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The present study provides an electrocoagulation process for the removal of phosphate from drinking water
using mild steel as the anode and stainless steel as the cathode. The studies were carried out as a function of
pH, temperature, current density, and so forth, and the adsorption capacity was evaluated using both Langmuir
and Freundlich isotherm models. The results showed that the maximum removal efficiency of 98% was achieved
at a current density of 0.05-dm 2 at a pH of 6.5. 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 endothermic and spontaneous in nature.

Introduction which is one of these techniques, is the electrochemical
) L ) production of destabilization agents that brings about charge
As is well known, eutrophication is one of the main problems peytralization for pollutant removal, and it has been used for
nowadays encountered in the monitoring of environmental water yater or wastewater treatment. Usually, aluminum or iron plates
sources in industrialized countries. This phenomenon, which is 3re used as electrodes in the electrocoagulation process.
responsible for the dramatic growth of algae occurring in gjectrochemically generated metallic ions from these electrodes
drinking water, is caused by the excess phosphate concentrationan undergo hydrolysis near the anode to produce a series of
in the effluents from municipal or industrial plants discharged activated intermediates that are able to destabilize the finely
to the environment. In the countryside, where agriculture and gispersed particles present in the water/wastewater to be treated.
animal husbandry are the main industries, wastes from theserne destabilized particles then aggregate to form fidcs.

soil and water bodies. These phosphorus compounds, dissolvedqiows:

in surface or groundwaters, are responsible for eutrophication At the cathode,
in closed water systems, especially in lakes and enclosed bays

where the water is almost stagnanthe U.S. discharge limit 2H,0 + 26 — H,(g) + 20H" (1)
of phosphate is 0:51.0 mgP/L. The Indian discharge limits
for phosphate is 5 m§/L2. At the anode,
To meet water quality standards, further treatment of water
is required. Phosphate removal from wastewater has received Al — AI* +3e (2)

considerable attention since the late 198B%iosphate removall
techniques fall into three main categories: physical, chemical, In the solution,

and biological. Physical methods have proven to be either too 3 N

expensive, as in the case of electrodialysis and reverse osmosis, Al (aq)+ 3H,0 — Al(OH); + 3H"(aq) 3)

or inefficient, removing only 10% of the total phosphéte. . . . )

Chemical treatment is widely used for phosphate removal. The (i) When iron is used as electrode, the reactions are as
common chemicals used for treatments are aluminum sulfatefollows:

and ferric chloride. At present, chemical treatments are notused At the cathode,

due to disadvantages like high costs of maintenance, problems _ 7

of sludge handling and its disposal, and neutralization of the 2H,0 +2e —Hy(g) + 20H (4)
effluent>=7 In a biological treatment plant, it is necessary to

transfer phosphate from the liquid to the sludge phase, and the At the anode,

removal efficiency usually does not exceed 30%, which means " _

that remaining phosphate should be removed by another 4Fe(s)y—~ 4F€"(aq)+ 8e (5)
technique® The phosphate removal from wastewater by adsorp-
tion using different materials has also been explored. The major

disadvantages of this studied adsorbent is low efficiency and + . +
high cost~15 4F€"(aq)+ 10H,0(I) + O,(g) — 4Fe(OH) +8H"(aq) (6)

Recent research has demonstrated that electrochemistry offers gyerall reaction,
an attractive alternative to above-mentioned traditional methods
for treating wastewatef$:2? Electrochemical coagulation, — 4Fe(s)+ 10H,0(l) + O,(g) — Fe(OH)(s) + 4H,(9)  (7)

and with dissolved oxygen in solution,

*To whom correspondence should be addressed. Tel.: 91 4565 | he advantages of electrocoagulation include high particulate
227554. Fax: 91 4565 227779. E-mail: vasudevan65@gmail.com. removal efficiency, a compact treatment facility, relatively low
T St. Joseph College. cost, and the possibility of complete automatfér® This
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Figure 2. Effect of agitation time and initial phosphate concentration on
Figure 1. Laboratory scale cell assembly, (1) cell; (2) thermostatic water; the amount of phosphate adsorbed. Conditions, electrolyte pH 6.5; electrolyte
(3) stainless steel cathode; (4) anode; (5) electrolyte; (6) and (7) holes to temperature, 305 K; current density, 0.05dA2

introduce pH sensor and thermometer; (8) dc source; (9) inlet of thermostatic
water; (10) outlet of thermostatic water; and (11) thermostat. morphology of the anode before and after treatment was

analyzed by a metallurgical microscope made by ZEISS,

method is characterized by reduced sludge production, aGermany.

