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Abstract

In this study, surface response methodology was employed to investigate the effect of different interacting factors on the
removal of fluoride from synthetic water using aluminum electrocoagulation (AI-EC) and iron electrocoagulation (Fe-EC)
in different reactors. Box—Behnken design of a Design Expert version 11 was used for the optimization and evaluation of
the process independent variables: applied electric density, initial pH, initial fluoride concentration and treatment time on
the efficiency of fluoride removal as a response. Results showed that the effect of current density and initial fluoride con-
centration was significant model terms for fluoride reduction in Fe-EC and Al-EC reactors, respectively. The Al-EC reactor
model presented the R? value of 79.2% while Fe-EC presented R? value of 75.8%, showing that both models can predict the
response well. The reduction by 94% (initial concentration of 16 mgF/L) was established at optimal operating parameters of
18.5 mAcm ™2, pH 6.80 in 50 min using Al-EC. On the other hand, 16 mgF/L was reduced by 92% to 1.28 mgF/L in Fe-EC
reactor at optimal condition of 6.5 mAcm™2, pH 6.50 in 50 min. Experimental results correlated well to the model predicted
results that were 95 and 94% for Al-EC and Fe-EC, respectively. Both reactors manage to reduce fluoride to a level recom-

mended by WHO (< 1.5 mg/L) for drinking purpose.
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Introduction

It is approximated that 90% of population of people living
in African Rift valley is affected with dental and skeletal
fluorosis due to consumption of groundwater water contain-
ing elevated levels of fluoride (Fawell et al. 2006). Despite
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availability of various methods such as adsorption, ion
exchange, filtration, coagulation and membrane processes
for defluoridation (Mohapatra et al. 2009), in the African
Rift Valley zone, people are mainly using bone char and
Nalgonda methods (Osterwalder et al. 2014). This is due
to their low cost, effectiveness and availability of materials
(Garcia-Lara and Montero-Ocampo 2010). However, the
methods face rejection by some users because of odor and
offensive taste especially when there is poor production of
bone char (Fawell et al. 2006). On the other hand, Nalgonda
method requires high chemical coagulants for effective fluo-
ride removal, resulting into a high sludge production that
becomes a challenge in their disposal. Thus, electrocoagula-
tion has demonstrated to be an alternative treatment method
to avoid high production of sludge, odor and smell as on
chemical coagulation.

Electrocoagulation (EC) method involves electricity for
in situ generation of coagulant that destabilizes chemical
pollutants in water (Moussa et al. 2017). The common
electrodes include aluminum, titanium, zinc, copper and
iron; aluminum and iron being superior than the others,
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due to their efficiency and availability (Moussa et al.
2017). In EC, the metal ion dissociates from the anode
(Egs. 1 and 3) while water at the surface of the cathode
dissociates into H* and OH™ ions, the two react to form
metal hydroxide (coagulant) as shown in Eqgs. (2) and (4)
for aluminum and iron, respectively. The coagulant then
provides surface site for charge neutralization, adsorption,
coagulation and co-precipitation which remove fluoride by
floc formation (Kobya et al. 2006).

Al — AP* +3¢7! (1
AP* + nH,0 - AI(OH))™" + nH* )
Fe, — Fe’* +2¢7 3)
4Fe** + 10H,0 + O, — 4Fe(OH), + 8H* )

The efficiency of EC experiments depends on interac-
tion among several independent factors, namely the cur-
rent applied, initial pH, treatment time, conductivity of
the sample and initial pollutant concentration (Moussa
et al. 2017). Recently, optimization of EC operation fac-
tors has been performed by varying a single factor while
keeping other factors fixed at a specific set of conditions.
This process is time consuming and requires high num-
ber of runs leading to poor optimization due to ignoring
of some interaction (Tir and Moulai-Mostefa 2008). The
mentioned shortfalls can be easily solved by a response
surface methodology (RSM). The method uses various
designs such as factorial design (FD) (Daghrir et al. 2013),
central composite design (CCD) (Amani-Ghadim et al.
2013), D-optimal design (DOP) (Tir and Moulai-Mostefa
2008), and Box—Behnken design (BBD) (Behbahani et al.
2011). The first three designs face a challenge of higher
number of experiments required and thus become costly.
On the other hand, the BBD provides the same informa-
tion as the others but with the advantage of less number of
experiments (Box and Behnken 1960). Furthermore, the
BBD does not contain combinations in which all factors
are simultaneously at their highest or lowest levels, which
is important in avoiding experiments performed under
extreme conditions that may cause unsatisfactory results
(Box and Behnken 1960), hence selected for this work.

