phosphate, this is due to the
preferential adsorption of arsenic over boron as the arsenate
concentration increases. Thus, when arsenic is present in the
water this strongly competes with boron for the binding sites.

Silicate
The results show no significant change in boron removal when
the silicate concentration was increased from 0–2 mg L−1. The
respective efficiencies for 0, 2, 5, 10 and 15 mg L−1 silicate
were 86.3, 84.2, 72.1, 62.4 and 43.1% showing that boron
removal decreased with increasing silicate concentration from
2–15 mg L−1. In addition to preferential adsorption, silicate can
also interact with magnesium hydroxide to form soluble and highly
dispersed colloids that are not removed by normal filtration.

Studies on adsorption kinetics
The variation of the adsorbed boron with time was characterized
using first-order and second-order rate equations proposed by
Lagergren. The first-order Lagergren model is31

dq/dt = k1 (qe − qt) (8)

where qt is the amount of boron adsorbed on the adsorbent at
time t (min) and k1 (min−1) is the rate constant for first order

www.interscience.wiley.com/jctb c© 2010 Society of Chemical Industry J Chem Technol Biotechnol 2010; 85: 926–933



9
2

9

Optimization of removal of boron from drinking water by electrocoagulation www.soci.org

20 40 60 80 100 120 140 160 180 200
0

10

20

30

40

50

60

70
t/

q
e 

(m
in

 m
g

−1
)

Time (min)

3 mg L−1

4 mg L−1

5 mg L−1

6 mg L−1

7 mg L−1

Figure 3. Second-order kinetic model plot for different concentrations of
boron. Conditions, current density: 0.2 A dm−2; temperature: 305 K; pH of
the electrolyte: 7.

adsorption. The integrated form of the above equation with the
boundary conditions t = 0 to >0 (q = 0 to >0) rearranges to give
the following time dependence function:

log (qe − qt) = log (qe) − k1t/2.303 (9)

where qe is the amount of boron adsorbed at equilibrium. The
values of qe and the rate constant (k1) were calculated from the
slope of the plots of log (qe − qt) versus time (t). It was found
that the calculated qe values did not agree with the experimental
values indicating that first-order kinetics were not followed.

The second-order kinetic model is expressed as32

dq/dt = k2 (qe − qt)2 (10)

where k2 is the rate constant of second-order adsorption.
Integration of equation (10) gives:

1/(qe − qt) = 1/qe + k2t (11)

which can be rearranged and linearized to give:

t/qe = 1/k2qe
2 + t/qe (12)

The second-order kinetic values of qe and k2 were calculated
from the slope and intercept of the plots t/qe versus t (Fig. 3).
Table 1 gives the computed results from first- and second-order

kinetic models. For the second-order kinetics model the calculated
and experimental qe values agree better than those of the first-
order kinetic model, indicating that adsorption follows more
closely the second-order kinetic model.

Studies on adsorption isotherm
To quantify adsorption capacity of adsorbent the Freundlich,
Langmuir and Dubinin–Radushkevich (D-R) isotherm models were
analyzed. To determine the isotherms, the initial pH was kept at 7
and the concentration of boron varied over the range 3–7 mg L−1.
The Freundlich isotherm is derived to model multilayer adsorption
and the empirical isotherm is defined as follows33

qe = KCn (13)

According to this model the initial amount of adsorbed
compound increases rapidly, then slows down with increasing
surface coverage. Equation (13) can be linearised and the
Freundlich constants determined as follows34

log qe = log kf + n log Ce (14)

where kf is the Freundlich constant related to adsorption capacity,
n is the energy or intensity of adsorption, Ce is the equilibrium
concentration of boron (mg L−1). The adsorption data is plotted as
log qe versus log Ce and should result in a straight line with slope
n and intercept kf , indicating adsorption capacity and adsorption
intensity. In this study the kf and n values were 0.4722 (mg g−1)
and 0.7804 (L mg−1), respectively. It has been reported that values
of n lying between 0 and 10 indicate favourable adsorption.
From analysis of the results it is found that Freundlich plots
fit satisfactorily with the experimental data. This agrees with
published results for adsorption of chromium and arsenic.30,35

An alternative equation derived by Langmuir was developed
assuming that a fixed number of accessible sites are available
on the adsorbent surface, all of which have the same energy;
adsorption is reversible; monolayer adsorption occurs and there
are no lateral interactions between the adsorbates. Maximum
adsorption occurs when molecules adsorbed on the surface of
the adsorbent form a saturated layer. The linearized form of the
Langmuir adsorption isotherm model is36

Ce/qe = 1/qmka + Ce/qm (15)

where Ce is the concentration of the boron solution (mg L−1) at
equilibrium, qm the adsorption capacity (Langmuir constant) and
ka the energy of adsorption. Figure 4 shows Langmuir plots of the
experimental data, showing a better fit than for the Freundlich

Table 1. Comparison between experimental and calculated qe values for different initial boron concentrations in first-order and second-order
adsorption isotherm

