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ABSTRACT

Solvay process is an efficient treatment technique for reject brine from desalination, where salinity
is reduced by removing Na* by adding NH,. However, in this process large amounts of NH, are
consumed and CI" ions are not affected. Electrocoagulation has been tested for removing CI- and
NH, regeneration. When no current was applied, removal of the ions was insignificant. Applying
a current density of 0.1167 A/cm? increased the removal percentages of NH* and Cl by 71.6% and
26.9%, respectively, which proved that the removal was due to electrocoagulation. It was found that
the removal percentages and rates increased with increasing the current density and temperature but
decreased as the initial ion concentration increased. Three-experiment design levels and response
surface methodologies were used to model the system. A second-order polynomial model was devel-
oped and used to predict the optimum conditions, which were found to be at a 0.2 A/cm? current
density, 36.8°C temperature, and initial Cl" concentration of 7.4 x 10*mg/L. The accuracy of the model

was verified against an independent run, not used in the development of the model, and the error

did not exceed 10% for both ions.
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1. Introduction

Natural fresh water resources, including rivers, lakes,
and underground aquifers are under stress due to excessive
withdrawal and pollution [1]. In dry climates, such as that
in the Middle East, water scarcity is already a very serious
problem [2]. Desalination of seawater has become an import-
ant method to secure a freshwater supply for many countries,
including the Gulf States [3]. This is a process that separates
saline water into two streams: desalinate, which is the fresh
low-salt concentration, and reject brine, which is the high-salt
concentration stream [4]. Desalination can be achieved either
using physical filtration (membrane separation) processes
such as reverse osmosis (RO) or using thermal desalina-
tion, such as multi-stage flash (MSF) and multiple-effect
distillation.

* Corresponding author.

In spite of the development of new and highly efficient
desalination processes, little improvements have been reported
for handling and managing reject brine, the waste by-product.
For every 1 m? of desalinated water, it is estimated that an
equal amount of the reject brine is generated [4]. The main
environmental challenges to most desalination plants are
the management or the disposal of the concentrated brine.
The cost of brine disposal ranges between 5% and 33% of
the total cost of the desalination process [5]. There are lim-
ited options for the treatments which include: discharge to
wastewater treatment plants; deep well injection; land dis-
posal and evaporation ponds [4]. A common process to deal
with this product is to discharge it back into the sea, which
as a result will affect the aquatic life and the quality of the
sea water in the long run [6]. For the disposal of industrial,
municipal and liquid hazardous wastes, deep well injection
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is often considered [5]. This method is usually more expen-
sive compared with the discharge to surface water; because
in the latter method long brine transport pipelines are not
required. Another common method for brine disposal from
inland desalination plants is the evaporation ponds. There
are some advantages of using this process, such as low
maintenance and operation cost, easy to construct and no
mechanical equipment requirements [7]. On the other hand,
there are many drawbacks of using evaporation ponds,
such as contaminations because of the dissipation of the
reject brine into the soil and groundwater and also the need
of large area. In addition, the evaporation rate strongly
depends on weather conditions [5].

A much better option to treat the reject brine is the Solvay
process, in which concentrated brine interacts with ammonia
and carbon dioxide to form soluble ammonium bicarbonate,
which further reacts with sodium chloride to form soluble
ammonium chloride and a sodium bicarbonate precipitate,
as described in Eq. (1) [6]:

Na* CI-+ NH, + CO, + H,0 - NaHCO, + NH: Cl (1)

The added ammonia plays an important role in the
reaction of the Solvay process, by which it buffers the solu-
tion at a basic pH and increases the precipitation of sodium
bicarbonate. In industrial application, the first step is passing
the ammonia gas through the concentrated brine to have the
ammoniated brine, and then the carbon dioxide is bubbled
through the ammoniated brine to form ammonium chloride
[6]. While the Solvay process is efficient in removing the
Na"ions, it leaves the CI” ions intact, and consumes large
amounts of NH..

In this study, electrocoagulation (EC) was selected to
remove Cl ions from the effluent of the Solvay process, and
regenerate NH,. Iron and aluminum electrodes are the most
common types preferable in the EC [8-11]. In this work Fe
electrodes were used, which could dissolve into divalent
Fe* and trivalent Fe* forms, whereas there is only one form
for aluminum dissociation, which is the trivalent form Al*
[8]. The anodic equations illustrate the oxidation of the iron
electrodes according to Eq. (2), which further react with
OH- to form Fe(OH), according to Eq. (3):

+ —1
Fe — Fe:‘aq) +ne (2)

Fef, +n OH —Fe(OH), | wheren=2or3 (3)
The divalent form of the iron goes through further
oxidation to form Fe(OH),, as shown in Eq. (4) [8]:

4Fe +10H,0+0, - 4Fe(OH), +8H' 4)

2(aq)

When an ammonium chloride solution, such as the
Solvay effluent, is subjected to electrolysis, chlorine, ammo-
nia and hydrogen are the expected products provided that
sodium chloride is present in the solution [12]. Chlorine gas
is produced according to Eq. (5), and that is the main pro-
cess for the removal of chloride.

