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ABSTRACT

The present studies provide the purification of drinking water containing phosphate by electro-
coagulation process using zinc as the anode and stainless steel as the cathode. The experimental
parameters like electrolyte pH, temperature and current density, and so forth, on the removal effi-
ciency of phosphate were carried out. The adsorption capacity was evaluated using both Langmuir
and Freundlich isotherm models. The kinetic studies show that the adsorption obeys second-order
kinetics. The maximum removal efficiency of 98.8% was achieved at a current density of 0.05 A/dm?,
ata pH of 7.0. Thermodynamic parameters were evaluated. Overall adsorption process was endo-
thermic and spontaneous. The adsorption of phosphate preferably fitting the Langmuir adsorption
isotherm suggests monolayer coverage of adsorbed molecules.
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1. Introduction

Eutrophication is one of the main problems nowadays
encountered in the monitoring of environmental water
sources in industrialized countries. This phenomenon,
which is responsible for the dramatic growth of algae
occurring in drinking water, is caused by the excess
phosphate concentration in the effluents from munici-
pal or industrial plants discharged to the environment.
In the countryside, agriculture and animal husbandries
are the main industries; wastes from these industries
will contribute to the accumulation of phosphorus in
soil and water bodies. These phosphorus compounds,
dissolved in surface or groundwater, are responsible for
eutrophication in closed water systems, especially in lakes
and enclosed bays where the water is almost stagnant [1].

* Corresponding author.

The US discharge limit of phosphate is 0.5-1.0 mg-P/L.
The Indian discharge limits for phosphate is 5 mg-P/L [2].

To meet water quality standards, further treatment of
water is required. Phosphate removal from wastewater
has received considerable attention since the late 1960s
[3]. Phosphate removal techniques fall into three main
categories: physical, chemical, and biological. Physical
methods have proven to be either too expensive, as in
the case of electrodialysis or reverse osmosis, inefficient,
removing only 10% of the total phosphate [4]. Chemical
treatment is widely used for phosphate removal. The
common chemicals used for treatments are aluminum
sulfate and ferric chloride. At present, chemical treat-
ments are not used due to disadvantages like high costs
of maintenance, problems of sludge handling and its
disposal, and neutralization of the effluent [5-7]. In a
biological treatment plant, it is necessary to transfer
phosphate from the liquid to the sludge phase, and the
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removal efficiency usually does not exceed 30%, which
means that remaining phosphate should be removed
by another technique [8]. The phosphate removal from
wastewater by adsorption using different materials has
also been explored. The major disadvantages of this
studied adsorbent are low efficiency and high cost [9-15].

Recent research has demonstrated that electrochem-
istry offers an attractive alternative to above-mentioned
traditional methods for treating wastewaters [16-22].
Electrochemical coagulation, which is one of these
techniques, is the electrochemical production of desta-
bilization agents that brings about charge neutralization
for pollutant removal and it has been used for water or
wastewater treatment. Usually, aluminum or iron plates
are used as electrodes in the electrocoagulation process.
Electrochemically generated metallic ions from these
electrodes can undergo hydrolysis near the anode to
produce a series of activated intermediates that are able
to destabilize the finely dispersed particles present in the
water/wastewater to be treated. The destabilized particles
then aggregate to form flocs [23].

(i) When zinc is used as anode, the reactions are as
follows:

At the cathode:

2H,0O +2e” — H,(g) + 20H" 1)
At the anode:

Zn — Zn* +2e” (2)

In the solution:
Zn*(aq) + 2H,0(l) = Zn(OH), + 2H" (aq) 3)

(ii) When aluminium is used as electrode, the reac-
tions are as follows:

At the cathode:

2H,0 +2e” — H, (g) + 20H" 4)
At the anode:

Al — AP +3e" 5)

In the solution:
AP*(aq) + 3H,O — AI(OH), + 3H"(aq) (6)

The advantages of electrocoagulation include high
particulate removal efficiency, a compact treatment fa-
cility, relatively low cost, and the possibility of complete
automation [24,25]. This method is characterized by
reduced sludge production, a minimum requirement of
chemicals and ease of operation [26]. Although there are
numerous reports related with electrochemical coagula-
tion as a means of removal of many pollutants from water
and wastewater, there is limited work on phosphate re-
moval by the electrochemical method and its adsorption
and kinetics studies. This article presents the results of
the laboratory scale studies on the removal of phosphate
using zinc and stainless steel as the anode and cathode

respectively by the electrocoagulation process. In doing
so, the equilibrium adsorption behavior is analyzed by
fitting models of Langmuir and Freundlich isotherms.
Adsorption kinetics of electrocoagulants is analyzed
using first- and second-order kinetic models. Activation
energy is evaluated to study the nature of adsorption.