minimum requirement of chemicals, and ease of oper&fion.
Although there are numerous reports related with electrochemi- Results and Discussion
cal coagulation as a means of removal of many pollutants from

water and wastewater, there is limited work on phosphate Effect of Initial Phosphate Concentration. As seen from

removal by the electrochemical method and its adsorption and Figure 2, the adsorption of phosphate is increased with an
kinetics stl)J/dies This article presents the results of the Igborator increase in phosphate concentration and remains constant after
: P Ythe equilibrium time. The equilibrium time was 20 minutes for

scale studies on the removal of phosphate using mild steel andaII of the concentrations studied (260 mgP/L). The amount

oot e o oo e oo oy posprae ageorbe)(creased o 10 1 48,40 g s
tion behav?or is anF;Iyzed by fittingg mo’dels oc; Langmuir andp the concentration was mcreased. frqm 10. to 50'I?{Mg...The
Freundlich isotherms. Adsorption kinetics of electrocoagulants figure also shows that the ad_sorptlon s rapid in the |n|t|a_I stages
is analyzed using first- and second-order kinetic models and gradua_lly decreases with the progress of adsorptlo_n. The
Activation energy is evaluated to study the nature of adsor tion- plots are single, smooth, and continuous curves leading to
¢ 9y y ption. saturation, suggesting the possible monolayer coverage to
phosphate on the surface of the adsoriént.
Effect of Current Density. The amount of phosphate removal
Cell Construction and Electrolysis. The electrolytic cell and the removal rate have increased by increasing the current
(Figure 1) consisted of a 1.0 L Plexiglas vessel that was fitted density. The removal efficiencies are 68, 72, 88, 92, and 98%
with a poly(vinyl chloride) cell cover with slots to introduce for current densities of 0.01, 0.02, 0.03, 0.04, and 0.0f#?2,
the electrodes, pH sensor, a thermometer, and the electrolytesrtespectively. The results are presented in Table 1. Further, the
Mild steel (Commercial Grade, India) with a surface area of amount of phosphate removal depends upon the quantity of
0.02 n? acted as the anode. The cathode was a stainless steehdsorbent generated, which is related to the time and current
(SS 304; SAIL, India) sheet of the same size as the anode anddensity?°-3! As expected, the amount of phosphate adsorption
placed at an interelectrode distance of 0.005 m. The temperaturéncreases with the increase in current density, which indicates
of the electrolyte was controlled to the desired value with a that the adsorption depends upon the availability of binding sites
variation of+2 K by adjusting the rate of flow of thermostati- for phosphate.
cally controlled water through an external glass-cooling spiral.  Effect of pH. The pH is one of the important factors affecting
A regulated direct current was supplied from a rectifier (10 A, the performance of the electrochemical process. To examine
0—25 V; Aplab model). this effect, a series of experiments were carried out using 100
The phosphate (KHPOy) (Analar Reagent) was dissolved in - mg-P/L phosphate-containing solutions, with an initial pH
tap (drinking) water for the required concentration. A 0.90 L varying in the range of 212. The removal efficiency of
portion of solution was used for each experiment, which was phosphate was increased with increasing the pH and the
used as the electrolyte. The pH of the electrolyte was adjusted,maximum removal efficiency as obtained at pH 6.5. It is found
if required, wih 1 M HCIl and 1 M NaOH solutions before that (Figure 3) the maximum removal efficiency for the removal
adsorption experiments. of phosphate is 98% at pH 6.5, and the minimum efficiency is
Analysis. The analysis of phosphate was carried out using 60% at pH 12. At acidic pHs, the oxide surfaces exhibit a net
the yellow vanodomolybdophosphoric acid method by a double positive charge, and adsorption of anionic phosphate is enhanced
beam spectrophotometer according to the Standard Methods foiby columbic attraction. At higher pHs, the oxide surface has a
Examination of Water and Wastewatér. net negative charge and would tend to repulse the anionic
Electrocoagulatioan byproducts were analyzed by a JEOL phosphate in solution. Therefore, the maximum amount of
X-ray diffractometer (Type— JEOL, Japan). The surface phosphate removal occurred at pH 6.5.