The aim of this study was to optimize and model flu-
oride removal from aqueous solutions in two separate
electrocoagulation reactors, Al-EC and Fe-EC, establish
and compare their efficiencies on fluoride removal and to
determine relationship between responses and four quan-
titative variables (initial pH, initial fluoride concentration,
current density and treatment time) using Box—Behnken
design (BBD).
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Materials and methods
Material preparation

The fluoride solution was prepared using sodium fluoride
(NaF), where 2.21 g of sodium fluoride was dissolved in
1000 mL of distilled water to make 1000 ppm of fluoride in
the stock solution. Then, serial dilution was used for a spe-
cific concentration preparation. Meanwhile the electrodes,
aluminum and iron electrodes plates of 10 cm X2 cm, each
were pre-cleaned by rubbing with sandpaper, rinsed in
NaOH (2 M) and HCI (2 M) to remove any particles attached
on the surface before washing with distilled water. The elec-
trodes were then dried at 105 °C before the start of experi-
ments. After each experiment, electrodes were dissolved in
1 M hydrochloric acid for 10 min to remove any remaining
particles on the surface that may reduce EC performance.

Design of experiment

In this study, the Box—Behnken design BBD was selected for
the optimization of EC process used for the fluoride reduc-
tion. The four-factorial and a three-level BBD with five rep-
licas at the center point leading to twenty-nine (29) experi-
ments was employed for response surface modeling in this
study. The variables (independent factors) chosen were: the
applied electric current density (A), initial pH of the water
sample (B), treatment time (C) and initial concentration of
fluoride (D). Meanwhile, the percentage fluoride reduction
was considered as dependent factor (response).

The electrocoagulation set up and sample analysis

The EC experiments were carried-out in a batch mode
reactor (Fig. 1). The reactions were conducted in 800 cm?
beaker, with a working volume of 600 cm?>. The two alu-
minum electrode plates with a total surface area of 80 cm?
each were connected to other two aluminum as cathode
in a monopolar parallel connection MP-P. This makes the
effective surface area to volume ratio the reactors (S) to
be 0.15 cm™. Similar reactor set up for the iron electrode
Fe-EC was employed. The anodes and cathodes were placed
alternatively and parallel to each other at a specific distance
of 1.5 cm. Thereafter, the end poles of sacrificial electrodes
were connected to the anode in a direct current (DC) power
source, (BK Precision 1796).

The experiments were then performed in series of combi-
nation of different operation parameters as shown in Table 2.
On the other hand, the conductivity of water sample was
improved by addition of small amount of sodium chloride
(200-300 mg) as it has ability to eliminate the passive films
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Fig. 1 Experimental setup for
electrocoagulation reactions: a
Schematic diagram: / Anode
Fe or Al 2 Cathode, 3 Interelec-
trode distance 1.5 cm, 4 Reactor
(800 cm?®), 5 Water sample

(600 cm®), 6 Working volume
(600 cm®), b Photograph of the
reactor setup and experimenta-
tion

on aluminum electrodes according to corrosion pitting phe-
nomenon (Mansouri et al. 2011). After each set of experi-
ment, samples were taken then filtered (Whatman filter
paper 0.6 micron) and analyzed using ion selective electrode
(ISE) for final fluoride concentration. Percentage of fluoride
removal was then calculated (Eq. 5).

(Fy— F,) X 100
Red(%) = ———— o)
Fy
where F|, and F are initial and final fluoride concentration,
respectively.

Results and discussion

The actual values of process variables and their variation
limits shown in Table 1 were selected based on the values
obtained from various studies as well as in preliminary
experiments. Results of the experiments performed are pre-
sented in Table 2 showing the actual and predicted reduction
of fluoride at different combinations of operating parameters
using aluminum and iron electrodes, respectively.

Evaluation of the data

For the evaluation of experimental data on their validity in
optimization of operation parameters, the response variable
was fitted by a second-order model in the form of quadratic

polynomial equation given by Eq. (6) as proposed by (Khed-
mati et al. 2017).