2CH—>CL+2e ®)

At alkaline pH and sufficient anodic potential, evolution
of oxygen at the anode might also take a place as the follow-
ing equation [8]:

2HO—->0,+4H'+4e (6)

Both ammonia and hydrogen gases are generated at the
cathode according to Egs. (7) and (8), respectively, and that
is the main process for the removal of ammonium ions [13].

2NH;+2e —>2 NHS(g) + Hz(g) (7)

2H; +2e > H,, ®)
Other electrochemical reactions that could take place in

EC are the formation of hydroxides at the cathode according
to Egs. (9) and (10):

2H0+2e —H,, +2OH, )

0,+2H0O+4e — 4 (OH) (10)

Although there are a few side reactions involving the
liberated chlorine, which are expected during the electrol-
ysis of ammonium chloride solutions, such as the forma-
tion of hypochlorite, these reactions depend heavily on the
concentration of chloride in the solution. It has been reported
that the formation of hypochlorite and the solubility of Cl, in
the solution can be controlled by the concentration of chlo-
ride ions in the solution [14]. Having high concentration of
chloride ions reduces the chances of the side reactions and
limits the solubility of chlorine gas in the solution. Since the
concentration of chloride ions in the Solvay effluent is more
than twice that of the ammonium ions, hypochlorite is less
likely to be formed.

Owing to the many advantages of EC, which include
high efficiency compared with chemical coagulation [8], con-
current flotation by the formed bubbled gasses and small
equipment size [9], it has been selected to simultaneously
remove CI ions and regenerate NH,. The process has been
successfully used to remove NH; from simulated waste-
waters using an activated carbon-air cathode and a sacrifi-
cial aluminum anode [15], and for the extraction of corrosive
chloride from concrete [16] and wastewater [17]. Despite
being used separately for the treatment of Cl-and NH; ions,
EC has never been tested for treating the Solvay effluent,
containing both ions. In this study, the simultaneous removal
of CI" ions and regeneration of NH, using EC are optimized,
which would have a great effect on the enhancement of the
Solvay process and the reject brine treatment.

2. Materials and methodology
2.1. Chemical reagents

Ammonium hydroxide aqueous solution (25 wt.% NH.,)
and ammonium bicarbonate (99.9% purity) were obtained
from Sigma-Aldrich (USA). A gas mixture (10% CO, in air)
was purchased from Abu Dhabi Oxygen Company, UAE.
Nitrogen-ammonia Reagent Set, Nessler, was purchased
from Concorde Trading Co. L.L.C., UAE. Reject brine samples
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with salinity ranging between 65,000 and 75,000 ppm were
obtained from a local desalination plant utilizing an MSF
desalination process. The average values of the pH and con-
centrations of the main ions in the reject brine are presented
in Table 1.

The reject brine was treated using the Solvay process,
operated at optimum conditions [18]. Briefly, 1 L of the reject
brine was mixed for 5 min with ammonium hydroxide in a
3:1 molar ratio relative to the initial Na* concentration. The
mixture was then fed into a stainless steel jacketed bubble
column reactor at a 20°C controlled-temperature. A gas mix-
ture containing 10% vol CO, in air was bubbled through the
reactor at a flow rate of 1 L/min for 6 h. The composition of
the solution at the end of the process is shown in Table 1.
As shown in the table, although the Solvay process reduced
the concentrations of Na*, Mg*, K*, and Ca*, the drop in
CI" concentration was negligible and the NH} concentration
increased significantly.

2.2. Experimental setup

The EC experiments were conducted in a plexiglass
jacketed reactor with an internal diameter of 14.5 cm and a
physical height of 14.5 cm. The volume of the effluent solu-
tion from the Solvay process used in all experiments was
500 mL. The electrodes were connected to a strip hanging
on the edges of the reactor, which left the reactor uncovered
allowing the generated gasses to escape. Two rectangular
13.5 cm x 6 cm Fe electrodes were used, and the contact area
of the electrodes immersed in the solution was 15 cm? As
mentioned earlier, iron and aluminum electrodes are most
commonly used in EC. It has been reported though that Fe
electrodes showed better energy savings and were much less
affected by initial pH when EC was used for decolorizing of
solutions containing Orange II, a highly soluble dye, as com-
pared with Al electrodes [19]. Therefore, Fe electrodes were
selected in this work. The electrodes were placed 8.5 cm
apart and were connected to a DC power supply (PE-23005,
2X0-30V/5A-5V/3A). A mechanical stirrer (RW10R, Janke
and Kukel, IKA-WERK, Germany) was immersed between
the electrodes and used to agitate the solution. The distance
between the electrodes was selected to allow the inser-
tion of the mechanical mixer in between. The temperature
inside the reactor was controlled by circulating water from
a temperature-controlled water bath (Julabo F34, Germany)
through the surrounding jacket. A schematic diagram of
the batch reactor is shown in Fig. 1.

