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Abstract: Soda ash (Na2CO3) is produced using the traditional Solvay process. It entails the reac-
tion of CO2 with high-salinity water in the presence of ammonia (NH3), which produces insoluble
sodium bicarbonate (NaHCO3) and soluble ammonium chloride (NH4Cl). In the current work, a
newly combined approach has been developed to effectively manage the removal of ammonia and
sulfate from the effluent of the Solvay process. The devised technique centers on an electrochemical
coagulation process, complemented with the utilization of calcium oxide (CaO) as a buffering reagent.
This innovative approach excels at achieving high recovery rates for both ammonia and sulfate. The
recovered ammonia holds the potential for recycling, thereby contributing to the sustainability of the
Solvay process by reusing ammonia in its initial stages. Furthermore, sulfate ions are recuperated
in the form of calcium sulfate, a value-added product boasting various industrial applications. The
results gleaned from this study underscore the efficacy of the ammonia recovery process, particularly
when operating at elevated current densities and with higher calcium oxide concentrations. On the
other hand, sulfate recovery demonstrates superior performance when exposed to moderate current
densities and limited calcium oxide concentrations. Consequently, the integration of both stages
within a single, cohesive process necessitates the development of an optimization methodology to
cater to varying operational conditions. To address this need, second-order polynomial equations
were formulated and employed to anticipate ammonia and sulfate removal rates in the integrated
approach. Four independent variables come into play: calcium oxide concentration, current density,
temperature, and mixing rate. The findings reveal that most of these variables exert substantial influ-
ences on both ammonia and sulfate removal rates, underscoring the need for careful consideration
and fine-tuning to optimize the overall process. The maximum ammonia and sulfate removal were
found to reach 99.50% and 96.03%, respectively, at a calcium oxide concentration of 3.5 g/100 mL, a
current density of 19.95 mA/cm2, a temperature of 35 ◦C, and a mixing rate of 0.76 R/s. The results
are promising, and the developed process is also suitable for recovering high concentrations of sulfate
and ammonia from various wastewater sources.

Keywords: sulfate recovery; ammonia removal; Solvay process; electrocoagulation; calcium oxide;
chemical precipitation

1. Introduction

In the Solvay method, sodium bicarbonate (NaHCO3) is generated by passing carbon
dioxide (CO2) through a high-salinity water and ammonia solution [1–4]. Ammonia (NH3)
is used as a buffering agent in the solution and is not consumed as a reactant. Equation (1)
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illustrates the overall reaction of the ammonia-based Solvay process. The presence of
ammonia is considered a principal disadvantage of the Solvay process. It has a major
environmental and health threat impact. Furthermore, the recovery process of the NH3
adds to the overall cost of the process.

NaCl + NH3 + CO2 + H2O↔ NaHCO3 + NH4Cl (1)

Numerous methods have been applied to extract ammonia (NH3) from water sources,
each with its own set of limitations, such as suboptimal removal efficiency and high en-
ergy demands [1,3]. Techniques such as membrane distillation, breakpoint chlorination,
biological aerated filters, ion exchange, stripping, and chemical precipitation are among
the commonly employed methods to eliminate various concentrations of ammonia from
different types of water [1,5–9]. Membrane distillation (MD) stands out as a prevalent tech-
nology for recovering ammonia from seawater desalination and wastewater treatment [10].
An approach involving sweep gas membrane distillation was employed by Li et al. [11]
to successfully retrieve high concentrations of ammonia from wastewater, resulting in an
impressive 85.00% recovery rate. However, it is noteworthy that the considerable mainte-
nance costs associated with membrane use can impede overall process efficiency [12,13].
Mugwili et al. [5] explored an integrated approach, combining struvite crystallization and
breakpoint chlorination, to attain a remarkable 99.96% removal of ammonia from an initial
concentration of 6.51 mg/L. It was recommended to substitute breakpoint chlorination with
powdered activated carbon in the final treatment stage due to the production of undesirable
toxic chlorine by-products. Another study identified that a combination of ion exchange
and air stripping methods, utilizing sodium hydroxide (NaOH) for zeolite regeneration,
could achieve ammonia removal rates of up to 94.40% [14]. Yet, the regeneration of zeolites
remains a challenge, contributing to the overall process cost. Recovering ammonia from
Solvay process effluent poses a particularly arduous task due to its high energy demand.
Conventionally, NH4Cl was retrieved by heating the solution with calcium hydroxide
(Ca(OH)2) at temperatures ranging from 160 ◦C to 230 ◦C, as outlined in Equation (2) [1,15].
The liberated ammonia gas is subsequently recycled and reintroduced in the initial stage of
the Solvay process following Equation (1).