Y =by+ Z b X; + Z byX} + 2 byXiX; ©)

In this equation Y is the response variables (fluoride reduc-

tion) and by, b;, by;, and by; are constant coefficients of inter-
cept, linear, quadratic and interactive terms, respectively and
X; and X; represent the four independent variables (current
density, initial pH, treatment time, and initial concentra-
tion). Experimental data shown in Tables 2 were analyzed
using Design-Expert version 11 program including ANOVA
and regression to obtain the interaction between the pro-
cess variables to the response. Two-dimensional, contour
plots and three-dimensional curves of the response surfaces
were developed using the same program to explain the
interactions among variables and their effect to the fluoride
reduction.

Optimization procedure

Table 3 shows the key findings after analysis of variance
and regression of the data set presented in Table 2 to assess
the validity of the model prediction for Al-EC and Fe-EC,
respectively. In this study, the coefficients of the model for
constant terms, cubic effects, quadratic effects and inter-
action effects were evaluated. The model low p-values of
0.0087 and 0.022, and large F-values 3.81 and 3.07 imply
that at least one of the terms in each model has a signif-
icant effect on the response in Al-EC and Fe-EC setups,

Table 1 Experimental range

i Factor Variables Units Reactor Range of actual coded variables
and levels of independent
variables for Al-EC and Fe-EC Low (—1) Medium (0) High (+1)
experiments
A Current density mAcm™? Al-EC 18.5 28.0 37.5
Fe-EC 6.25 124 18.5
B pH Both 4.0 6.5 9.0
C Time min Both 10 35 60
D Concentration mgF/L Both 2 21 40
&?&m&ﬁ @ Springer
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Table 2 The Box—Behnken

5 : Run AI-EC Fe-EC Actual %

design (BBD) showing actual

and predicted fluoride reduction J pH Time F, F, J pH Time F, F, Al-EC  Fe-EC

for Al-EC and Fe-EC reactor at

different operation parameters 1 28.00 6.50 10.00 02.00 032 1238 6.50 10.00 0200 0.16 8400 92.00
2 28.00 6.50 60.00 40.00 273 1238 6.50 3500 21.00 120 93.18 94.29
3 28.00 6.50 35.00 21.00 145 1238 400 3500 4000 283 9310 9293
4 18.50 6.50 10.00 21.00 3.12 1850 4.00 35.00 21.00 120 8514 9429
5 28.00 4.00 35.00 0200 0.75 1238 650 60.00 4000 260 6250 93.50
6 28.00 9.00 60.00 21.00 207 1238 6.50 35.00 21.00 120 90.14 9429
7 18.50 4.00 3500 21.00 3.14 1850 6.50 10.00 21.00 1.18 8505 94.38
8 28.00 6.50 3500 21.00 140 1238 6.50 35.00 21.00 122 9333 94.19
9 3750 6.50 60.00 21.00 120 625 650 10.00 21.00 141 9429 9329
10 3750 650 3500 0200 0.13 1850 6.50 60.00 21.00 1.08 9350 94.86
11 3750 6.50 3500 4000 136 625 400 3500 21.00 144 96.60 93.14
12 3750 4.00 3500 21.00 3.00 625 650 3500 0200 0.15 8571 9250
13 28.00 9.00 3500 4000 1.78 1238 6.50 3500 21.00 123 9555 94.14
14 28.00 4.00 35.00 40.00 4.85 1238 6.50 3500 21.00 0.84 87.88 96.00
15 28.00 9.00 10.00 21.00 1.85 1850 6.50 3500 4000 246 91.19 93.85
16 3750 6.50 10.00 21.00 257 1238 9.00 60.00 21.00 1.14 87.76  94.57
17 3750 9.00 3500 21.00 1.09 1238 9.00 35.00 40.00 2.61 94.81 9348
18 28.00 6.50 3500 21.00 140 625 9.00 3500 21.00 144 9333 93.14
19 28.00 4.00 60.00 21.00 1.60 1238 9.00 3500 0200 0.17 9238 91.50
20 28.00 6.50 3500 21.00 141 6.25 6.50 60.00 21.00 120 9330 94.29
21 28.00 9.00 3500 0200 0.17 1238 4.00 3500 02.00 0.08 91.50 96.00
22 1850 6.50 60.00 21.00 143 1238 650 10.00 40.00 2.73 93.19 93.18
23 1850 6.50 3500 40.00 3.06 1850 9.00 3500 21.00 121 9235 9424
24 28.00 6.50 3500 21.00 132 1238 9.00 10.00 21.00 131 9371 93.76
25 1850 9.00 3500 21.00 140 1238 6.50 60.00 02.00 0.12 9333 94.00
26 1850 6.50 3500 0200 096 1238 4.00 10.00 21.00 124 52.00 94.10
27 28.00 4.00 10.00 21.00 203 625 650 3500 40.00 276 90.33  93.10
28 28.00 6.50 10.00 40.00 585 1850 6.50 35.00 02.00 O0.11 8538 9450
29 28.00 6.50 60.00 2.00 053 1238 4.00 60.00 21.00 1.19 7350 94.33