First-order adsorption Second-order adsorption

Concentration (mg L−1) qe (expt) qe (calc) K1 × 104 (min mg−1) R2 qe (calc) K2 × 104 (min mg−1) R2

3 1.7914 30.52 −0.0033 0.7070 2.2711 0.0427 0.9906

4 2.6159 33.01 −0.0057 0.8471 2.9791 0.0377 0.9948

5 3.5198 30.24 −0.0067 0.8307 3.8271 0.0454 0.9974

6 4.3916 30.21 −0.0069 0.9172 4.6521 0.0779 0.9941

7 5.3130 30.18 −0.0074 0.8929 5.5497 0.0544 0.9989
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Figure 4. Langmuir plot (1/Ce versus 1/qe).

plots. The value of the adsorption capacity (qm) is 66.67 mg g−1,
which is higher than that of other adsorbents studied.

The essential characteristics of the Langmuir isotherm can be
expressed as the dimensionless constant RL

37

RL = 1/(1 + BCo) (16)

where RL is the equilibrium constant indicating the type of
adsorption, b = the Langmuir constant and Co = concentration
of boron solution. RL values between 0 and 1 indicate favourable
adsorption. In this study RL values between 0 and 1 were found for
all boron concentrations. The results are presented in Table 2.

The Dubinin–Radushkevich isotherm assumes that a character-
istic sorption curve is related to the porous structure of the sorbent
and apparent energy of adsorption. This model is given by38

qe = qs exp(−Bε2) (17)

where ε = Polanyi potential (= RT ln(1 + 1/Ce), B is related to the
free energy of sorption and qs is the Dubinin–Radushkevich (D-R)
isotherm constant.38 The linearized form is

ln qe = ln qs − 2B RT ln[1 + 1/Ce] (18)

The isotherm constants qs and B are obtained from the intercept
and slope of the plot of ln qe versus ε2.39 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] (19)

The magnitude of E is useful for estimating the type of
adsorption process. In this system it was 0.6360 kJ mol−1, which

is much smaller than the energy range of physical adsorption
reaction40 (8–16 kJ mol−1) indicating that the adsorption of boron
on magnesium was chemical adsorption.

The correlation coefficient values of different isotherm models
are listed in Table 2. The Langmuir isotherm model has higher
regression co-efficient (R2 = 0.999) and the value of RL for the
Langmuir isotherm was between 0 and 1, indicating favourable
adsorption of boron.

Studies on effect of temperature
To understand the effect of temperature on adsorption, thermody-
namic parameters were determined at various temperatures. The
amount of boron adsorbed increased with increasing temperature
indicating the process was endothermic. The diffusion coefficient
(D) for intraparticle transport of boron species into the adsorbent
particles can be calculated at different temperatures by41

t1/2 = 0.03xro
2/D (20)

where t1/2 = time of half adsorption (s), ro = the radius of the
adsorbent particle (cm), D = the diffusion coefficient (cm2 s−1).
For all chemisorption systems the diffusivity coefficient should be
between 10−5 and 10−13 cm2 s−1.41 In the present work, D was
found to be in the region of 10−10 cm2 s−1. The pore diffusion
coefficient (D) values for various temperatures and different initial
concentrations of boron are presented in Table 3. To find the
energy of activation for boron adsorption the second-order rate
constant is expressed in Arrhenius form30

ln k2 = ln ko − E/RT (21)

where ko = the constant of the equation (g mg−1 min−1), E
= the energy of activation (J mol−1), R = the gas constant
(8.314 J mol−1 K−1) and T = the temperature (K). Figure 5 shows
that the rate constants vary with temperature according to
Equation (21) giving an activation energy of 0.396 kJ mol−1 from
the slope of the fitted equation. The free energy change can be
obtained as30

�G = −RT ln Kc (22)

where �G = the free energy (kJ mol−1), Kc = the equilibrium
constant, R = the gas constant and T = temperature (K).
The values of Kc and �G are presented in Table 4. 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 the van’t Hoff
equation:

lnKc = �S

R
− �H

RT
(23)

Table 2. Constant parameters and correlation coefficient for different adsorption isotherm models for boron adsorption at 5 mg L−1

Isotherm Constants

Langmuir Q0 (mg g−1) b (L mg−1) RL R2

66.67 0.0021 0.9053 0.9997

Freundlich Kf (mg g−1) n (L mg−1) R2

0.4722 0.7804 0.9986

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

0.397 0.458 0.6307 0.8994

www.interscience.wiley.com/jctb c© 2010 Society of Chemical Industry J Chem Technol Biotechnol 2010; 85: 926–933
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Table 3. Pore diffusion coefficients for the adsorption of boron
at different concentrations at 305 K and at different temperatures
between 313 and 343 K at 5 mg L−1

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

3 2.35

4 1.18

5 0.78

6 0.47

7 0.39

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

313 0.47

323 0.78

333 1.18

343 2.35

0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320

−1.24

−1.22
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g
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Figure 5. Plot of log k2 versus 1/T .