2NH4Cl + Ca(OH)2 → 2NH3(g) + 2H2O + CaCl2 (2)

Recently, Mohammad and colleagues [1] introduced an innovative approach for am-
monia recovery, specifically addressing the treatment of high-salinity brine as described in
Reaction (1). Notably, their method combines electrocoagulation and chemical dissociation
into a single-step process, conducted at moderate temperatures ranging from 23 ◦C to 43 ◦C,
which represents a significant departure from conventional heating techniques.

In their procedure, the treated brine is blended with calcium oxide (CaO) to elevate
the pH to approximately 12. Subsequently, the mixture undergoes a closed electroco-
agulation process within a specialized cell, employing a current density in the range of
5–15 mA/cm2 to enhance the dissociation of ammonia from the solution. The outcomes of
this novel approach have demonstrated an impressive ammonia recovery rate of 99.00%.
This development offers a promising alternative that overcomes the limitations of tradi-
tional heating-based methods. This method yields significant economic advantages in the
recovery of ammonia and the reduction in energy requirements. This process, conducted
at moderate temperatures, exhibits the potential to achieve an 80% reduction in energy
consumption, lowering it from 7.8 to 2.3 kWh/kg NH3, as compared to conventional pro-
cesses that necessitate the heating of Solvay effluents to temperatures within the range of
160–230 ◦C. In addition to the presence of ammonia (NH3), the occurrence of sulfate
in the form of sulfate ions (SO4

2−) within the reject brine constitutes an additional con-
cern. The sulfate concentration in desalination reject brine typically ranges from 4000 to
7000 mg/L [2,3]. It is critical to recognize that a sulfate concentration exceeding 600 mg/L
in discharged water has a detrimental impact on aquatic ecosystems. Consequently, it is
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imperative to implement treatment processes that effectively remove sulfate from discharge
water. Industrial discharges, in particular, should adhere to a sulfate concentration limit of
500 mg/L [16]. Several techniques have been proposed for sulfate removal, encompass-
ing adsorption, ion exchange, nanofiltration, reverse osmosis, electrodialysis, biological
treatment, and chemical precipitation [17,18]. However, each of these approaches exhibits
certain limitations. For example, chemical precipitation, while cost-effective, operates
slowly and generates a significant volume of waste [18–20]. Ion exchange raises economic
concerns, particularly regarding resin regeneration and associated costs [18–21]. Reverse
osmosis encounters membrane scaling and fouling issues, in addition to being an energy-
intensive process [22]. Biological methods offer a more cost-effective and environmentally
friendly alternative but suffer from slow kinetics and susceptibility to environmental con-
ditions, limiting their applicability [23,24]. Chibani and colleagues [25] explored sulfate
ion removal through the electrocoagulation process in aqueous solutions. Under optimal
conditions, including a current density of 10 mA/cm2, a pH value of 5, and an electrolysis
time of 60 min, they achieved a remarkable sulfate removal efficiency of 98.76%. Fur-
thermore, these same conditions resulted in a 60.00% reduction in sulfate concentration
in seawater. Huang et al. [26] employed a single-chamber bioelectrochemical system to
investigate sulfate removal from seawater with an initial concentration of 2200 ± 200 mg/L
under a current density of 3.4 ± 0.1 A/m3. The outcomes revealed a reduction in sulfate
concentration to 498 ± 25 mg/L. Another study [27] utilized a strong base ion exchange
resin, Amberlite IRA-400, to eliminate sulfate ions from flotation process water. The results
demonstrated that IRA-400 effectively removed 60.00% of sulfate from synthetic process
water containing 1500 mg/L sulfate. Tang et al. [28] examined sulfate recovery from mu-
nicipal nanofiltration concentrate through a two-step ion exchange membrane electrolysis
process, involving anion exchange membrane electrolysis followed by cation exchange
membrane electrolysis. This approach led to a reduction in sulfate anion concentration by
43.10%. Nevertheless, the application of this method is constrained by its limited sulfate
removal percentage. In yet another study [29], the electrocoagulation technique with iron
electrodes was applied to eliminate sulfate ions from mining water. The results indicated
the effectiveness of the electrocoagulation process, which removed over 80.00% of sulfate
ions and 100.0% of nitrates. Teng et al. [30] investigated the removal of silicon from oilfield
wastewater using an eco-friendly electrocoagulation process. The silicon content was found
to be reduced from 81.51 mg/L to 21.88 mg/L under optimal conditions of a pH of 6,
a reaction time of 20 min, a current density of 27 mA/cm2, and a temperature of 35 ◦C.
The application of lime is a cost-effective technique that has been used to precipitate the
sulfates from contaminated water [18]. However, the low removal efficiency is still a major
limitation due to the high solubility of precipitation products such as gypsum [18,31]. The
associated reactions of the common sulfate recovery process as gypsum (CaSO4) from water
using calcium hydroxide are shown with Equations (3) and (4) [18].