respectively (Karimifard and Moghaddam 2018). The lack
of fit p value of 0.1125 for Al-EC and 0.7344 for Fe-EC
both being >0.05 made lack of fit not significant to both
setups (Karimifard and Moghaddam 2018). As seen from
Table 3, the initial pH (B), and initial fluoride concentration
(D) are both significant to the model (p <0.05), where initial
fluoride concentration being the most significant p <0.0001
to AI-EC. For the Fe-EC, the current density appears to be
the only significant factor p=0.01. The interaction between
initial pH and initial concentration (BD), and between initial
concentrations themselves (D) are highly significant factors
(p < 0.05) as compared to other interaction terms in both
reactors.

The regression coefficient R? of 0.79 and 0.75 for Al-EC
and Fe-EC, respectively, show that the interaction among the
factors in experimental data to both models can fairly pre-
dict the response (Karimifard and Moghaddam 2018). The
adequate precision which is 7.8 for Al-EC and 6.4 for Fe-EC
also signifies that the signal-to-noise ratio is appropriate
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and adequate. The adjusted R? of 0.58 and 0.50 both being
lower than the R? values suggest that the new number of
factors included in the model in trying to modify it could
not improve the model (Karimifard and Moghaddam 2018).
The R? values observed indicate that the regression models
explained electro-defluoridation fairly. Hence, the response
surface model developed in this study for predicting fluoride
removal efficiency was considered to be satisfactory.

From the normal probability plot of residuals as shown in
Fig. 2a and b it can be ascertained with assumption that both
models were relatively satisfactory as the points in the plot
form fairly straight-line. In the case of actual residual against
fit plot, for a model to be reliable, no series of increasing or
decreasing points patterns such as increasing residuals with
increasing fits and a predominance of positive or negative
residuals should be found. Furthermore, the data shown in
Table 3 can also be observed and confirmed in Fig. 3a and
b showing alignment between the residuals and predicted
fluoride reduction. The predicted and actual plots Fig. 4a and
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Table3 ANOVA and regression results for the response surface
quadratic model for fluoride reduction by Fe-EC and Al-EC reactors

Source Fe-EC AI-EC
F-Value p-value F-Value p-value
Model 3.07 0.022 3.81 0.0087  Significant
A-J 7.75 0.0146 4.48 0.0528
B-pH 2.93 0.1088 8.13 0.0128
C-time 4.12 0.0619 0.3444  0.5666
D-Conc 0.0395 0.8453 17.56 0.0009
AB 0.0012 0.973 0.0073 0.9331
AC 0.1441 0.7099 0.0194 0.8911
AD 0.8207 0.3803 4.08 0.063
BC 0.1715 0.6851 0.0995 0.7571
BD 13.39 0.0026 4.71 0.0477
CD 1.47 0.2449 3.47 0.0837
A? 1.22 0.2887 0.0822 0.7786
B 1.32 0.2702 0.6344 0.439
c? 0.6246  0.4425 1.18 0.2966
D? 1177 00041 1007  0.0068
Residual
Lack of fit  0.6525 0.7344 3.64 0.1125  Not significant

AI-EC: R?=0.79; AdjR’>=0.58; Adeq precision=7.8; Fe-EC:
R*=0.75; AdjR*=0.50; Adeq precision = 6.4

b further indicate the close agreement between the actual
and predicted results, suggesting that the model could well
predict within the range of operation parameter. Therefore,
it can be concluded that the quadratic model of the response
surface developed in this study correlating fluoride reduction
with process variables is best suited to explain the experi-
mental data of electrocoagulation process.

a Normal Plot of Residuals
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Fig.2 Normal probability plots a AI-EC, b Fe-EC reactors

Effect of individual operating parameters

The effect of individual operating parameters, current den-
sity, initial pH, treatment time and initial fluoride concen-
tration considered in this study is shown in the plots pre-
sented in Figs. 5 and 6 for Al-E and Fe-EC, respectively.
The parameters were measured as the function of fluoride
reduction. These parameters are known to be key factors for
operation of electrocoagulation system (Moussa et al. 2017).

