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a b s t r a c t

In this work, the removal of fluoride and Cr(VI) by electrogenerated coagulants is studied in single and 
binary systems. The effects of initial pH, current intensity and initial concentration on fluoride and 
hexavalent chromium removal were investigated. The results showed that an optimum removal was 
achieved at an initial pH of 3.0. Removal efficiencies of 96.7% and 97.4% were achieved for fluoride and 
Cr(VI) respectively at that pH. Adsorption kinetics showed that the first order rate expression fitted the 
adsorption kinetics for both fluoride and Cr(VI). The equilibrium isotherm was analyzed by Langmuir 
and Freundlich isotherm models. The characteristic parameters for each isotherm were determined. 
The Freundlich adsorption isotherm was found to fit well the equilibrium data for both fluoride and 
Cr(VI) adsorptions. Kinetics of adsorption of the two pollutants onto aluminium hydroxides in binary 
system at different ratios (r = [Cr]/[ F−]) showed that the presence of one of the pollutants can influence 
strongly the absorption of other which confirms the antagonistic effect during the adsorption. The tem-
perature studies showed that adsorption was endothermic and spontaneous nature for both pollutants.

Keywords:  Fluoride; Chromium (VI); Electrocoagulation; Kinetics; Adsorption isotherm modeling; 
Competition

1. Introduction

The fabrication of silicon solar cells requires huge 
amounts of chemicals and large volumes of ultra-pure 
water and therefore generates large volumes of wastewa-
ters [1,40–43]. Many toxic contaminants are currently found 
in this type of wastewater including acids, heavy metals, 
solvents, surfactants, complexing agents, salts, suspended 
particles, etc. The acidic waste is the dominant class and 

the more environment threatening of this wastewater [2]. 
Waste sulfuric, hydrofluoric, hydrochloric, nitric, and chro-
mic acids are produced as a result of silicon wafer surface 
etching. In the case of Secco and Yang etching processes 
[3–5] formulations with hydrofluoric/chromic acids are 
currently used. Thus, both toxic ions of fluoride and Cr(VI) 
are found in the photovoltaic industry effluents in concen-
tration levels much higher than allowed values [6]. Cur-
rently, lime precipitation associated with coagulation is 
used as effluent treatment. This process, however, suffers 
from some drawbacks like high addition of chemicals and 
generation of large volume of sludge [7,8].
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In recent years, several innovative technologies were 
developed for the removal of many pollutants [9,10]. Elec-
trochemical methods know an increasing interest to rem-
edy deficiencies of existing chemical processes [11–13]. 
Electrocoagulation (EC) has been successfully used as an 
alternative method. Compared with chemical coagula-
tion, it proved to be more effective in removing inorganic 
contaminants. EC is a potentially effective method for 
treating different kinds of wastewater with high removal 
efficiency [14,44].

EC consists of in situ electrogeneration of coagulants 
Al3+ or Fe2+ by means of electrodissolution of aluminum and 
iron anodes respectively [15]. In the case of aluminum, the 
main reactions are given as follows:

Anode: Al → Al3+ + 3e−  (1)

Cathode: 2H2O + 2e- → 2OH– + H2 (2)

Al3+ +3H2O → Al(OH)3(s) + 3H+ (3)

The formed Al(OH)3(s) flocs have large surface areas, and 
hence may be excellent adsorbents for soluble compounds. 
These flocs are removed easily from treated solutions by 
sedimentation or flotation.

In spite of the extensive literature about the application 
of EC on water and wastewater treatment, more investiga-
tion needs to be done in order to deepen the knowledge 
concerning the removal mechanisms. In addition, most 
studies focused in the study of optimization of influencing 
parameters; there is still a lack in modeling this process and 
investigation of involved phenomena. In this context, some 
studies [16–24] were recently done for exploring kinetics 
and isotherm adsorption modeling in this case of EC treat-
ment. This is because the electrochemically generated coag-
ulants act as adsorbent for pollutant removal.