CaO + H2O→ Ca(OH)2 (3)

Ca(OH)2 + Na2SO4 → CaSO4 + 2NaOH (4)

Khorasanipour and colleagues [31] conducted a study on lime treatment applied to
contaminated water, characterized by an initial sulfate concentration ranging from 2000
to 3000 mg/L. Through lime treatment, a significant reduction in sulfate concentration
was achieved, with values decreasing to 800–900 mg/L as reported. Nariyan and co-
researchers [32] explored the combined use of chemical precipitation with lime treatment
and electrocoagulation for sulfate removal from Finnish mine water. Their efforts resulted
in a substantial decrease in sulfate concentration, dropping from 13,000 mg/L to 250 mg/L,
all while operating at a current density of 25 mA/cm2. The findings underscore the high
effectiveness of this hybrid approach, although there is room for optimizing electricity
consumption to enhance its practicality. Lee et al. [33] examined an electrodialysis approach
for the production of demineralized feed and ammonium sulfate from fermentation effluent
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waste, with a focus on mitigating membrane fouling using pulsed electric fields. Their
study demonstrates the promising potential of pulsed electric fields as an effective fouling
mitigation technique. Another study [34] investigated the separation of ammonia and
sulfate from the remaining organics in the wastewater using two methods, which are
ultrafiltration and electrodialysis. Their findings indicated that electrodialysis exhibited
greater selectivity and the ability to efficiently regenerate sulfuric acid and ammonium
hydroxide solutions while demonstrating minimal sugar or color migration across the
ion-exchange membranes.

In light of the existing body of literature, it becomes evident that many conventional
methods employed for the removal of ammonia and sulfate exhibit noteworthy limitations,
characterized by low removal efficiencies and demanding energy requirements. These
constraints may impose significant hindrances when contemplating their application on a
larger, industrial scale. Recognizing the strengths of individual technologies and addressing
their inherent weaknesses, our study endeavors to synergize and enhance performance.
Our approach involves a gradual amalgamation of two distinct processes: sulfate chemical
precipitation and ammonia stripping, both conducted within a closed electrocoagulation
cell where calcium oxide (CaO) is present and aluminum electrodes are employed. This
amalgamation replaces the use of separate or sequential treatment methods [2,3]. What
sets our research apart is its novelty, as it marks the inaugural instance of combining the
removal of sulfate and ammonia ions within a single integrated process. The primary
objectives underpinning this research are twofold. Firstly, we aim to develop a more
effective and economically viable technological solution. Secondly, we endeavor to optimize
the proposed process. This optimization is pursued by thoroughly investigating the impact
of various operational parameters, encompassing calcium oxide concentration, current
density, temperature, and mixing rate, on the percentage removal of both sulfate and
ammonia from the effluent brine originating from the Solvay process. Our study seeks
to bridge the gap between the limitations of conventional methods by crafting a novel,
integrated solution for the removal of these two significant ions.