Materials and Methods
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Figure 3. Effect of pH on the removal of phosphate. Conditions,
concentration of phosphate, 100 tRd.; current density, 0.05 Alm=2%;
agitation time, 60 min; electrolyte temperature, 305 K.
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Figure 4. Second-order kinetic model plot of different concentrations of

phosphate. Conditions, electrolyte pH 6.5; electrolyte temperature, 305 K;
current density, 0.05 AIm=2,
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Adsorption Kinetics. The adsorption kinetic data of phos-
phate are analyzed using the Lagergran rate equation. The first
order Lagergran model &,

do/dt = k(g — 0) (8)

whereq is the amount of phosphate adsorbed on the adsorbent

at timet (min), andk; (min~1) is the rate constant of first-order
adsorption. The integrated form of the above equation is,

log(ge — 0) = log(ge) — k;t/2.303 9)

whereqe is the amount of phosphate adsorbed at equilibrium.
The ge and rate constank{) were calculated from the slope of
the plots of log@e — Q) versus timet. A straight line obtained
from the plots suggests the applicability of this kinetic model.
It was found that the calculateg values do not agree with the

experimental values (figure not shown here). So, the adsorption

does not obey the first-order kinetics adsorption.
The second-order kinetic model is expresseéas,

do/dt = ky(q, — 9)° (10)

Table 1. Effect of Current Density for the Removal of Phosphate
from Drinking Water 2

Concentration of

PO,—P (mg/L)

removal

current density voltage efficiency
Sl.no. (A-dm™?) V) initial  final (%) final pH
1 0.01 1.0 100 32 68 7.1
2 0.02 1.1 100 28 72 7.1
3 0.03 1.3 100 12 88 7.2
4 0.04 1.3 100 8.0 92 7.2
5 0.05 1.5 100 2.0 98 7.3

a Conditions. pH of the electrolyte, 6.5; temperature, 305 K; anode, mild
steel; cathode, stainless steel.

Table 2. Comparison Between the Experimental and Calculated g
Values for Different Initial Phosphate Concentrations in Second
Order Adsorption Isotherm at Temperature 305 K and pH 6.5

initial concentration Oe Oe
of phosphate experimental ko calculated
(mg-P/L) (mg) (min/mg) (mg) R?
10 10.000 0.015 9.90 0.9965
20 19.386 0.006 19.18 0.9985
30 28.775 0.003 26.86 0.9987
40 38.770 0.002 37.59 0.9856
50 48.465 0.012 48.53 0.9899

wherek; is the rate constant of the second-order adsorption.
The integrated form of eq 10 is

1/(Ge — q) = Llg+ kit (11)
Equation 11 can be rearranged and linearized as,
t/g = 1" + t/q, (12)

The plott/q versus timet) (Figure 4) shows a straight line.
The second-order kinetic values qf and k, were calculated
from the slope and intercept of the platg versust (Figure 4).

The plot shows that the correlation coefficient for the second-
order kinetic model obtained in all of the concentrations studies
were above 0.99, and also the calculatgdalues agree with
the experimentade values. Table 2 depicts the computed result
obtained from the second-order kinetic model. These results
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(lll)/Cr(lll)
‘hydroxide?8

Adsorption Isotherm. The adsorption capacity of the
adsorbent has been tested using Freuntfliahd Langmu#®
isotherms. To determine the isotherms, the initial pH was kept
at 6.5 and the concentration of phosphate used was in the range
of 10—50 mgP/L. The general form of Freundlich adsorption
isotherm is represented Yy

g, = KC" (13)

Equation 13 can be linearized in logarithmic form, and the

Freundlich constants can be determined as folf®®ws
log g, = log ki + nlog C, (14)

wherek; is the Freundlich constant related to adsorption capacity,

n is the energy or intensity of adsorption, am is the

equilibrium concentration of the phosphate (mg/L). To determine

the isotherms, the phosphate concentration used was@thg

P/L at initial pH 6.5. The Freundlich constarésandn values

are 0.5 and 0.88, respectively. From the analysis of the results,
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Figure 5. Langmuir plot ¢ vs C). Conditions, electrolyte pH 6.5;
electrolyte temperature, 305 K; current density, 0.08mMA2.
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Figure 6. Plot of log k; and 1T. Conditions, electrolyte pH 6.5;
concentration of phosphate, 20 rRdL; current density, 0.05 AIm=2,

Table 3. Langmuir Constants for the Adsorption of Phosphate at
Temperature 305 K and pH 6.5

concentration
of phosphate o b
(mgPIL) (mg) (L) R

10 5.00 0.83 0.107
20 0.056
30 0.038
40 0.029
50 0.023

it is found that the Freundlich plots do not fit satisfactorily with
the experimental data obtained in the present study (figure not
shown). This agrees well with the results presented in the

literature?®
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Figure 8. XRD diffractogram of electrocoagulation byproduct.