In this paper, the EC process using aluminium anode 
was used to treat synthetic solutions containing fluoride 
and Cr(VI) ions. The treatment of the pollutants was first 
carried out separately and then simultaneously. The effect 
of parameters such as initial pH, current intensity, initial 
concentration and temperature was done. Consequently, 
adsorption kinetics of electrocoagulants is analyzed using 
first- and second-order kinetic models. The equilibrium 
adsorption behavior is analyzed by fitting the isotherm 
models of Langmuir and Freundlich. Activation energy was 
evaluated to study the nature of adsorption.

2. Experimental

2.1. Experimental setup

2.1.1. Electrocoagulation cell

The EC unit consists of an electrochemical reactor which 
is a glass beaker with magnetic stirring, a D.C. power sup-
ply (Metrix AX502, 0–2.5 A and 0–30 V) and two electrodes.
The cathode was of stainless steel and anode was of alu-
minium, each one with dimensions of (5 cm × 17 cm × 0.2 
cm). The submerged surface area of the each electrode plate 
was 40 cm2. The gap between the electrodes was 1.5 cm. An 
ammeter (Chauvin-Arnoux C.A 401) and voltmeter (DIG-

ITAL VOLTMETER (G-1002-500)) were used to check the 
current and the voltage during EC process. The tempera-
ture of the solution was controlled at a desired value by 
thermostatically controlled water.

2.2. Experimental procedure

In order to simulate semiconductor wastewater desired 
amounts of NaF and K2Cr2O7 are added to the solution. 
Samples were periodically withdrawn and they were 
immediately filtered through 0.22 µm nylon syringe filter 
in order to measure fluoride and Cr(VI) concentrations. For 
the characterization purpose, generated sludge was filtered 
and washed then dried at 105°C for 24 h.

2.3. Analytical methods

Combined selective ion electrode (HI 4222 HANNA 
with a HI 4110 probe) was used to determine the fluoride 
concentration according to the ionometric standard method 
[25]. Concentration of Cr(VI) was measured using the 1–5 
diphenylcarbazide method [25] with a HACH DR 2500 
spectrophotometer. The pH values were determined by 
using pH meter (HI 4222 HANNA with a HI 1131 probe). 

2.4. Characterization techniques

FT-IR analysis was carried out by JASCO FT/IR-4100 
spectrometer and the results were obtained with OMNIC 
software.

3. Results and discussion

3.1 Effect of initial pH 

Initial pH is a determining factor in the electrochemi-
cal process [14,17]. Solution pH affects both adsorbent sur-
face characteristics and pollutants species. Initial pH effect 
was studied from 3 to 9 to determine its effect on removal 
efficiencies of fluoride and Cr(VI) removal. The results are 
shown in Figs. 1 and 2 respectively. From Fig. 1 it can be 
observed that initial pH has significant effect on fluoride 
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Fig. 1. Effect of initial pH on fluoride removal, [F−]0, 50 mg/L; 
current intensity 400 mA.
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removal. Decrease of initial pH results in lower fluoride 
concentration. At 180 min, when the initial pH values are 
3, 7 and 9 final fluoride concentrations are 1.63, 5.86, and 
7.50 mg/L respectively. Similar result was observed by Hu 
et al. [7] who found that an initial pH of about 3 gives opti-
mal fluoride efficiencies. At the acidic pH, aluminum cat-
ions produced at the anode formed polymeric species and 
precipitated Al(OH)3 leading to better removal efficiency 
[26]. Decreasing in removal efficiency at alkaline pH was 
attributed to the formation of soluble Al(OH)4

− anions in 
detriment of Al(OH)3. From Fig. 2 it can be observed that 
initial pH has strong effect on Cr(VI) removal. The Cr(VI) 
removal rate and extent increase when initial pH decreases. 
Acidic media are suitable for Cr(VI) removal, while the 
abetment slowed down at the alkaline media. While resid-
ual Cr(VI) concentration was 4.8 mg/L at initial pH 9 after 
180 min treatment. The lowest Cr(VI) final concentration 
was observed at pH 3 with 0.52 mg/L. Similar results were 
found by Sadeghi et al. [26] who found that the highest 
Cr(VI) removal efficiency of about 78.8% was observed at 
pH 3 when studying hexavalent chromium removal by 
EC-Al. Hexavalent chromium may exist as H2CrO4, HCrO4