2. Materials and Methods
2.1. Materials

Calcium oxide (CaO) with a purity of >99.00% was purchased from EuroLab Chem-
icals, Belgium. Air gas cylinders were obtained from the Abu Dhabi Oxygen Company,
United Arab Emirates (UAE). The brine effluent from the Solvay process was collected
from the UAE University Laboratory. The concentrations of sulfate and ammonia in the
Solvay effluent were 6051 ppm and 13,700 mg/L N, respectively. The sulfate analysis
was conducted using the SulfaVer 4 Method (10248) using a Hach spectrophotometer
(Hach-Lange DR5000). The reduction in the ammonia concentration was measured using a
HACH-Intellical™ ISENH3181 ammonia ion-selective electrode, Loveland, Colorado; as
for the nitrogen (N) concentration, it could easily be referred to as the NH4OH, NH4Cl, or
NH4HCO3 concentration [2,3]. Ammonia ionic strength adjustor (ISA) powder was used
as a regent, which was added to the tested sample.

2.2. Thermodynamic Analysis

HSC Chemistry software VER. 3.0 [35] was used to evaluate the Gibbs free energy and
heat of reaction at different reaction temperatures for ammonia removal, as reported else-
where [7], and for sulfate recovery using calcium oxide, as shown in Figure 1. The chemical
reaction of calcium cation ions and sulfate ions is described in the following Reaction.

Ca2+ + SO4
2− → CaSO4 (5)
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Figure 1. Enthalpy (—∆H) and Gibbs free energy (—∆G) of Equation (5) at the stoichiometric
molar ratio.

Equation (5) is spontaneous over a wide range of temperatures, as indicated by the
negative ∆G and the endothermic reaction (positive ∆H) in the temperature range of 0 to
100 ◦C.

2.3. Experimental Setup

For the execution of the combined approach for ammonia and sulfate recovery, a closed
electrocoagulation cell was employed, a method detailed in previous studies [1,2]. This
electrocoagulation cell comprised two vertical Plexiglas cylinders, each serving a distinct
purpose. The outer cylinder acted as a jacket, encompassing the inner one, which contained
the solution undergoing treatment. Water circulates within the jacket, primarily to regulate
and maintain the desired reaction temperature throughout the process. To enhance the
mixing within the reactor, a magnetic stirrer, configured with a specific rotational velocity,
was centrally positioned within the Plexiglas ring. Within the inner cylinder, rectangular
aluminum plates were installed as electrodes, strategically located at the center of the
top base. To initiate the electrocoagulation process, these electrodes were connected to a
power supply, delivering the requisite voltage for the procedure. The control of current
density was meticulously managed based on the delivered voltage and the surface area
of the electrodes submerged within the treated brine. This setup ensured the precise and
effective execution of the combined recovery approach. Within the central region of the
inner cylinder cover, two tubes were introduced. One of these extended down to the base
of the reactor to deliver the zero-air jet, while the second extended to a point above the
treated mixture, facilitating the release of the collected and reclaimed ammonia gas from
the reactor. The recovered ammonia gas is directed to a closed deionized water cell to
collect the ammonia gas in the form of ammonium hydroxide, which could be recycled
again as a source of ammonia solution for any proper application. The time during which
the current is applied is the same as adding CaO to the treated brine. At the end of each run,
the brine sample subjected to treatment was gathered and allowed to settle for 24 h under
ambient conditions, ensuring the full coagulation process. Subsequently, it underwent
filtration using a Buchner funnel filtration kit to separate the coagulated solids. Following
filtration, all solid by-products were subjected to a 24 h drying period in an oven at 120 ◦C.
Figure 2a,b illustrate both a schematic representation of the electrocoagulation cell and
an actual image depicting the collected solids after the combined process. The schematic
diagram for the proposed process is illustrated in Figure 3.
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2.4. Process Description and Involved Reactions

The compact SO2−
4 precipitation and NH3 stripping in the presence of CaO inside

the electrocoagulation cell involve passing the current through aluminum electrodes and
generating the cathodic and anodic chemical reactions according to the chemical reactions
given below.

The anode dissolution, which results in electrodes ions Al3+
(aq):

Al(s) → Al3+
(aq) + 3e− (6)

Water electrolysis, which results in hydrogen gas and hydroxide ions:

2H2O(aq) + 2e− → H2(g) + 2OH− (7)
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The first step of the coagulant formation in its initial form:

Al3+
(aq) + OH−(aq) →Al(OH)3(s) (8)

The cathode electrode reaction during the electrocoagulation results in the formation
of ammonia gas, as shown in Equation (9), and that is the main process for the removal of
ammonium ions (NH4

+).