2.3. Experimental design

A central composite design (CCD) technique was used
to design the three experiment levels, using the Minitab 17.0

Table 1
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software to randomize the experimental runs, as shown in
Table 2.

The preliminary study performed to determine the time
needed to achieve the maximum removal of ions using the
EC process showed that most of the removal took place
within the first 6 h. Therefore, the duration of the experi-
ments was set to that time. The three major factors affecting
the removal of ions were selected to be temperature, cur-
rent density, and initial concentration of Cl” ions prepared
by diluting the effluent Solvay solution. The tested ranges
of the three factors are shown in Table 3. The pH is another
important factor, but it is interconnected with the initial
ions concentration. In other words, changing one affects the
other, and it is not possible to assess the effect of pH with-
out changing the ions concentration in the solution. Above
that, a significant amount of ions, with added acid, were
required to be added in order to cause a considerable change
in the pH, especially with the undiluted samples. Therefore,
in this work the initial concentration was selected as the
independent parameter, because is more likely to change in
reject brine, after the Solvay process.

The maximum concentration used was that obtained in
the effluent from the Solvay process without any dilution.
Several dilutions of that was then used to test the effect of
the concentration. The maximum current density used was
the highest value the instrument could reach for all con-
centrations, which was determined to be 0.2 A/cm?. Several
fractions of that value was used to test the effect of the
current density. The temperature range was above and below
—-room temperature. The current density and the temperature
were monitored throughout the experiment. The latter was
measured using an immersed probe inside the reactor, and
was found to remain constant with a maximum variation
of +1°C. Samples were collected every 60 min and analyzed
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Fig. 1. Schematic diagram of the EC reactor.

Characteristics of the reject brine and effluent from the Solvay process

Sample pH Concentration (mg/L)
Na* Mg? K* Ca> Cr NH;
Reject brine 9.16 £0.01 23.712 x 10° 2.795 x 10°  7.620 x 10? 1.375 x 10° 33.225 x 10° 0

Solvay effluent 9.77+0.01 15.887 x10°+12 55.9+8.7

3322 x10*°+4.6 1.416x10°+£3.1 32.600x 10°+27 17.875x10°+18
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for CI" and NH; concentrations using ion chromatography
(IC) (Dionex ICS-1100, USA) and UV-Vis spectrophotometry
(Hach DR 5000, USA), respectively.

2.4. Analysis

The concentration of CI- ions was determined using
IC, as described in the 2012 edition of the Dionex ICS-
1100 Ion Chromatography System Operator’s Manual. The
IC was connected to the Degas and Chromeleon software
and equipped with a suppressor (AERS [2 mm]), a column
(Dionex IonPac AS23, 2 x 250 mm), and a column guard
(Dionex IonPac AG23, 2 x 50 mm). The eluents: 4.5 mM
Na,CO, and 0.8 mM NaHCO, were streamed at a 0.25 mL/
min rate. The current and oven temperatures were kept at
7 mA and 30°C, respectively. The instrument was calibrated
using standard CI” solutions of different dilutions, in the
5-40 ppm range. Each sample was diluted and its concentra-
tion was brought into this range prior to measuring.

Table 2
Randomization of factors in experimental runs and the removal
percentages

Factor Removal (%)
I T IC Cr NH;

0 0 0 25.87 +0.68 45.96 +0.38
0 0 -o 30.29 +1.008 56.94 +5.89
+1 +1 -1 28.78 +0.115 80.05+0.376

+1 -1 +1 22.15+0.540 4476 +1.71
+1 +1 +1 22.47 £0.759 66.61 +0.258
0 +ol 0 29.81+0.376 72.37 +1.86
0 0 0 25.87 +0.68 45.96 +0.38
- 0 0 22.80£0.177 45.34 +0.597
+ou 0 0 28.38 £ 0.820 66.67 +2.62
-1 -1 +1 11.00 £5.17 35.65+1.23
0 -o 0 21.82+£0.983 4293 +3.84
0 0 0 25.87 +0.68 45.96 +0.38
-1 -1 -1 23.92 +0.824 58.52 +2.41
0 0 +a 25.60 +1.07 45.28 £ 0.247
-1 +1 +1 15.44 +3.20 65.45 + 0.575
0 0 0 25.87 +0.68 45.96 +0.38
-1 +1 -1 24.83 £0.142 69.26 + 0.478
+1 -1 -1 28.51 +£0.0718 61.54+0
0 0 0 25.87 +0.68 45.96 +0.38
0 0 0 25.87 +0.68 45.96 +0.38