−, 
Cr2O7

2− and CrO4
2− depending on solution pH and Cr(VI) 

concentration. At Cr(VI) concentrations less than 520 mg/L, 
CrO4

2− is the predominant species above pH 6.5 and HCrO4
− 

predominates in pH range of 0.9–6.5 [27]. The aluminum 
hydroxide precipitate is known to be positively charged at 
lower pH values [28]. The negatively charged CrO4

2− and/or 
HCrO4

− anions should adsorb on the positively charged alu-
minum hydroxide precipitates. Under alkaline conditions 
the formation of negatively charged aluminum hydroxide 
precipitate is not suitable for CrO4

2− adsorption [27].

 3.2 Effect of current intensity

Current densities ranging from 200 to 800 mA were used 
to investigate the effect of current intensity on EC efficiency. 
As shown in Fig. 3, increasing current intensity results in 
improvement of fluoride removal. Final concentration 
of 11.93 mg/L was obtained with 200 mA, while 800 mA 
lead to a residual concentration of 0.34 mg/L after 180 min. 
The impact of current intensity on the Cr(VI) removal effi-
ciency is shown in Fig. 4. With an increase of current inten-

sity, the removal of Cr(VI) was favorable. After 180 min of 
treatment, a concentration of 3.01 mg/L was found under 
a current of 200 mA. However, the residual concentration 
dropped to 0.4 mg/l under a current of 800 mA. Identical 
result was found by Vasudevan et al. [17] who achieved a 
series of experiments using 5 mg L−1 chromium-containing 
electrolyte, at pH 7.0, removal efficiencies of chromium are 
96.2 and 99.6% when current densities are 0.1–0.5 A dm−2 
respectively. This may be explained by the production of 
more aluminium adsorbing species generated by anode 
electrodissolution. Consequently, the amount of fluoride 
and hexavalent chromium adsorption increases with the 
increase in adsorbent concentration, indicating that the 
adsorption depends upon the availability of binding sites 
for both pollutants.

3.3 Effect of initial concentration

The study the effect of initial concentration was con-
ducted by varying initial concentrations in the range of 
20–150 mg/L. Results are depicted in Figs. 5 and 6. The 
final concentrations were 26.21 and 0.3 mg/l for initial fluo-
ride concentrations of 150 and 25 mg/L, respectively; while 
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Fig. 2. Effect of initial pH on Cr(VI) removal, [Cr(VI)]0, 20 mg/L; 
current intensity 400 mA.
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Fig. 3. Effect of current intensity on Cr(VI) removal, pH0, 3; 
[Cr(VI)]0, 50 mg/L.
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the final Cr(VI) concentrations were 45.69 and 0.52 mg/l 
for initial concentrations of 150 and 20 mg/L, respectively. 
Therefore, the pollutant removal efficiency is reduced by 
increasing the initial corresponding concentrations [26].

3.4. Competition effect

Fig. 7 represents the variation of fluoride and Cr(VI) 
concentrations in function of time at initial pH 3, current 
intensity 400 mA and using fluoride of 50 mg/l and Cr(VI) 
of 50 mg/l. This result mainly showed that Al(OH)3 adsor-
bent is efficient for simultaneous removal of fluoride and 
Cr(VI) anions. The removal of fluoride in absence and pres-
ence of Cr(VI) anions was studied. Different initial Cr(VI) 
concentrations ranging from 20 to 75 mg/L were used. The 
results are depicted in Fig. 8. The removal efficiency is high-
est in absence of Cr(VI) anions. The final fluoride concentra-
tion increases with increasing Cr(VI) initial concentration. 
Final concentration of 1.65 mg/L was obtained in absence 
of Cr(VI), while in presence of Cr(VI) initial concentration 
of 75 mg/L leads to a residual fluoride concentration of 
5.78 mg/L after 180 min. The presence Cr(VI) ions signifi-
cantly inhibits the fluoride removal suggesting competing 