2 NH4
+ + 2e− → 2NH3(g) + H2(g) (9)

For the sulfate removal, the ions formed in the anodic dissolution reaction, according
to Equation (6) Al+3

(aq), are promoting the chemical precipitation and providing more
driving force to precipitate the sulfate content as follows:

3Ca(OH)2(s) + 2Al3+
(aq) + 3SO4

2− → 2Al(OH)3(s) + 3CaSO4(s) (10)

2.5. Experimental Design

In the quest to optimize the recovery of both ammonia and sulfate, a systematic ap-
proach was adopted. Each response, pertaining to ammonia and sulfate recovery, was
meticulously evaluated within defined ranges of independent process parameters. These
parameters encompassed reaction temperature, current density, and calcium oxide con-
centration. To facilitate this extensive process analysis, the software Minitab 17.0 was
employed. In pursuit of optimization, central composite design (CCD) was utilized [36], a
methodology that permits the effective exploration of four key process variables: calcium
oxide concentration (◦C), current density (CD), reaction temperature (T), and mixing flow
rate (MFR). Each of these variables was assessed across five distinct levels, as detailed in
Table A1. To assess the reliability and robustness of the model, a thorough examination
was conducted. The lack of fit was scrutinized, and the optimal model was discerned
through the application of the analysis of variance methodology (ANOVA). Mathemati-
cal relationships were then established, linking the investigated factors to ammonia and
sulfate removal. These relationships served as the foundation for describing the selected
variables, ultimately culminating in the attainment of optimum recovery conditions. The
experimental data were subsequently fitted through the utilization of a second-order re-
gression model, providing a response equation that characterizes the intricate interplay of
variables [37]. The response optimizer tool within the Minitab software played a pivotal
role in this optimization process. It defined desirability by setting it to a value of 1.0, with
the ultimate goal being the maximization of all tested responses. This systematic and
data-driven approach underpins the precision and efficiency of the research methodology
employed in this study.

2.6. Solid Precipitate Characteristics

The optimal parameters were determined through practical experimentation, and
the resultant solid product underwent filtration and was subsequently subjected to a
120 ◦C drying process lasting for 24 h. To analyze the dried solid samples, continuous
X-ray diffraction (XRD) scans were conducted using a panalytical diffractometer, covering
a range from 10◦ to 100◦ (2θ) min−1, with a step size of 0.013◦ and a scanning rate of
2◦ 2θ min−1. Additionally, scanning electron microscopy (SEM) images of the solid samples
were captured.

3. Results
3.1. Process Parameters’ Effect on the Ammonia and Sulfate Removal

An analysis of the interaction impacts of process parameters on the experimental
response was carried out through the demonstration of 3-D surface plots. These plots were
created by varying two independent parameters while holding the remaining variables at a
constant value.
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3.1.1. Effect of Calcium Oxide Concentration

The effect of calcium oxide concentration on ammonia and sulfate removal is shown
in Figure 4a,b, respectively. Increasing the calcium oxide concentration increases the
ammonia and sulfate removal to a certain limit, which is related to the increase in reaction
rate to reach its maximum performance. A negative effect has been observed at high
calcium oxide concentrations, which is related to the ion transfer limitation because of the
increase in mixture density. The maximum ammonia removal percentage was achieved
at a calcium oxide concentration of 3–3.5 g/L, which results in high concentrations of
hydroxyl ions. This promotes the formation of solid calcium sulfate and ammonia stripping
simultaneously [20,38].
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Figure 4. The 3-D plots of the effect of current density and calcium oxide concentration on (a) ammo-
nia removal% and (b) sulfate removal%.

The concentration of brine salts, including CaCl2 and NaCl, and their influence on
the proposed combined approach are critical parameters that require investigation. This
is particularly significant given the approach’s goal of efficiently removing sulfate and
ammonia content from brine to enhance the desalination process and facilitate CO2 capture
in subsequent treatment stages. By eliminating competitive species like ammonia and
sulfate, the combined approach aims to improve its overall performance. To gain a more
comprehensive understanding of the impact of the actual concentrations of these salts in
brine on the effectiveness of the combined process, further investigation is warranted. This
aspect will be a vital focus for future studies.