Table 3
Ranges and levels of independent variables for CCD runs

The concentration of ammonium ions was determined
using a UV spectrophotometer (Hach DR 5000, USA), as
described by the Hach Company manual [20]. Three drops
of mineral stabilizer, three drops of polyvinyl alcohol dis-
persing agent, and 1.0 mL of Nessler’s reagent, were added
in a sequential manner to a 25 mL sample. The sample was
thoroughly mixed before a new reagent was added, and the
mixtures were allowed to react for 1 min before measure-
ments. The instrument was zeroed using a blank prepared
using the same procedure, substituting the sample with
25 mL of deionized water. The ammonium concentration was
then measured at a 425 nm wavelength. A calibration curve
was prepared using the same procedure described above
using standard NH; solutions of different dilutions in the
0.1-2.0 mg/L range.

3. Results and discussion
3.1. Applied current effect

The percentage removals of NH; and CI- were measured
at different EC times, at 30°C, 0.167 A/cm? current density,
and initial concentrations of 15.6 x 10° and 27.5 x 10°mg/L,
respectively. The results in Fig. 2 show that the removal per-
centages of NH; and Cl" reached 70% and 23%, respectively,
within 6 h. After that, each curve reached a plateau, and
the removal did not increase much. Therefore, the equilib-
rium is assumed to be reached after 6 h, and all subsequent
experiments were carried out up to this time.

The effect of the current density, in the 0-0.2 A/cm?
range, on NH; and CI" removal percentages and rates are
shown in Figs. 3a and b, respectively. The temperature
during the test was 20°C and the initial concentrations of
NH; and CI~ were 14.2 x 10° and 20.0 x 10° mg/L, respec-
tively, which represent the middle values of the two effects
(i.e., X, and X, = 0). As shown in Fig. 3, when no current
was applied, the recorded removal percentages: 12.5% and
3.55%, and removal rates: 2.08 and 0.59 h™, for NH; and CI,
respectively, were very small. Increasing the current den-
sity to 0.033 A/cm?resulted in a significant increase in the
removal of both ions, with removal percentages increasing
to 45.33% (p-value = 0.00024) and 22.8% (p-value = 0.00037)
and removal rates increasing to 12.1 h™ (p-value = 0.0049)
and 4.66 h™ (p-value 0.02), for NH; and CI, respectively.
This proves that the removal of the ions was mainly due
to the EC, and any other effect, such as evaporation, was
minimal. To further confirm that all factors, other than EC,
had minimum effects, the experiment without current was
repeated at a higher temperature of 30°C, that is, X, = 1.
Very small removal percentages of 12.7% and 4.8% were still

Factors Tag Symbol Units Levels

—-o -1 0 1 +o
Current density I x, Alem? 0.033 0.067 0.117 0.167 0.2
Temperature T X, °C 3.2 10 20 30 36.8
Initial CI" concentration 1C X, mg/L 7,400 12,500 20,000 27,500 32,600
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Percentage removal of ions, %

Time, hours

Fig. 2. Removal percentage of NH; and Cl"as a function of time
at 30°C, 0.167 A/cm? current density and initial concentrations of
15,594 and 27,500 mg/L, respectively.

recorded for NH; and CI, respectively. Increasing the tem-
perature from 20°C to 30°C did not show a significant effect
on the removal percentages of either ion, with p-values of
0.637 and 0.359 for NH; and CI-, respectively.

By increasing the current density by 0.083 to 0.1167 A/cm?,
the removal percentages increased to 45.96% (p-value = 0.336)
and 25.8% (p-value = 0.0255), and the removal rates to
13.7 h* (p-value = 0.259) and 4.97 h! (p-value = 0.735), for
NH; and CI, respectively. Further increasing the current
density by another 0.083 to 0.2 A/cm? resulted in a signif-
icant increase in the removal percentage of NH to 66.66%
(p-value = 0.008), but was less significant for Cl” with the
removal increasing to 28.37% (p-value = 0.0805). A similar
trend was observed for the removal rates as they increased
to 18.5 h'! (p-value = 0.056) and 5.88 h™* (p-value = 0.464), for
NH; and CT, respectively.