The effect of current density

From the plots, it can be observed that, from the lower cur-
rent density there is a linear increase on fluoride reduction
to a maximum current of 38.5 and 16 mA/cm? for Al-EC
and Fe-EC, respectively. At these points, there is maxi-
mum removal of fluoride by 97% for Al-EC and 95% for
Fe-EC. According to Faraday’s law (Eq. 7), as the applied
current increases, dissolution of aluminum and iron ions
also tend to increase, leading to high formation of coagu-
lant AI(OH); and Fe(OH);, bubble and floc size (Mehmet
Kobya et al. 2011).
M

W= NF @)
where W is the theoretical amount of aluminum or iron pro-
duced by current / (A) passed for a period of time ¢ (s), M
is molecular mass (Al; 26.98 g/mol: Fe; 55.84 g/mol), N is
number of electrons transferred (N — 3 for Al; 2 for Fe), F is
Faradays constant (96,485 C/mol).

b Normal Plot of Residuals
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Fig.3 Residual vs predicted plots for fluoride removal a Al-EC reactor, b Fe-EC reactor
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Fig.4 Plots for predicted against actual results for fluoride removal a AI-EC, b Fe-EC

However, removal efficiencies started to decline when the
J>16.1 mAcm~2 for Fe-EC and >50 mA/cm? for Al-EC.
Higher current density means high generation of coagulant
near the electrode that restrict the free movement of particles
causing overpotential to build up in the reactor due to ohmic
drop (Nasrullah et al. 2012). This prevents further adsorp-
tion of the fluoride ion as observed at J>16.1 mAcm™
and J> 50 mAcm™. The ohmic drop was also confirmed

lase ¢LLoJi & .
s st @) Springer

that at the same treatment time both reactors attained the
same amount of coagulant dosage of 0.000063 g/L. It can
be ascertained that at the coagulant dose >0.000063 g/L no
further fluoride reduction can be achieved as the kinetic of
particles become restricted. The lower ohmic drop in Fe-EC
than AI-EC is attributed to the higher molar mass of iron
that achieved the same amount of coagulant as aluminum at
lower electric current by a factor of ~0.3.
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Fig.5 Main effect plots of
parameters for fluoride removal
efficiency on Al-EC reactor

Fig.6 Main effect plots of
parameters for fluoride removal
efficiency on Fe-EC reactor
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Initial fluoride concentration

The influence of initial fluoride concentration appears to be
similar to both Al-EC and Fe-EC systems. For AI-EC, at a
lower fluoride concentration starting from 2 to 26 mgF/L,
there is increase in fluoride reduction rate from 78 to 95%.
At this point, the ratio between adsorbate (F~) and adsor-
bent AI(OH); and Fe(OH); is very low and permits rapid
uptake of fluoride. But as the initial fluoride level reaches
~27 mgF/L, the removal rate slows down and remains con-
stant as its limited by availability of free surfaces on the
coagulant for further uptake (Vasudevan et al. 2009). How-
ever, above 30 mgF/L, the reduction appears to decrease to
92%. Likewise, for Fe-EC, the removal increases with initial
fluoride concentration from 2 mgF/L and reaches maximum
at 21 mgF/L. Above this level, there is decrease in removal
efficiency to 91 from 95% at highest initial concentration
of 40 mgF/L. The decrease in removal is due to compe-
tition for complexation sites which limit fluoride removal
and subsequent further stirring tends to lead to desorption
(Vasudevan et al. 2009). This study also found that Fe(OH),
reaches saturation point at a lower fluoride concentration of
21 mgF/L compared to 27 mgF/L of AI(OH),.