3.1.2. Effect of Current Density

The effect of current density on ammonia and sulfate removal is illustrated in Figure 5a,b,
respectively. It is clear that increasing the current density has a positive effect on ammonia
removal. As the current density increases, the ion flux between the electrodes increases,
which is combined with increasing the temperature of ammonia stripping [38]. On the other
hand, increasing the current density will have a positive impact on the sulfate removal for a
certain limit, where increasing the current density to more than 20 mA/cm2 may introduce
a negative effect because of the increased calcium sulfate solubility.
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Figure 5. The 3-D plots of the effect of current density and temperature on (a) ammonia removal%
and (b) sulfate removal%.

3.1.3. Effect of Temperature

As depicted in Figure 6a,b, increasing the temperature enhances ammonia stripping,
but with a specific limit for sulfate removal. The solubility of the formed calcium sulfate
solids plays a significant role in the removal efficiency as well as the type of formation
reaction (endothermic reaction). From the experimental results, it was clear that at low
temperatures (10–25 ◦C), increasing the temperature will increase the rate of reaction and
form more calcium sulfate in the solid state; however, increasing the temperature beyond
25 ◦C, up to 40 ◦C, will increase the solubility of the solids, as shown in Figure 7. This
figure depicts the change in calcium sulfate solubility in water, which deviates from the
experimental results obtained where calcium sulfate solubility differs in brine due to the
effect of salt concertation on the solubility of the products. From Figure 7, it is clear that
operating the combined approach at a higher temperature (more than 40 ◦C) will have a
positive effect on both responses; however, a high operational cost should be expected, and
this decreases the process’s applicability. It was found that increasing the temperature to
more than 30 ◦C has a positive effect on the process efficiency by decreasing the sulfate
solubility, and increasing the temperature up to 35 ◦C increases the sulfate removal to the
maximum, as shown in Figure 6b.
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Figure 6. The 3-D plots of the effect of calcium oxide concentration and temperature on (a) ammonia
removal% and (b) sulfate removal%.
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Figure 7. Solubility of calcium sulfate as a function of temperature (◦C) “Adapted with permission
from Ref. [39]. 2023, Elsevier”.

3.1.4. Effect of Mixing Rate

Figure 8a,b demonstrate the 3-D plots of ammonia and sulfate removal as a function of
mixing flow rate, respectively. In general, ammonia removal was enhanced by increasing
the mixing rate. This can be related to the decrease in gas transfer resistance (limitations)
inside the mixture bulk. For sulfate removal, a double effect for mixing rate was observed;
this can be related to the interaction effect between other factors, where in one case, in-
creasing the mixing rate up to 2 R/s increases the sulfate removal due to enhancing ion
transfer, while further increases in mixing rates show a negative effect due to increasing
the solubility of the formed solid product (calcium sulfate).
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Figure 8. The 3-D plots of the effect of calcium oxide concentration and mixing flow rate on (a) am-
monia removal% and (b) sulfate removal%.

3.2. RSM Methodology

Four variables were studied at the maximum and minimum levels of +1 and−1, respec-
tively [37]: calcium oxide concentration (2–3 g/100 mL), current density (10–20 mA/cm2),
reaction temperature (20–30 ◦C), and mixing rate (1–2 R/S). Ammonia and sulfate removal
were calculated as the target responses. The maximum ammonia and sulfate removal
were 99.80% and 97.40%, respectively, while the minimum ammonia and sulfate removal
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were 91.00% and 92.30%, respectively. Experimental conditions, experimental results, and
predicted results according to the CCD design are shown in Table A2.