effect between fluoride and Cr(VI) anions. Similarly, Cr(VI) 
removal in absence and presence of fluoride anions was 
studied. Different initial fluoride concentrations ranging 
from 20 to 75 mg/L were used. The results are illustrated 
in Fig. 9. The lowest residual Cr(VI) concentrations are 
obtained in absence of fluoride ions with final concentration 
of 2.26 mg/L while in presence of fluoride initial concen-
tration of 75 mg/L leads to a residual Cr(VI) concentration 
of 16.12 mg/L. Increasing fluoride concentration results 
in increasing Cr(VI) final concentrations. Fluoride ions 
showed an inhibitive effect towards the removal of Cr(VI) 
anions.

3.5. Electrocoagulation kinetics and adsorption isotherm 

The principle of electrocoagulation modeling through 
adsorption isotherm and kinetics is based on the fact that 
the pollutant is generally adsorbed at the surface of the flocs 
anodically produced. Since the amount of coagulant can be 
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Fig. 7. Variation of fluoride and Cr(VI) concentrations in func-
tion of time. pH0, 3; current intensity 400 mA; [F−]0, 50 mg/L; 
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estimated for a given time, the pollutant removal can be 
modeled by adsorption phenomenon [20–23].

It has been proposed [20–23] that the general mecha-
nism follows two consecutive separate steps: 

(i) An electrochemical process through which the metal 
flocs are generated; 

(ii) Adsorption of pollutants on the surface of the flocs.

Generally, the removal of pollutant with EC process is 
identical to conventional adsorption except the source of 
adsorbent. The mass of the later may be stoichiometrically 
deduced after calculating the mass of the dissolved metal 
according to Faraday’s Law.

m
ItM
nF

=  (4)

where I is the applied current intensity (A), t is the elec-
trolysis time (s), M is the molar mass of the anodic metal 
(g/mole), n is the number of implied electrons and F is the 
Faraday constant (96 485.3 coulomb/mole).

Consequently, pollutant removal can be modeled by 
adsorption phenomena [22,23] and the amount of adsorbed 
pollutant is:

q
V C C

mt
t=

−( )0  (5)

where qt is the adsorbed amount of pollutant per gram of 
adsorbent (mg/g), V is the volume of solution (L), m is the 
mass of the dissolved electrode (g); C0 and Ct are the initial 
concentration and the concentration of pollutant at time t 
(mg/L), respectively. In order to investigate the mechanisms 
of the pollutant adsorption process, two main kinetic mod-
els were applied: pseudo-first-order, pseudo-second-order, 
to describe the adsorption kinetics onto metal hydroxides. 
The most accurate model was selected according to the lin-
ear regression correlation coefficient values, R2.

The pseudo-first order kinetic model can be given as 

dq
dt

K q qe t= −( )1  (6)

where K1 (min–1) is the constant rate of adsorption, qt and qe 
are the adsorbed amounts at a given time t and at equilib-
rium (mg/g) respectively. Integration Eq. (6) with bound-
ary conditions t = 0 to t and qt = 0 to qt and rearrangement 
results in:

ln
q q

q
K te t

e

−





= − 1

 (7)

This may be rearranged to give:

ln ln lnq q q K te t e−( ) = − 1  (8)

The slope of plot of log (qe − qt) versus t was used to 
determine the pseudo-first-order rate constant K1 [24]. The 
pseudo second-order model kinetic equation is:

dq
dt

K q qe t= −( )2

2  (9)

where K2 is the rate constant of the pseudo-second order 
equation (g/mg/min). Integration leads to:

t
q K q

t
qt e e

= +
1

2
2  (10)

Furthermore, adsorption isotherm models can be 
extended to describe EC experimental isotherm data and 
identify the mechanism of the adsorption process. Isotherm 
models with two and three parameters have been there-
fore considered to establish the relationship between the 
amounts of pollutant adsorbed onto the metal hydroxides 
and its equilibrium concentration in the aqueous solution 
containing pollutant. The general forms of both these mod-
els were described as follows.

The Langmuir equation:

C
q b

q
b

Ce

e
e= +

1 0  (11)

where b (L/mg) is the binding constant and q0 (mg/g) refers 
the maximum adsorption capacity, evaluated by plotting 
the Ce/qe against Ce.