Initial pH of the water sample

From the plot, it is interesting to see that the fluoride
removal by Al-EC increases 78-96% as the initial pH of the
sample increases. The maximum fluoride removal is attained
at pH 7.5-8.5. This is because at a lower pH ~4, there is
a higher hydrogen ion concentration leading to formation
of soluble HF. At a pH >4, amorphous hydroxide AI(OH);
starts to form due to hydrolysis of water at the cathode, the
amount of this amorphous further increases with pH as more
hydroxide is added that lead to more uptake of fluoride. The
amorphous Al(OH); has minimum solubility and is finally
polymerized into Aln(OH);,,, which results into dense flocs
formation with large surface area (Holt et al. 1999) for high
fluoride uptake. However, at pH > 9, the removal remains
constant signifying formation of negatively charged alu-
minum hydroxide AI(OH)} that repels with the fluoride ion
in the solution (Mechelhoff et al. 2013). Meanwhile, Fe-EC
behaves differently, and the highest reduction is attained at
pH 4.5-5.5 beyond which there is insignificantly slow down
from 95 to 92% at pH 9. In acidic medium, there is higher
dissolution of iron (Caiiizares et al. 2007) leading to the for-
mation of high amount coagulant Fe(OH),. Study by (Sasson
et al. 2009) also revealed significant high Fe?* dissolution
rate at pH values of 5-6 than that at pH 8-9. In this context,
it is important to note that the chemical dissolution of the
electrode surfaces is promoted at alkaline pHs (for the case
of aluminum) and at acidic pHs (for the case of iron).
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Treatment time

In this investigation, the reduction efficiencies in both alu-
minum and iron electrodes appeared to exhibit exponential
relation to time. For Al-EC, there is an increase in fluoride
reduction from 90% at 10 min to 93% with the maximum
removal at 40 min. Above this time, there is significant
decrease on removal efficiency to 91.7% in 60 min. For the
Fe-EC, more similar trend is observed; however, the removal
efficiency remained constant at a longer time of 50—60 min.
This indicates that further treatment time beyond 40 min
and 50 min for AI-EC and Fe-EC, respectively, has negative
influence on the fluoride removal. For both cases during the
first 10 min, there is appreciable enough in situ generated
hydroxides of aluminum and iron to reduce fluoride by 90%.
The longer time needed for iron to reach maximum fluoride
reduction may be due to small current density applied during
this investigation as compared to aluminum electrode. This
is attributed to high adsorption capacity of in situ generated
aluminum coagulant for fluoride ion (Smedley et al. 2003).

Combined effect of operational parameters
on fluoride removal efficiency

The current density is considered as the key factor controlling
efficiency of any electrocoagulation reaction (Moussa et al.
2017). However, in this study other factors when correlated to
current density are observed to limit fluoride removal in both
reactors’ Figs. 7 and 8a—c. Generally, the maximum fluoride
removal observed is ~96 and ~94% for Al-EC and Fe-EC,
respectively. At a lower treatment time <39 and <45 min
and initial fluoride concentration <27 and <21 mgF/L for
AI-EC and Fe-EC, respectively, the removal increased at all
current density applied. However, above these levels there is
significant reduction in fluoride removal, despite the increase
in current density. This indicates that the treatment time and
initial fluoride concentration are limiting factors in their
higher levels. Despite further dissolution of AI** and Fe?* as
the function of current and time, when the F~/Al(OH); and
F~/Fe(OH), is > 1 adsorption cannot take place (Vasudevan
et al. 2009). Figures 7 and 8d also verify similar finding that
an increase in treatment time at initial concentration >27 and
>21 mgF/L has no significant impact on the fluoride removal.
At any suggested operation condition of current density, initial
pH and treatment time, the maximum initial fluoride that can
be removed effectively (i.e. <1.5 mgF/L) is 27 and 21 mgF/L
for AI-EC and Fe-EC, respectively.
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Fig.7 Surface plots with con-
tour as a function of a treatment
time and current density at pH
6.5 and initial concentration

21 mg/L, b initial concentration
and current density at pH 6.5
and treatment time 35 min, ¢
pH and current density at initial
concentration of 21 mgF/L and
time 35 min, d concentration
and time at current density

28 mAcm™2 and pH 6.5

Fig.8 Surface plots with con-
tour as a function of a treatment
time and current density at pH
6.5 and initial concentration

21 mgF/L, b initial concentra-
tion and current density at pH
6.5 and treatment time 35 min, ¢
pH and current density at initial
concentration of 21 mgF/L and
time 35 min, d concentration
and time at current density