Table 4. Thermodynamic parameters for adsorption of boron

Temperature
(K) Kc

�Go

(J mol−1)
�Ho

(kJ mol−1)
�So

(J mol−1 K−1)

313 1.0468 −119.26

323 1.0888 −228.61 3.416 11.289

333 1.1318 −342.91

343 1.1738 −457.18

The enthalpy change (�H = 3.416 J mol−1) and entropy change
(�S = 11.289 J mol−1 K−1) were obtained from the slope and in-
tercept of the van’t Hoff plots of lnKc versus 1/T (Fig. 6). Positive
values of enthalpy change (�H) indicate an endothermic adsorp-
tion process and negative values of change in internal energy (�G)
show spontaneous adsorption of boron. Positive values of entropy
change show the increased randomness of the solution interface
during boron adsorption (Table 4). Enhancement of the adsorption
capacity of the magnesium hydroxide electrocoagulant at higher
temperatures may be attributed to enlargement of pores and/or
activation of the adsorbent surface. Using the Lagergren rate
equation, first-order rate constants and correlation co-efficient
were calculated for different temperatures (305–343 K). The

0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320

0.04
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0.12

0.14

0.16
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K

c

1/T (K−1)

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

calculated qe values obtained from the second-order kinetics
agree with the experimental qe values better than those from the
first-order kinetics model. Table 5 depicts the computed results ob-
tained from first- and second-order kinetic models, indicating that
adsorption follows second-order kinetics over the temperatures
used in this study.

PROCESS SCALE-UP
On the basis of results obtained at laboratory scale, a large capacity
cell was designed, fabricated and operated to remove boron from
drinking water. A cell [(0.35 m (l) × 0.25 m (w) × 0.25 m (h)] was
fitted with PVC cover with holes to introduce the anode, cathode,
thermometer and electrolyte. A magnesium anode (0.17 m (w) ×
0.18 m (h) × 0.001 m (t)) was used and the cathode was a stainless
steel plate of the same dimensions. The cell was operated at 0.2
A dm−2 and contained electrolyte (8.5 L) at a pH of 7.0. Results
showed that a maximum removal efficiency of 86.1% was achieved
at a current density of 0.2 A dm−2 at pH = 7. The results were
consistent with the results obtained at laboratory scale, showing
the robustness of the process.

SEM, XRD and FTIR analysis
SEM studies
Figure 7 shows an SEM image of the magnesium anode after
several cycles of use. The electrode surface is rough, with a
number of depressions. These are formed around the nucleus
of the active sites where electrode dissolution results in the
production of magnesium hydroxide. The formation of a large
number of depressions may be attributed to anode consumption
at active sites due to oxygen generation at its surface.

FTIR studies
Figure 8 shows the FTIR spectrum of boron–magnesium hy-
droxide. A broad adsorption band at 3448.85 cm−1 implies the
transformation from free protons into a proton-conductive state
in brucite.42 The 1641.19 cm−1 peak indicates the bent vibration of
H-O-H. The absorbance at 565.13 cm−1 represents the Mg–borate
linkage43 and the band at 665.18 corresponds to Mg–O stretching
vibration.44
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Table 5. Comparison between experimental and calculated qe values for a boron concentration of 5 mg L−1 in first- and second-order adsorption
kinetics at different temperatures

First-order adsorption Second-order adsorption

Temp. (K) qe (expt) qe (calc) K1 × 104 (min mg−1) R2 qe (calc) K2 × 104 (min mg−1) R2

313 3.6257 30.24 −0.0024 0.7965 3.6737 0.0854 0.9979

323 3.7392 33.71 −0.0057 0.7100 3.9860 0.0709 0.9977

333 3.8182 34.58 −0.0075 0.8167 4.1561 0.0635 0.9976

343 3.9936 34.80 −0.0071 0.8683 4.2936 0.0583 0.9983

Figure 7. SEM images of magnesium anode after electrocoagulation of
boron electrolyte.

XRD studies
An X-ray diffraction spectrum of the magnesium electrode
coagulant showed very broad and shallow diffraction peaks (Fig. 9).
These broad humps and low intensity indicate the coagulant is
amorphous or very poorly crystalline in nature. This may be
due to the crystallization of magnesium hydroxide being a very
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Figure 9. XRD spectra of Mg–Boron electrocoagulant.

slow process so that all the magnesium hydroxides were either
amorphous or very poorly crystalline.

CONCLUSION
In this investigation of the removal of boron from drinking wa-
ter results showed that a maximum removal efficiency of 86.3%

Figure 8. FTIR spectrum of boron-adsorbed magnesium hydroxide.
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was achieved by electrocoagulation at a current density of 0.2 A
dm−2 and a pH of 7 using magnesium as the anode and stainless
steel as the cathode. The magnesium hydroxide generated in
the cell removes boron in the water, reducing the concentration
to acceptable levels and making it drinkable. The adsorption of
boron fits the Langmuir adsorption isotherm, suggesting mono-
layer coverage of adsorbed molecules. The adsorption process
follows second-order kinetics. Temperature studies showed that
adsorption was endothermic and spontaneous in nature.
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