Table 4. Pore Diffusion Coefficients for the Adsorption of
Phosphate at Temperature 305 K and pH 6.5

pore diffusion constant

initial PO4% ~ D x 1012
concentration (mgP/L) (cnéls)
10 1.258
20 1.140
30 0.9
40 0.90
50 1.2

whereC. is the concentration of the phosphate solution (mg/L)

at equilibrium,q, is the adsorption capacity (Langmuir constant),

andb is the energy of adsorption. Figure 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 adsorption capacity was found to be 5 mg, which

is higher than that of other adsorbents studfethe lower value

of the adsorption capacity of the adsorbent studied is due to
the pH of the solution, which was found to be8.0. This

Hence, the Langmuir isotherm has been used to study theqngition is not favorable for the adsorption of phosphate
surface monolayer adsorption with uniform energies of adsorp- (Figure 8).

tion on the surface and no transmigration of adsorbate in the * The essential characteristics of the Langmuir isotherm can
plane of the surface. The Langmuir isotherm is expressétl as, pq expressed as the dimensionless consaat

CJ9. = 1/9.b + CJq, (15)

R = 1/(1+ bg) (16)
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Table 5. Pore Diffusion Coefficients for the Adsorption of
Phosphate at pH 6.5 and 20 md?/L

pore diffusion constant

temperature D x 1012
(K) (cmé/s)
313 1.14
323 1.63
333 1.66
343 1.75
353 1.84

Table 6. Thermodynamic Parameters for the Adsorption of
Phosphate

temperature AG° AH° AS
(K) Ke (kJ/mol) (kJ/mol) (J/mol K)
313 3.03 —8.013 20.94 91.77
323 3.22 —8.782
333 3.45 —9.701
343 4.16 —12.040

Table 7. Comparison Between the Experimental and Calculatede
Values for Initial Phosphate Concentration 20 mgP/L in a
Second-Order Adsorption Isotherm at Various Temperatures (pH
6.5)

Ce Ce
temperature  experimental ko calculated
(K) (mg) min/mg (mg) R
303 19.386 0.006 19.18 0.9985
313 19.079 0.022 19.20 0.9991
323 19.079 0.025 19.19 0.9993
333 19.386 0.027 19.58 0.9994
343 19.693 0.032 20.00 0.9996

whereR_ is the equilibrium constant, which indicates the type
of adsorptiorb, andc, is the Langmuir constant. TH& values
between 0 and 1 indicate a favorable adsorption. Rihealues _
were found to be between 0 and 1 for all of the concentrations
of phosphate studied. The results are presented in Table 3.
Effect of Temperature. The amount of phosphate adsorbed
on the adsorbent increases by increasing the temperature, (b)
indicating the process to be endotherificThe diffusion Figure 9. Microscopic image of the anode (a) before and (b) after treatment.
coefficient O) for the intraparticle transport of a RO species

into the adsorbent particles has been calculated at differentPresented in Table 6. From the table, it is found that the negative
temperature by, value of AG indicates a spontaneous nature of adsorption.

Other thermodynamic parameters such as entropy change
ty,= 0.03(rOZ/D) (17) (AS) and enthalpy chang@H) were determined using the van't
Hoff equation

wherety; is the time of half adsorptiors);, r, is the radius of
the adsorbent particle (cm), amis the diffusion coefficient INK.= AS_AH (19)
in c?/s. If pore diffusion is to be the rate-limiting stép should ° R RT

be the range 10! to 10713 cm?/s for various temperatures in
all of the concentration® In the present workD is found to
be in the range of 102 cnmé/s, which shows that the pore
diffusion of PQ2~ is the rate-limiting step. The pore diffusion
coefficient O) values for different initial concentrations of

The enthalpy changeAH) and entropy changeAS) were
obtained from the slope and intercept of the van't Hoff linear
plots of InK. versus 1T (Figure 7). A positive value of enthalpy
change AH) indicates that the adsorption process is endothermic
PQOZ~ and temperature are presented in Table 4 and Table 5’in nature, and the negative value of change in internal energy
respectively. (AG) shows th_e_ spontaneous adsorption of phosphat_e on the

To find out the energy of activation for the adsorption of adsorbent. Positive values of entropy change show the increased

phosphate, the second-order rate constant is expressed in thiandomness of the solution interface during the adsorption of