The second-order regression equation provided the levels of ammonia and sulfate
removal as a function of CaO concentration, current density, temperature, and mixing ratio,
which can be expressed with the following equations:

Ammonia Removal% = 68.84 + 18.56 X1 + 0.440 X2 − 0.450 X3 + 0.28 X4 − 2.469 X1
2 − 0.00174 X2

2 + 0.01176 X3
2

+ 0.396 X4
2 − 0.1178 X1X2 − 0.0377 X1X3 + 0.133 X1X4 + 0.00613 X2X3 − 0.0447 X2X4 − 0.0307 X3X4

(11)

Sulfate Removal% = 42.57 + 22.27 X1 + 1.826 X2 + 0.322 X3 + 9.98 X4 − 3.892 X1
2 − 0.06051 X2

2 − 0.00863 X3
2

− 2.583 X4
2 + 0.0260 X1X2+ 0.0285 X1X3 − 0.430 X1X4 − 0.00550 X2X3 + 0.0185 X2X4- 0.0450 X3X4

(12)

3.3. Analysis of Variance and Model Fitting

ANOVA for the response surface second-order polynomial model of ammonia and
sulfate removal is listed in Tables A3 and A4, respectively. A statistically valid model
was established, indicated by a p-value less than 0.05 and a lack of fit that proved to be
statistically insignificant, possessing a p-value exceeding 0.05. Among the notable factors,
CaO concentration, current density, and temperature demonstrated statistical significance
with p-values below 0.05. Strong consistency was observed in the ammonia and sulfate
removal models, with the predicted R-squared values (0.974 and 0.9897) closely aligning
with the adjusted R-squared values (0.9514 and 0.9808) for each, respectively.

The model equations in terms of significant factors can be shown as the following:

Ammonia Removal% = 68.84 + 18.56 X1 + 0.440 X2 − 0.450 X3 − 2.469 X1
2 + 0.01176 X3

2 − 0.1178 X1X2 (13)

Sulfate Removal% = 42.57 + 22.27 X1 + 1.826 X2 + 0.322 X3 − 3.892 X1
2

− 0.06051 X2
2 − 0.00863 X3

2 − 2.583 X4
2 (14)

The residual analysis plots shown in Figure 9a–d confirm the model’s adequacy.
Figure 4a,b show that there were no outliers for either response, as all residuals fell within
the range of −1 to + 1 and were randomly distributed around zero. The fluctuation also
indicates that the residuals are independent of one another and have a constant variance.
The data are normally distributed, as shown in Figure 9c,d. This indicates a high degree of
correlation between the observed values and predicted values.
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3.4. Process Optimization

The optimization of reaction parameters to achieve a target ammonia and sulfate
removal of 100.0% was executed using a response surface optimizer, following the specific
criteria outlined in Table A5 [1]. The optimum responses of 99.80% and 97.40% for ammonia
and sulfate removal, respectively, were observed at a calcium oxide concentration of
3.5 g/100 mL, a current density of 19.95 mA/cm2, a temperature of 35 ◦C, and a mixing rate
of 0.76 R/s, as shown in Figure 10. A composite desirability score of (1) was documented,
indicating that the response closely aligns with the desired target. [4].
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Figure 10. The optimum calcium oxide concentration, current density, temperature, and mixing rate
to have maximum ammonia and sulfate removal.

3.5. Optimum Conditions Validation

The experimental and forecasted outcomes exhibit remarkable proximity and fall well
within the 95.00% confidence interval, underscoring the model’s exceptional predictive
capacity regarding process performance across varying conditions. [4]. The experimental
and predicted ammonia and sulfate removals at the optimum conditions are listed in
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Table A6. Figure 11 demonstrates the experimental results, which are in good agreement
with the predicted data from the CCD-RSM responses. These data were used before to
generate the 3-D plots, as shown in Section 3.1.
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3.6. Solid Characteristics at Optimum Conditions

The optimal conditions, characterized by a calcium oxide concentration of 3.5 g/100 mL,
a current density of 19.95 mA/cm2, a temperature of 35 ◦C, and a mixing rate of 0.76 R/s,
were subjected to experimental testing. The resultant solid product was subsequently filtered
and subjected to a 24 h drying process at a temperature of 120 ◦C. An X-ray diffraction (XRD)
analysis was conducted on the retrieved product, spanning from 10◦ to 100◦ (2θ). Figure 12
displays the XRD analysis for the solid products. The spectra reveal the presence of calcium
sulfate in the sample, as indicated by the intensity of the most prominent peak for sulfate
minerals in their pure state [40].
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Figure 12. XRD analysis for the recovered solid products from the combined approach at the optimum
condition for maximum ammonia and sulfate removal for 2θ ranging from 10 to 100◦.
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The SEM analysis confirms the formation of calcium sulfate, as it has a rectangular,
parallelepiped-shaped crystal resembling a needle-like shape [41], as shown in Figure 13.
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3.7. Combined Process Feasibility