2. Materials and methods
2.1. Cell construction and electrolysis

The electrolytic cell consisted of a 1.0-L Plexiglas ves-
sel that was fitted with a poly-(vinyl chloride) (PVC) cell
cover with slots to introduce the electrodes, pH sensor,
a thermometer and the electrolytes. Zinc (commercial
grade, India) with a surface area of 0.02 m? acted as the
anode. The cathode was a stainless steel (SS 304; SAIL,
India) sheet of the same size as that of anode and placed
at an interelectrode distance of 0.005 m. The temperature
of the electrolyte was controlled to the desired value with
a variation of +2 K by adjusting the rate of flow of ther-
mostatically controlled water through an external glass-
cooling spiral. A regulated direct current was supplied
from a rectifier (10 A, 0-25 V; Aplab model).

The phosphate (KH,PO,) (Analar Reagent) was dis-
solved in tap (drinking) water for the required concen-
tration. A 0.90 L portion of solution was used for each
experiment, which was used as the electrolyte. The pH
of the electrolyte was adjusted, if required, with 1 M HCl
and 1 M NaOH solutions before adsorption experiments.

2.2. Analysis

The analysis of phosphate was carried out using the
yellow vanodomolybdophosphoric acid method by a
double beam spectrophotometer according to the Stan-
dard Methods for Examination of Water and Wastewater
[27].

The surface morphology of the anode before and after
treatment was analyzed by metallurgical microscope of
type ZEISS, Germany. The SEM of zinc hydroxide was
analyzed with a scanning electron microscope (SEM)
made by Hitachi (model s-3000h). Electrocoagulatioan-by
products were analyzed by a JEOL X-ray diffractometer
(Type JEOL, Japan).

3. Results and discussion
3.1. Effect of initial phosphate concentration

The adsorption of phosphate is increased with an in-
crease in phosphate concentration and remains constant
after the equilibrium time. The adsorption of phosphate
is calculated and the results are illustrated in Fig. 1. The
equilibrium time was 20 min for all of the concentra-
tions studied (10-40 mg-P/L). The amount of phosphate
adsorbed (g,) increased from 40.40 to 154.30 mg/g of
Zn(OH), as the concentration was increased from 10 to
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Fig. 1. Effect of agitation time and initial phosphate concen-
tration on the amount of phosphate adsorbed. Electrolyte pH
= 7.0, electrolyte temperature = 305 K and current density is
0.05 A.dm™

40 mg-P/L. The figure also shows that the adsorption is
rapid in the initial stages and gradually decreases with
the progress of adsorption. The plots are single, smooth
and continuous curves leading to saturation, suggesting
the possible monolayer coverage to phosphate on the
surface of the adsorbent[28].

3.2. Effect of pH

The electrolyte pH is one of the important factors af-
fecting the performance of the electrochemical process. To
examine this effect, a series of experiments were carried
out using (20 mg-P.L™") phosphate-containing water, with
an initial pH varying in the range of 2-12. The removal
efficiency of phosphate was increased with increasing the
pH and the maximum removal efficiency was obtained at
pH 7 is shown in Fig. 2. According to Zn-H,O Pourbaix
diagram [29] and in thermodynamic point of view, that
the precipitation of Zn(OH), would only be significant at
pH > 8.6, however, the interfacial pH-increase during the
electrocoagulation process favored the zinc hydroxide
formation and resulting higher removal efficiency at pH
7.0. From the figure it is found that, the minimum removal
efficiency obtained was 50% at pH 12. This is because, at
alkaline pH the oxide surface has a net negative charges
and would tend to repulse the anionic phosphate in so-
lution. Therefore, the maximum amount of phosphate
removal occurred at pH 7.

3.3. Effect of current density

The amount of phosphate removal and the removal
rate have increased by increasing the current density.

100 .
—
l/'/ \

.8 8

8
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Fig. 2. Effect of pH on the removal of phosphate. Concentra-
tion of phosphate is 20 mg-P.L™, current density is 0.05 A.dm,
agitation time is 60 min and electrolyte temperature is 305 K.

The removal efficiencies are 35, 78, 88.86, 93 and 98.8%
for current densities of 0.01, 0.02, 0.03, 0.04 and 0.05 A/dm?
respectively. The results are presented in Fig. 3. From the
figure it is found that, beyond 0.05 A/dm? the increase in
removal efficiency is marginal and the voltage is very high
at higher current densities. Hence, further studies were
carried out only at 0.05 A/dm? . Further, the amount of
phosphate removal depends upon the quantity of adsor-
bent generated, which is related to the time and current
density [30,31]. The amount of adsorbent (Zn (OH),) was
determined from the Faraday law [32].