Arrhenius form?? phosphate on the adsorbent (Table 6). Enhancement of the
adsorption capacity of the electrocoagulant (Fe(lll) hydroxide)

Ink,=Ink, — E/RT (18) at higher temperatures may be attributed to the enlargement of

the pore size and or activation of the adsorbent surface. Using

wherek, is the constant of the equation (g/mgn—?1), E is the the Lagergran rate equation, first-order rate constants and

energy of activation (J/molRis the gas constant (8.314 J/mol correlation coefficients were calculated for different temperatures
K), andT is the temperature in K. Figure 6 shows that the rate (303—343 K). The calculated, values obtained from the first-
constants vary with temperature according to eq 18. The order kinetics do not agree with the experimentalalues. The
activation energy (11.03 kJ/mol) is calculated from slope of the second-order kinetics model shows that the calculgtedlues
fitted equation. TheK; and AG values are calculated and agree with the experimental values (Table 7). This indicates



that the adsorption follows the second-order kinetic model at
different temperatures used in this study. From the table, it is
found that the rate constakt increased with increasing the

temperature from 303 to 343 K. The increase in adsorption may ;

Ind. Eng. Chem. Res., Vol. 47, No. 6, 2002023

(15) Lee, S. H.; Lee, B. C.; Lee, W. K.; Lee, S. H.; Choi, Y. S.; Park,
K. Y.; lwamono, M. Phosphorus Recovery by Mesoporous Structure
Material from WastewateWater Sci. TechnoR007, 55, 169-176.

(16) Miwa, D. W.; Malpass, G. R. P.; Machado, S. A. S.; Motheo, A.
Electrochemical Degradation of Carbaryl on Oxide Electrouéster

be due to a change in pore size upon increasing in kinetic energyres 2006 40, 3281-3289.
of the phosphate species and the enhanced rate of intraparticle (17) onder, E.; Koparal, A. S.: Ogutveren, U. B. An Alternative Method

diffusion of the adsorbate.
The electrocoagulation byproduct showed well the crystalline

phase such as iron phosphate hydrate, magnetite, iron hydrogerJrr
phosphate (Figure 8). Figure 9 shows the microscopic image
of the anode before and after treatment. The microscopic image

indicates the presence of ultrafine particules of micron size on
the surface.

Conclusion

The results showed that the maximum removal efficiency of
98% was achieved at a current density of 0.&A 2 and a

for the Removal of Surfactants from Water: Electrochemical Coagulation.
Sep. Purif. TechnoR007, 52, 527-532.

(18) Ikematsu, M.; Kaneda, K.; Iseki, M.; Yasuda, M. Electrochemical
eatment of Human Urine for Its Storage and Reuse as Flush V\&ater.
Total Erviron. 2007, 382 159-164.

(19) Carlesi Jara, C.; Fino, D.; Specchia, V.; Saracco, G.; Spinelli, P.
Electrochemical Removal of Antibiotics from Wastewatekppl. Catal.,

B 2007, 70, 479-487.

(20) Christensen, P. A.; Egerton, T. A,; Lin, W. F.; Meynet, P.; Shaoa,
Z. G.; Wright, N. G. A Novel Electrochemical Device for the Disinfection
of Fluids by OH RadicalsChem. Commur2006 38, 4022-4023.

(21) Carlos A.; Huitle, M.; Ferro, S. Electrochemical Oxidation of
Organic Pollutants for the Wastewater Treatment: Direct and Indirect

pH of 6.5 using mild steel as the anode and stainless steel ag’rocessesChem. Soc. Re 2006 35, 1324-1340.
the cathode. The results indicate that the process can be scaled (22) Gabrielli, C.; Maurin, G.; Francy-Chausson, H.; Thery, P.; Tran,

up to higher capacity and used to eradicate a eutrophication

problem. The adsorption of phosphate preferably fitting the

T. T. M.; Tlili, M. Electrochemical Water Softening: Principle and
Application. Desalination2006 201, 150-163.

(23) Chen, X.; Chen, G.; Yue, P. L. Investigation on the Electrolysis

Langmuir adsorption isotherm SUQQGStS monolayer coverage ofyoltage of ElectrocoagulatiortChem. Eng. Sc2002 57, 2449-2455.
adsorbed molecules. The adsorption process follows second- (24) chen, G. Electrochemical Technologies in Wastewater Treatment.
order kinetics. Temperature studies showed that adsorption wasSep. Purif. TechnoR004 38, 11-41.

endothermic and spontaneous in nature.
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