The Freundlich isotherm:

ln lnq K
n

Ce f e= +
1  (12)

where Kf and n are the constants which give adsorption 
capacity and intensity respectively.

3.5.1. Kinetics modeling 

Adsorption kinetics for fluoride and chromium was 
analyzed by first- and second-order using different ini-
tial concentrations. The adsorption kinetics (Tables 1–4) 
showed that the first order rate expression fitted well the 
adsorption kinetics for both pollutants. Similar trend was 
found by Vasudevan et al. [16] when studying hexavalent 
chromium removal by electrochemical coagulation using 
aluminium anodes. Mameri et al. [29] and Emamjomeh and 
Sivakumar [30] reported that the defluoridation rate of the 
EC-Al follows first order.
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3.5.2. Adsorption isotherm 

In order to describe the electrocoagulation process, the 
equilibrium adsorption behavior for fluoride and hexavalent 
chromium isanalyzed by fitting models of Langmuir and 
Freundlich isotherms at different initial concentrations. The 
results are depicted in Table 5. For both anions, the Freun-
dlich adsorption isotherm resulted in the best fitting of the 
experimental equilibrium data. According to Bennajah et al. 
[31], the defluoridation reaction obeys the Freundlich law.

3.5.3. Effect of temperature and energy calculations

Figs. 10 and 11 show that the rate constants vary with 
temperature according to Eq. (13).

In our study, thermodynamic parameters, for example, 
enthalpy (ΔH), entropy (ΔS) and free energy (ΔG) of acti-
vation, were determined by using the following equations:

log
. .

q
C

S
R

H
R T

t

t

=
°

=
° 





Δ Δ
2 303 2 303

1
 (13)

where R = 8.314 J mol–1 K–1 is the ideal gas constant and T(K) 
the temperature in Kelvin.

∆G° = ∆H° - ∆S° (14)

The values of ΔH0 and ΔS0 were estimated from the 
slopes and intercepts of log qt/Ct vs. 1/T.

Table 1
First order kinetic model of different initial fluoride 
concentrations, pH0, 3; current intensity 400 mA

Initial concentration 
fluoride (mg/L) 

Qmax 

(mg g–1)
K1 

(min–1)
R2

25 61.055 0.0541 0.998
35 85.038 0.0443 0.998
50 115.153 0.0474 0.999
75 174.421 0.02877 0.998
100 221.403 0.02621 0.992
150 309.26 0.0319 0.999

Table 2
First order kinetic model of different initial Cr(VI) 
concentrations, pH0, 3; current intensity 400 mA

Initial concentration 
Cr(VI) (mg/L) 

Qmax  
(mg g–1)

K1 (min–1) R2

20 49.133 0.0395 0.995
35 83.29 0.0475 0.998
50 118.515 0.0368 0.998
75 165.458 0.0277 0.999
100 199.431 0.0175 0.998
150 254.423 0.029 0.991

Table 3
Second order kinetic model of different initial fluoride 
concentrations, pH0, 3; current intensity 400 mA

Initial concentration 
fluoride (mg/L) 

qe 

(mg g–1)
K2 

(g mg–1 min–1)
R2

25 67.925 10.7.10–4 0.978
35 96.665 5.955.10–4 0.953
50 125.632 6.702.10–4 0.962
75 206.07 1.711.10–4 0.968
100 268.42 1.09.10–4 0.916
150 361.067 1.134.10–4 0.950

Table 4
Second order kinetic model of different initial Cr(VI) 
concentrations, pH0, 3; current intensity 400 mA

Initial concentration 
Cr(VI) (mg/L) 

qe 

(mg g–1)
K2 

(g mg–1 min–1)
R2

20 56.953 8.421.10–4 0.9687
35 93.774 6.867.10–4 0.987
50 137.925 3.243.10–4 0.987
75 187.305 2.367.10–4 0.915
100 265.789 0.5805.10–4 0.989
150 306.611 0.1056.10–4 0.994

Table 5
Constant parameters and correlation coefficients calculated for 
isotherm adsorption models of fluoride and Cr(VI)

Langmuir Freundlich

KL qmax 

(mg g–1)
R2 KF n R2

Cr(VI) 0.431 234.413 0.903 80.548 0.298 0.964
Fuoride 0.189 341.775 0.889 83.463 0.391 0.981
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The obtained results, given in the Table 6, showed 
clearly that the Gibbs free energy change (ΔG) is negative as 
expected for a spontaneous process under the applied con-
ditions. The negative values of ΔG increase with tempera-
ture indicating more efficient sorption at high temperature.