E =ItM/ZF @)

where [ is current (A), t is the time (s), M is the molecular
weight (M = 65.39 g/mol), Z is the electron involved, and
F is the Faraday constant (96485.3 coulomb/mole). As
expected, the amount of phosphate adsorption increases
with the increase in current density, which indicates that
the adsorption depends upon the availability of binding
sites for phosphate (Fig. 3).

3.4. Adsorption kinetics

The adsorption kinetic data of phosphate are ana-
lyzed using the Lagergren rate equation. The first-order
Lagergren model [33] and the rate expression is given by:

dq, /dt =k (9, -4q,) 8)

where g, is the amount of phosphate adsorbed on the ad-
sorbent at time ¢ (min) and k, (1/min) is the rate constant
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Fig. 3. Effect of current density on the removal of phosphate.
Concentration of phosphate is 20 mg-P.L, electrolyte pHis 7.0,
agitation time is 60 min and electrolyte temperature is 305 K.

of first order adsorption. The integrated form of the above
equation with the boundary conditions (t=0 to t = and
g,=0to g,=g,) can be written as

log (9. —4,)=log g, —k;t/2.303 )

where g,is the amount of phosphate adsorbed at equilib-
rium. The g,and rate constant (k,) were calculated from
the slope of the plots of log (g, — g,) vs. time (t). A straight
line obtained from the plots suggests the applicability
of this kinetic model. It was found that the calculated g,
values do not agree with the experimental values (figure
not shown here). So, the adsorption does not obey the
first-order kinetics model.
The second-order kinetic model is expressed as [34]

dq, /dt=k,(q,~q,) (10)

where k, is the rate constant of the second-order adsorp-
tion. The integrated form of Eq. (10) with the boundary
conditions (t=0to t=tand q,=0to g,=q,) can be written as

1/(9.-4q,)=1/q, +kt (11)

Table 1

S. Vasudevan et al. / Desalination and Water Treatment 12 (2009) 407414

0.7+
1 = 10 mgl
® 20mg/l
061 | 4 3omgi
v 40mgll
0.54
§ 0.4
e
E 0.34
o
¥ 024
0.1
0.0 T T T T T T T T T
5 10 15 20 25

Time (t) min

Fig. 4. Second-order kinetic model plot of different concentra-
tions of phosphate. Electrolyte pH is 7.0, electrolyte tempera-
ture is 305 K and current density is 0.05 A.dm=.

Eq. (11) can be rearranged and linearized as

t/q,=1/k,q: +t/q, (12)

The plot t/q, vs. time (t) shows a straight line (Fig. 4).
The second-order kinetic values of g, (mg/g) and k, (g/
mg min) were calculated from the slope and intercept of
the plots t/q, vs. t. The larger the k, value, the slower the
adsorption rate, and the lower value of the k, indicates
the faster the adsorption rate. The plot shows that the
correlation coefficient for the second-order kinetic model
obtained in all of the concentrations studied were above
0.99, and also the calculated g, values agree with the ex-
perimental g values. Table 1 depicts the computed result
obtained from the second-order kinetic model. These re-
sults indicate that the adsorption system studied belongs
to the second-order kinetic model. Similar phenomena
have been observed in the adsorption of phosphate in
Fe(III)/Cr(III) hydroxide [28].

Comparison between the experimental and calculated g, values for different initial phosphate concentrations in second order

adsorption isotherm at temperature 305 K and pH 7

Initial concentration of g, experimental k, g, calculated R?
phosphate (mg-PL™)  (mg/g) (g/mg-min) (mg/g)

10 40.40 0.0218 40.12 0.9998
20 80.86 0.0092 79.84 0.9990
30 121.30 0.0036 120.16 0.9990
40 154.30 0.0011 189.39 0.9990
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3.5. Adsorption isotherm

The adsorption capacity of the adsorbent has been
tested using Freundlich [31] and Langmuir [28] isotherms.
To determine the isotherms, the initial pH was kept at
7.0 and the concentration of phosphate used was in the
range of 10-40 mg-P.L™. The general form of Freundlich
adsorption isotherm is represented by [35]

g, = KC’ (13)
Eq. (13) can be linearized in logarithmic form, and the
Freundlich constants can be determined as follows [36]

logg, =log kf +nlogC, (14)
where k is the Freundlich constant related to adsorption
capacity, n is the energy or intensity of adsorption, and
C,is the equilibrium concentration of the phosphate
(mg-P.L™?). To determine the isotherms, the phosphate
concentration used was 10-40 mg-P.L™ at initial pH 7. The
Freundlich constants k, and n values were determined by
the plot of log C, vs.log g.. The Freundlich constants k. and
n values are 4.3320 mg/g and 0.9730 L/mg respectively. It
has been reported that values of n lying between 0 and
10 indicate favorable adsorption. From the analysis of
the results it is found that the Freundlich plots do not fit
satisfactorily with the experimental data obtained in the
present study. This agrees well with the results presented
in the literature [28].