12.4 mAcm™ and pH 6.5
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Table 4 Experimental and Reactor ~S/N  J(mAcm™) pH Time (min) ~ Fy(mg/L)  F (mgL)  Actual  Pred
predicted resu.lts on a few (%) (%)
selected solutions suggested for
optimization tests for AL-EC AI-EC 1 18.50 6.80  50.00 16.00 0.92 94.25 95.00
and Fe-EC 2 19.56 650  50.00 29.00 1.97 93.00 9531
Fe-EC 1 06.25 650 60.00 16.00 1.28 92.00  94.10
2 06.25 6.80  55.00 20.00 1.67 91.65  93.92

Model equations
Final equation model in term of coded factors Al-EC
The final regression model in terms of coded factors has

been expressed by the following second-order polynomial
equation:

For the Fe-EC, the best removal was predicted to be 94%
at initial fluoride concentration of 16 mgF/L, current den-
sity 6.25 mAcm ™2 in 60 min. The observed result at this
optimum condition was 92.00% that confirmed to be close
to the predicted removal.

Red%Al, EC =92.96 + 3A + 4.05B + 0.83C + 5.95D — .0.21AB + 0.34AC — 4.96AD — 0.77B
— 5.33BD + 4.57CD — 0.55A% — 1.54B*> — 2.09C? — 6.12D*

Red%Fe, EC =94.58 + 0.56A — 0.34B + 0.40C — 0.04D — 0.01AB — 0.13AC — 0.31AD
+ 0.14BC + 1.26BD — 0.29A% — 0.31B% — 0.21C* — 0.93D?

Final equation in terms of actual factors

In terms of actual factors, an empirical relationship
between F~ removal efficiency and the variables has been
expressed by the following second-order polynomial
equation:

Conclusion

In this research work, the effects of four main parameters
in the electrocoagulation process including initial pH, ini-
tial fluoride concentration, current density and reaction
time were evaluated and compared on the reduction of

Red%Al, EC =11.65 + 1.24j + 7.85pH + 0.11z + 2.18Conc — 0.01j s pH — 0.001j % r — 0.03J % Conc — 0.01pH
%1 —0.11pH % Conc 4 0.017 % Conc — 0.01J%> — 0.24pH* — 0.0037> — 0.01Conc?
Red%Fe, EC =+ 91.32 +0.38 — 0.12 4 0.05¢ — 0.003Conc — 0.001j % pH — 0.0009J * ¢ — 0.003; % Conc
+ 0.0023pH s t + 0.03pH % Conc — 0.0009z % Conc — 0.008;%> — 0.05pH? — 0.00037* — 0.0025Conc>

Fluoride removal by Al-EC and Fe-EC optimization

The main objective of optimization was to determine the
optimum values of variables for fluoride removal with EC
from the model obtained using experimental data. In both
reactors Al-EC and Fe-EC, the operating parameters were
chosen so as to maximize fluoride reduction at the mini-
mal current density, pH, initial fluoride concentration and
treatment time were left at a range. Several sets of experi-
ments were suggested by the model and two of them were
performed.

From the experimental results shown in Table 4, AlI-EC
achieved the reduction of initial 16—-0.92 mgF/L that satis-
fies WHO minimum fluoride level for drinking water. This
94.25% reduction was achieved at optimal conditions of
initial fluoride concentration of 16 mgF/L, current density
18.5 mAcm™2 initial pH 6.8 and treatment time 50 min.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

fluoride in Al-EC and Fe-EC reactors. The results showed
that the initial fluoride concentration was significant fac-
tor on Al-EC reactor and current density was the only
main factor in Fe-EC reactor. The ANOVA results pre-
sented fairly R? values of 79.23 and 75.45% for Al-EC
and Fe-EC fluoride removal, respectively, indicating the
good accuracy of the polynomial models for both models.
From the optimization, the Al-EC attained 94% fluoride
removal at initial pH of 6.8, initial fluoride concentration
of 16 mgF/L, current density of 18.5 mAcm~2 and reaction
time of 50 min. The Fe-EC attained 92% removal at pH
of 6.5, initial fluoride concentration of 16 mgF/L, current
density of 6.25 mAcm™2 and reaction time of 60 min. It
can be ascertained that both electrodes Al and Fe attained
reduction of fluoride to a permissible WHO standard for
drinking water (< 1.5 mg/L) at optimized operational
parameters.
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