The results in this study agree with those obtained using
EC for the removal of hexavalent chromium from waste-
water [21]. However, the initial Cr® concentrations tested
were in the 40-200 mg/L range, much lower than those
tested in this study. In addition, the current density tested
ranged from 0.0005 to 0.002 A/cm? which was also lower
than the range used in this study. The results in this study
also agree with those found using EC for the removal of
ammonia in synthetic wastewater with different sodium
chloride concentrations [22]. The current density tested was
0.005-0.05 A/cm?, which was also lower than the one tested
in this study.

3.2. Initial concentration effect

For an initial ClI" concentration of 32.6 x 10° mg/L, the
effects of initial concentration, in the 0-77.3% dilution range
on the removal percentages and rates of NH; and CI" are
shown in Figs. 4a and b, respectively. The tested current den-
sity and temperature were 0.1167 A/cm? and 20°C respec-
tively, which represent the middle values of the two effects
(i.e., X, and X, = 0). The results show that the removal per-
centages and rates for both ions, NH; and CI", decreased with
decrease in dilution. By decreasing the dilution percentage
from 77.3% to 38.65%, the removal percentages decreased
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Fig. 3. Effect of current density on (a) removal percentages
and (b) removal rates of NH; and CI ions after 6 h at 20°C and
initial concentrations of 14,250 and 20,000 mg/L, respectively.
*indicates comparison between removal percentages and rates
at 0 and 0.033 A/cm? (removal percentage p-values = 0.00024
and 0.00037 and removal rate p-values = 0.0049 and 0.02 for
NH; and CI, respectively).

** indicates comparison between removal percentages and rates
at 0.033 and 0.1167 A/cm? (removal percentage p-values = 0.336
and 0.0255 and removal rate p-values = 0.259 and 0.735 for NH;
and CI, respectively).

*** indicates comparison between removal percentages and rates
at 0.1167 and 0.2 A/cm? (removal percentage p-values = 0.008
and 0.0805 and removal rate p-values = 0.056 and 0.464 for NH
and CI, respectively).

from 56.9% to 45.9% (p-value = 0.119) and from 30.2% to 25.8%
(p-value = 0.036), and the removal rates from 22.2 to 14.4 h
(p-value = 0.108) and from 6.5 to 4.9 h™* (p-value = 0.191), for
NH; and CI, respectively. Further decrease in dilution from
38.65% to 0 resulted in decreasing the removal percentages
from 45.9% to 45.2% (p-value = 0.826) and 25.8% to 25.5%
(p-value = 0.787), and the removal rates from 14.4 to 13.28 h
(p-value = 0.225) and from 4.9 to 4.2 h™* (p-value = 0.328), for
NH; and CI, respectively.

Our results are in agreement with those obtained using
EC for removing ammonium and phosphorous from waste-
water [15]. Ata 0.0008 A/cm?current density, it was found that
increasing the initial concentration resulted in decreasing
the removal percentages for ammonium and phosphorous
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Fig. 4. Effect of initial concentration of NH; and Cl on (a) removal
percentage and (b) removal rate after 6 h at 20°C and 0.1167 A/
cm?®. The dilution is considered with respect to the maximum
concentration of 17,875 and 32,600 mg/L for NH; and CI-, respec-
tively.

* indicates comparison between removal percentage and rate at
the 77.3% and 38.65% percentage dilutions (removal percentage
p-values = 0.119 and 0.036 and removal rate p-values = 0.108 and
0.191 for NH; and CI, respectively).

** indicates comparison between removal percentage and rate
at the 38.65% and 0 percentage dilutions (removal percentage
p-values = 0.826 and 0.787 and removal rate p-values = 0.225 and
0.328 for NH; and CI, respectively).

from 93% to 75% and from 76% to 45%, respectively. A sim-
ilar trend was also observed when EC was tested for arse-
nic removal from drinking water at a 0.54 mA/cm? current
density and an initial concentration in the 10-100 mg/L
range. Using EC for methylene blue removal with a similar
initial concentration range and a larger current density of
8 mA/cm?, also resulted in similar trends [23].

The reason for the drop in removal effectiveness with the
increase in ion concentration can be summarized as follows:
for the same current density, the same amount of electrode
metal ions passes through the solution for all concentrations.
As a result, the amount of released metal ions would become
insufficient at higher concentrations [22]. Moreover, at higher
ion concentrations, the amount of the formed metal hydrox-
ide flocs may not be enough to settle the huge amount of
pollutant molecules [24].