Hence, the Langmuir isotherm has been used to study
the surface monolayer adsorption with uniform ener-
gies of adsorption on the surface and no transmigration
of adsorbate in the plane of the surface. The Langmuir
isotherm is expressed as [37]

Ce/qezl/q0b+ce/q0 (15)

where C, is the concentration of the phosphate solution
(mg-PL™) at equilibrium, g, is the adsorption capacity
(Langmuir constant) and b is the energy of adsorption.
Fig. 5 shows the Langmuir plot with experimental data.
The Langmuir plot is a better fit with the experimental
data compare to Freundlich plots. The value of the ad-
sorption capacity g, was found to be 4.362 g.g™!, which
is higher than that of other adsorbents studied [28]. The
lower value of the adsorption capacity of the adsorbent
studied is due to the pH of the solution, which was found
to be >8. 0. This condition is not favorable for the adsorp-
tion of phosphate (Fig. 2).

The essential characteristics of the Langmuir isotherm
can be expressed as the dimensionless constant R, [38]

R, =1/(1+bc,) (16)

where R, is the equilibrium constant, which indicates the
type of adsorption b, and c_ is the Langmuir constant.
The R, values indicate the type of isotherm: irreversible
(R, =0), favorable (0 <R, <1), linear (R, =1) or unfavorable
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Fig. 5. Langmuir plot (1/g, vs. 1/C)). Electrolyte pH is 7.0, elec-
trolyte temperature is 305 K and current density 0.05 A.dm=.

Table 2
Langmuir constants for the adsorption of phosphate at tem-
perature 305 K and pH 7

Concentration of q,(g/g) b (l/g) R,
phosphate (mg-P.L™)

10 4.362 0.935 0.9907
20 4.362 0.935 0.9816
30 4.362 0.935 0.9727
40 4.362 0.935 0.9639

(R, > 1)[39]. In present study, the R, values were found
to be between 0 and 1 indicates that the adsorption is
favourable. The results are presented in Table 2.

3.6. Effect of temperature

The amount of phosphate adsorbed on the adsorbent
increases by increasing the temperature, indicating the
process to be endothermic [40]. The diffusion coefficient
(D) for the intraparticle transport of a PO,* species into
the adsorbent particles has been calculated at different
temperature by

t,, =0.03x7> /D 17)

where , , is the time of half adsorption (s), 7, is the radius
of the adsorbent particle (cm), and D is the diffusion
coefficient (cm?/s). For all chemisorption system the dif-
fusivity coefficient should be 10°-10"* cm?/s [41]. In the
present work, D is found to be in the range of 10 cm?/s.
The pore diffusion coefficient (D) values for different
initial concentrations of PO} and temperature are pre-

sented in Table 3.
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Table 3
Pore diffusion coefficients for the adsorption of phosphate at
temperature 305 K and pH 7

Initial phosphate Pore diffusion coefficient
concentration (mg-P.L") Dx10° (cm?/s)

10 0.9608

20 0.9272

30 0.8153

40 0.6353

Temperature (K)

305 0.9272
313 0.7591
323 0.8090
333 0.8430

To find out the energy of activation for the adsorption
of phosphate, the second-order rate constant is expressed
in the Arrhenius form [42],

logk, =logk, —E/2.303RT (18)

where k_is the constant of the equation (g /mg.min), E
is the energy of activation (J/mol), R is the gas constant
(8.314 J/mol K) and T 'is the temperature (K). Fig. 6 shows
that the rate constants vary with temperature according to
Eq. (18). The activation energy (16.52 k]J/mol) is calculated
from slope of the fitted equation. The K_and AG’ (free
energy change) values are calculated and presented in
Table 4. From the table, it is found that the negative value
of AG’ indicates the spontaneous nature of adsorption.

-2.25+
-2.30
-2.35+
3 -2.40
-2.45+

-2.50 4

T T T T T T T 1
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Fig. 6. Dependence of log k, with 1/T obtained for solution
containing initial phosphate concentration equal to 20 mg-P.L™*
at pH 7.0 and using current density of 0.05 A.dm™.