The positive values of entropy change (ΔS) imply some 
structural change during the adsorption process of fluoride 
and Cr(VI) species onto aluminium hydroxides and the neg-
ative values of ΔH confirms the endothermic nature of the 
adsorption process. Identical results were found by Vasude-
van et al. [32,33]. According to them, the improvement of 
adsorption capacity of aluminum hydroxide, by increasing 
temperature, may be attributed to the enlargement of pore 
size and/or activation of the adsorbent surface [22,34,35].

3.6. FT-IR Characterization of sludge before and after the  
adsorption of fluoride and Cr(VI)

FT-IR results revealed significant changes after pollut-
ants adsorption and showed formation of new species on 
coagulants surface. Fig. 12 shows FT-IR spectra of alumin-
ium sludge in absence (blue line) and presence (red line) 
of fluoride and Cr(VI) anions. The disappearance of the 
Al–OH band near 1130 cm–1 is due to fluoride adsorption. 
It was inferred that hydroxyl group Al–OH with bending 
vibration at 1129 cm–1 had reacted with fluoride ions [36]. 
In addition, disappearance of peak 1526 cm–1 was also 

observed [37]. This peak corresponded to stretching and 
bending modes of Al–O. After adsorbing fluoride anions, 
this band disappeared. This may be ascribed to substitution 
of hydroxyl groups on Al(OH)3 precipitates by fluoride ions 
[38]. The appearance of the peak at 897 cm–1, which is char-
acteristic of chromate (CrO4

2–), indicates that Cr(VI) species 
adsorption on coagulant takes place. Furthermore, disap-
pearance of band at 545 cm–1 indicates stretching and bend-
ing modes of Al–O are affected by fluoride adsorption [39]. 

4. Conclusion

The removal of fluoride and Cr(VI) ions from photovol-
taic wastewater by EC was successfully achieved in single 
and binary systems. The results showed that the removal 
of both pollutants from synthetic wastewater was strongly 
affected by initial pH, current intensity and initial concentra-
tion. The optimal initial pH was found at pH 3. Increasing 
current intensity results in improving removal efficiency for 
both pollutants. Increasing initial concentration was found 
detrimental for removal efficiency. The study of the simul-
taneous removal reveals negative effect of presence of one 
pollutant towards the other, suggesting antagonistic adsorp-
tion competition on electrochemically produced coagulants. 
First order and second order adsorption kinetic models were 
examined to model single adsorption. First order model gives 
the best fitting. The mechanism of the single electrocoagula-
tion was modeled using Langmuir and Freundlich isotherm 
models and the latter matched preferably experimental data. 
For binary system, obtained results showed that the removal 
of one pollutant is inhibited by the presence of the other. The 
simultaneous removal study reveals existence of competition 
between the two pollutants with an antagonist effect. Ther-
modynamic parameters, including the Gibbs free energy, 
enthalpy, and entropy, indicated that the adsorption of the 
two pollutants on aluminium hydroxides was feasible, spon-
taneous and endothermic.
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Fig. 12. FT-IR spectra, in absence (blue line) and in presence of 
fluoride and Cr(VI) ions (red line).

Table 6
Thermodynamic parameters or adsorption of fluoride and 
Cr(VI)

Fluoride Cr(VI)

ΔH0 (kJ·mol–1) –22.919 –21.349
ΔS0 (J·mol–1) 100,522 88.268
ΔG0 (kJ·mol–1)

298 K –52.719 –47.650
308 K –53.719 –48.533
318 K –53.719 –49.415
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