3.3. Temperature effect

The effect of temperature, in the 3.2°C-36.8°C range, on
the removal percentages and rates of NH; and CI" is shown
in Figs. 5a and b, respectively. The tested current density and
initial concentration were 0.1167 A/cm? and 14.2 x 10° and
20.0 x 10°mg/L for NH;, and CI, respectively, which repre-
sent the middle values of the two effects (i.e., X, and X, =0).

The results show that the removal percentages and
rates of both ions, NH} and CI, increased with the increase
in temperature. The increase in temperature from 3.2°C to
20°C increased the removal percentages from 42.9% to 45.9%
(p-value = 0.38) and from 21.8% to 25.8% (p-value = 0.04) for
NH; and CI, respectively and the removal rates from 11.9 to
13.7 h* (p-value = 0.163) and from 3.5 to 4.9 h™* (p-value = 0.131)
for NH; and CI, respectively. Within this temperature range,
the temperature effect was generally insignificant. However,
increasing the temperature from 20°C to 36.8°C resulted in a
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Fig. 5. Effect of temperature on (a) removal percentage and (b)
removal rate of NH; and Cl ions after 6 h at 0.1167 A/cm? and
14,250 and 20,000 mg/L initial concentrations of NH; and CI-
ions, respectively.

*indicates comparison between removal percentages and rates
at 3.2 and 20°C (removal percentage p-values = 0.561 and 0.0409
and removal rate p-values = 0.163 and 0.131 for NH} and CI,
respectively).

**indicates comparison between removal percentages and rates
at 20 and 36.8°C (removal percentage p-values = 0.00257 and
0.0192 and removal rate p-values = 0.00438 and 0.213 for NH;
and Cl-, respectively).
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significant increase in the removal percentages of both ions
from 45.9% to 72.3% (p-value = 0.002) and from 25.8% to
29.8% (p-value = 0.019) for NH; and CI, respectively, and in
the removal rate of NH; from 13.7 to 28.7 h™! (p-value = 0.004).
However, the change in removal rate for Cl” was insignificant
from 4.9 to 6.2 h™* (p-value = 0.213).

The increase in the removal percentages and rates with
temperature is due to the enhanced rate of diffusion of the
ions and the kinetic collisions of particles [25]. In addi-
tion, the increase in temperature enhances the formation
of hydrogen bubbles which enhances the flotation speed
[24]. Similar temperature effects were observed using EC
for the ammonia removal from synthetic wastewater in the
25°C-40°C temperature range [25], indium ion removal
in the 15°C-45°C range [26], and boron removal in the
19.85°C-59.85°C range. In an investigation of the effect of
the temperature on the percentage of phenol removal using
a fixed bed aluminum electrode, an increase from 88% to
95% was observed when the temperature increased from
25°C to 45°C [24].

3.4. Combined effects

To evaluate the combined influence of temperature
and initial concentration on the significance of the effect of
current density on the percentage removal of the ions, the
experiment was repeated at different temperatures (10°C
and 30°C) and different initial concentrations: 10.4 x 10° and
15.6 x 10°mg/L for NH;, and 12.5 x 10° and 27.5 x 10° mg/L
for CI". The results are shown in Figs. 6a and b. It is obvious
that the increase in initial concentration reduced the overall
removal but increased the significance of the current density.
In addition, at the lower initial concentrations, increasing
the temperature from 10°C to 30°C increased the removal
percentages and the significance of the current density effect
for both ions. At 10°C, as the current density increased from
0.067 to 0.167 A/cm?, the removal increased from 58.5% to
61.5% (p-value = 0.218) and from 23.9% to 28.5% (p-value = 0.
0.015) for NH; and CI, respectively, while at 30°C, the
removal increased from 69.2% to 80.05% (p-value = 0.0015)
and from 24.8% to 28.7% (p-value = 0.001) for NH; and CI,
respectively. At the higher initial concentration, increasing
the temperature from 10°C to 30°C increased the removal
percentages; however, it lowered the significance of the
current density effect for NH; and CI". While at 10°C the
removal increased from 35.6% to 44.7% (p-value = 0.025) and
from 10.9% to 22.1% (p-value = 0.093), at 30°C the removal
increased from 65.4% to 66.6% (p-value = 0.121) and from
15.4% to 22.4% (p-value =0.094) for NH; and CI, respectively.

Furthermore, the increase in temperature increased the
significance of the initial concentration. At the lower tem-
perature, increasing the initial concentration from 10.4 x 103
to 15.6 x 10° mg/L, resulted in a decrease in the removal
percentages of NH; from 58.5% to 35.65% (p-value = 0.006)
and from 61.5% to 44.7% (p-value = 0.0051), at current
densities of 0.067 and 0.167 A/cm? respectively. Similarly,
increasing the initial concentration of CI” from 12.5 x 10° to
27.5 x 10° mg/L resulted in a decrease in the removal per-
centages from 23.9% to 10.9% (p-value = 0.073) and from
28.5% to 22.1% (p-value = 0.0036). At the higher tempera-
ture, increasing the initial concentration from 10.4 x 10° to
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Fig. 6. Effect of current density and initial concentration on
removal percentage of (a) NH; and (b) CI ions after 6 h at
10 and 30°C.