Table 4
Thermodynamic parameters for the adsorption of phosphate

Temperature K AG® AH° AS°

(K) (kJ/mol)  (kJ/mol) (J/mol K)
305 1.089 -2.16 15.162 50.295
313 1.233 -5.45 15.162 50.295
323 1.500  -10.90 15.162 50.295
333 1.805 -16.36 15.162 50.295

Other thermodynamic parameters such as entropy
change (AS") and enthalpy change (AH") were determined
using the van’t Hoff equation

__AS*  AH°
2.303R  2.303RT

log K, (19)

The enthalpy change (AH") and entropy change (AS°)
were obtained from the slope and intercept of the van't
Hoff linear plots of In K_vs. 1/T (Fig. 7). A positive value
of enthalpy change (AH®) indicates that the adsorption
process is endothermic in nature and the negative value
of change in free energy (AG’) show the spontaneous
adsorption of phosphate on the adsorbent. Positive values
of entropy change show the increased randomness of the
solution interface during the adsorption of phosphate
on the adsorbent (Table 4). Enhancement of the adsorp-
tion capacity of the electrocoagulant (zinc hydroxide) at
higher temperatures may be attributed to the enlarge-
ment of the pore size and or activation of the adsorbent
surface. Using the Lagergren rate equation, first- order
rate constants and correlation coefficients were calculated
for different temperatures (305-333 K). The calculated
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-2.30

245
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T T T T T T T 1
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Fig.7. Dependence of In K_wiht 1/T obtained for solution con-
taining initial phosphate concentration equal to 20 mg-P.L " at
pH 7.0 and using current density of 0.05 A.dm™.
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q, values obtained from the first-order kinetics do not
agree with the experimental g, values. The second-order
kinetics model shows that the calculated g, values agree
with the experimental values (Table 5). This indicates that
the adsorption follows the second-order kinetic model at
different temperatures used in this study. From the table,
itis found that the rate constant k, increased with increas-
ing the temperature from 305 to 333 K. The smaller the k,
value, the faster the adsorption rate [39]. In present stud-
ies the rate constant k, value is very low, so the phosphate
adsorption rate is fast. The increase in adsorption may be
due to a change in pore size upon increasing in kinetic
energy of the phosphate species and the enhanced rate
of intraparticle diffusion of the adsorbate.

SEM images of zinc electrode, before and after, elec-
trocoagulation of phosphate electrolyte was obtained to
compare the surface texture. Fig. 8a shows the original
zinc plate surface prior to its use in electrocoagulation
experiments. The surface of the electrode is uniform
except for a few dents on the surface. Fig. 8b shows the
SEM of the same electrode after several cycles of use in
electrocoagulation experiments. The electrode surface
is now found to be rough, with a number of dents of ca.
1.0 mm. These dents are formed around the nucleus of
the active sites where the electrode dissolution results
in the production of zinc 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. Electrocoagulation by-product
showed the well crystalline phase such as zinc phosphate
hydrates and small amount of zinc hydroxide (Fig. 9).

4. Conclusions

The results showed that the maximum removal ef-
ficiency of 98.8% was achieved at a current density of
0.05 A.dm™ and a pH of 7 using zinc as the anode and
stainless steel as the cathode. The zinc hydroxide gener-
ated in the cell remove the phosphate present in the water
and reduced the phosphate concentration to 1.2 mg-P.L™,
making it drinkable. The results indicate that the process

Table 5

Comparison between the experimental and calculated qe
values for different temperature in second order adsorption
isotherm at initial concentration 20 mg-P.L~

Temperature g, k, q, R?

X experimental (g/mg min) calculated
(mg/g) (mg/g)

305 78.28 0.0032 78.27 0.999

313 78.40 0.0037 79.12 0.999

323 78.43 0.0044 78.25 0.999

333 79.63 0.0054 79.04 0.999

WD20 .1lmm 25.0kV x40

WD18 .8mm 25.0kv x4

(b)

22-pec-08

Fig. 8. SEM images of zinc anode (a) before and (b) after elec-
trocoagulation of phosphate electrolyte.

P —

I T I T T

20 30 40 50 60 70
20

Fig. 9. XRD diffractogram showing electrocoagulation by-
product of the zinc anode.
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can be scaled up to higher capacity and used to eradicate
an eutrophication problem. The adsorption of phosphate
preferably fitting the Langmuir adsorption isotherm
suggests monolayer coverage of adsorbed molecules.
The adsorption process follows second-order kinetics.
Temperature studies showed that adsorption was endo-
thermic and spontaneous in nature.
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