15.6 x 10° mg/L, resulted in a decrease in the removal per-
centage of NH; from 69.25% to 65.04% (p-value = 0.006)
and from 80.3% to 66.6% (p-value = 0.0016), at current
densities of 0.067 and 0.167 A/cm?, respectively. Similarly,
increasing the initial concentration of Cl” from 12.5 x 10° to
27.5 x 10° mg/L, resulted in decreasing the removal percent-
ages from 24.8% to 15.4% (p-value = 0.05) and from 28.7% to
22.4% (p-value = 0.007), respectively.

At the lower current density, and initial concentrations
of 10.4 x 10°and 12.5 x 10°mg/L for NH; and CI’, respectively,
increasing the temperature from 10°C to 30°C resulted in
an increase in the removal percentages from 58.5% to 69.2%
(p-value = 0.25) and from 23.9% to 24.8% (p-value = 0.26),
respectively. Increasing the initial concentration to 15.6 x 10°
and 27.5 x 10° mg/L for NH; and CI’, respectively, caused
an increase in the removal percentages from 35.6% to 65.4%
(p-value = 0.001) and from 10.9% to 15.44% (p-value = 0.41),
respectively. At the initial concentrations of 10.4 x 10° and
12.5 x 10° mg/L for NH; and CI, respectively, increasing the
temperature from 10°C to 30°C lead to an increase in the
removal percentages from 61.5% to 80% (p-value = 0.0002)
and from 28.5% to 28.7% (p-value = 0.104), respectively.
A high initial concentration and current density, led to a
decrease in the significance of the removal of NH; and CI".
At the higher current density, and at initial concentrations
of 15.6 x 10° and 27.5 x 10° mg/L for NH; and CI, respec-
tively, a high initial concentration and current density
caused an increase in the removal percentage from 22.1% to
22.4% (p-value = 0.003) for NH;.
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It was interesting to compare the removal percentages
of the CI” ions based on the initial ammonium chloride
concentration generated in the Solvay process, which was
considered equal to the initial concentration of NH}. At a
0.1167 A/cm? current density, a 30°C temperature, and ini-
tial concentrations of 14.2 x 10° and 20.0 x 10°mg/L for NH;
and CI, respectively, the removal percentage of Cl" based
on the initial ammonium chloride concentration was found
to be 37.7%, compared with 26.88% based on the initial
CI concentration.

3.5. Statistical analysis

Minitab 17.0 software was used to perform regression
analysis of the experimental data and to determine the
coefficients of the regression equation. Twenty runs were
carried out; each run was repeated twice, and the relation-
ship between the experimental levels of each factor and
the responses was expressed using a fitted polynomial, as
shown in Table 4. The significance of the factors was eval-
uated using the p-value, while the lack-of-fit value of the
model was determined from the analysis of the variance.
It was shown that the effects of current density, tempera-
ture, and initial concentration were all significant for NHj,
whereas for CI, the effect of the initial concentration was
found insignificant. For both ions, the lack-of-fit implied
that the fit was significant.

After removing the insignificant factor, having p-values
larger than 0.05 as provided by Minitab, the predicted
polynomial models for NH; and CI’, namely Y, and Y,, as
functions of the significant factors and their combinations,
were developed, as shown in Egs. (11) and (12):

Y, =77.3-324 X, - 1.018 X, - 0.000748 X, +
1764 X2 +0.0493 X2 1)

Y,=26.90+52.9 X, -0.000419 X, (12)
where X, X, and X, are the current density, tempera-
ture, and initial concentration, respectively. To validate
the model, an independent experiment was performed at
0.1167 A/cm? 30°C, and initial concentrations of 14.2 x 10°
and 20.0 x 10°mg/L for NH; and CI, respectively. For these
conditions, the removals of NH; and CI, were found to
be 71.6% and 26.9%, respectively. At the same conditions,
the model predictions were 66.7% and 24.7%, respectively.
The difference between the experimental results and the
model predictions were 7.3% and 8.8%, respectively.

An optimization process was carried out using response
optimizer in Minitab. The results in Fig. 7 show that increas-
ing the current density increased the removal of chloride
linearly as the first order variable was the significant effect,
wheareas the removal of ammonium was parabolic, due to
the significant second order terms. No effect of temperature
was observed on the percentage of removal of chloride, as
suggested by Eq. (11), whereas, the percentage removal
of ammonium increased parabolically with temperature,
owing again to the significant second order term. The initial
concentration had a similar effect on the percentage remov-
als of ammonium and chloride ions. The optimum removal
for both ammonium and chloride ions was determined to

be at a 0.2 A/em? current density, 36.8°C temperature, and
initial CI” concentration of 7.4 x 10°mg/L.

The developed polynomial (Eq. (10)) was used to
determine the simultaneous effects of two factors on the
percentage removal of NH; in 3-D surface response graphs
as shown in Figs. 8a—c. Two factors were changed while
keeping the third at the central value, that is, X, = 0. The
results clearly show the parabolic effect of the current den-
sity and temperature, as a result of the significant effect of

Table 4
Anova results for the modeling of (a) ammonium and (b) chloride,
removals

Response surface regression: ammonium removal vs. x,, x,, x,
Analysis of variance

Source DF AdjSS AdjMS F-Value p-Value
Model 9 2,676.13 29735  15.62 0.000
Linear 3 1,937.15 645.72  33.92 0.000
x, 1 263.19  263.19 13.83 0.004
X, 1 1,245.33 1,245.33 65.42 0.000
X, 1 428.63  428.63  22.52 0.001
Square 3 674.69 22490 11.81 0.003
x*x, 1 299.26  299.26 15.72 0.001
x,*x, 1 380.52  380.52  19.99 0.008
X% 1 115.11 11511  6.05 0.073
2-Way interaction 3 64.29 21.43 1.13 0.385
x,*x, 1 0.00 0.00 0.00 0.989
x,%x, 1 1.57 1.57 0.08 0.780
X%, 1 62.72 62.72 3.29 0.100
Error 10 190.35  19.04
Lack-of-fit 5 190.35  38.07
Pure error 5 0.00 0.00
Total 19 2,866.48

Removal of chloride
Source DF AdjSS AdjMS F-Value p-Value
Model 9 298.613 33.179  3.03 0.049
Linear 3 257.501 85.834 7.84 0.006
x, 1 95449 95449 8.72 0.014
x, 1 27495 27495 251 0.144
X, 1 134.557 134.557 12.29 0.006
Square 3 25.062  8.354 0.76 0.540
x*x, 1 14.890 14.890 1.36 0.271
x,*x, 1 12.650  12.650 1.16 0.308
x,*x, 1 0.487 0.487 0.04 0.837
2-Way interaction 3  16.050  5.350 0.49 0.698
x*x, 1 2.832 2.832 0.26 0.622
x,*x, 1 11.616 11.616  1.06 0.327
X%, 1 1.602 1.602 0.15 0.710
Error 10 109.474 10.947
Lack-of-fit 5 109.474 21.895
Pure error 5 0.000 0.000
Total 19 408.087
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Fig. 7. Optimization results of the effects of current density, temperature and initial concentration for maximum chloride and ammo-

nium removals.

the second order terms; whereas, the effect of the initial
concentration was linear.

The other polynomial equation (Eq. (11)) was also used to
determine the simultaneous effects of the current density and
initial CI" concentration, at a constant temperature of 20°C,
on the percentage removal of Cl in a 3-D surface response
graph. The other combinations that included the temperature
were not shown, because its effect was found to be insignifi-
cant, as shown in Eq. (11). The results in Fig. 9 show the linear
effects of both factors: current density and concentration,
with the former having a positive and the latter a negative
effect.

4, Conclusion

The performance of EC for the removal of NH; and
CI” from the effluent of the Solvay process was evaluated.
Increasing the current density from 0 to 0.2 A/cm? resulted
in increasing the removal percentage of CI- from only 3.55%
to 28.4%, which proves that the removal was mainly due to
the EC effect. The effects of temperature in the 3.2°C-36.8°C
range, the initial ClI° concentration in the 7.4 x 10°-
32.6 x 10 mg/L range, and the 0.033-0.2 A/cm? current den-
sity range were assessed in a batch EC cell. Increasing the

temperature and current density resulted in increasing the
removal percentage and rate. Whereas, increasing the ini-
tial concentration resulted in decreasing the removal. The
effect of current density was more significant at low initial
concentrations and high temperatures, whereas the effect
of temperature was found to be insignificant. The effect of
the initial concentration was more significant at high current
densities. The experimental results were used to develop
statistical models to predict the removals of NH; and CI-
ions. The models were subsequently validated against an
independent experimental point not used in the develop-
ment of the models. The results of this study are essential
for optimizing the design of EC units for the simultaneous
removal of CI” ions and regeneration of NH,, which would
have a significant effect on the enhancement of the Solvay
process and the reject brine treatment.
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