The cost of the combined process, considering the consumption of the aluminum elec-
trode, includes many factors such as electrode replacement frequency, energy consumption,
and the type of alkaline selected. To provide an accurate cost estimation, an economic anal-
ysis that considers these factors will be required. In comparison with traditional methods,
the cost advantage of the combined process is presented by reducing energy consumption
and enhancing the efficiency of ammonia and sulfate removal. The compact process utilizes
alkaline materials to minimize energy input, which reduces the operational costs. The exact
cost evaluation needs to define the optimum operating conditions, pricing of materials,
and energy costs.

4. Conclusions

Most of the technologies used to manage the recovery of sulfate and ammonia face
major challenges, including high energy consumption and limited removal efficiency. Com-
bining the recovery of sulfate and ammonia in a single process, namely the electrochemical
coagulation process, is considered an innovative idea. Instead of employing a series of
separate treatment steps, this was achieved through the gradual integration of two tech-
nologies: a sulfate chemical precipitation process and ammonia stripping taking place
within a sealed electrocoagulation cell in the presence of CaO. The current research utilized
the effluent stream from the Solvay process due to its significant content of sulfate and
ammonia. CCD was used in conjunction with RSM to develop statistical models and opti-
mize the combined process for maximum sulfate and ammonia removal. The effects of four
process variables on the responses were investigated: calcium oxide concentration, current
density, temperature, and mixing rate. The developed quadratic model was adequate and
provided a good fit for percentage removal for both sulfate and ammonia. The maximum
ammonia and sulfate removals were 99.50% and 96.03%, respectively, at a calcium oxide
concentration of 3.5 g/100 mL, a current density of 19.95 mA/cm2, a temperature of 35 ◦C,
and a mixing rate of 0.76 R/s. The process is considered to be cost- and energy-efficient
compared to the traditional method. Furthermore, the recovered ammonia gas can be
recycled into the Solvay process. The XRD and SEM analyses confirmed the production of
calcium sulfate, which has numerous industrial applications. Furthermore, the developed
process could be expanded and applied to any wastewater sources containing high levels
of sulfate and ammonia.
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Appendix A

Table A1. Range and level of process variables for CCD runs.

Level

Factors Tag Symbol Units −α −1 0 +1 +α
CaO concentration C X1 g/100 mL 1.5 2 2.5 3 3.5
Current density CD X2 mA/cm2 5 10 15 20 25
Temperature T X3 ◦C 15 20 25 30 35
Mixing rate MFR X4 R/S 0.5 1 1.5 2 2.5

Table A2. CCD experimental design, the measured and predicted responses.

# X1 X2 X3 X4 Ammonia
Removal% Exp.

Ammonia
Removal% Pred.

Sulfate
Removal% Exp.

1 2.5 15 25 1.5 97.89 97.28 95.61

2 3 20 30 1 99.46 99.94 95.24

3 3 10 30 1 98.23 98.21 96.42

4 2 10 20 1 93.48 93.25 95.21

5 2.5 15 25 1.5 97.04 97.28 95.77

6 2.5 15 25 1.5 97.53 97.28 95.22

7 3 10 20 1 97.62 97.66 96.03

8 3 10 20 2 98.41 98.46 96.87

9 3.5 15 25 1.5 98.91 98.51 97.41

10 2.5 15 25 1.5 97.44 97.28 95.02

11 3 10 30 2 98.87 98.70 96.07

12 2.5 15 25 1.5 96.93 97.28 95.22

13 2 20 20 1 95.37 95.54 92.42

14 2.5 15 35 1.5 99.8 99.34 95.03

15 2 10 20 2 94.39 93.91 94.91

16 3 20 30 2 99.43 99.99 95.42

17 2 20 20 2 95.42 95.76 93.78

18 2.5 15 15 1.5 97.43 97.56 96.42

19 1.5 15 25 1.5 91.03 91.10 93.74

20 3 20 20 1 98.74 98.78 95.034

21 2.5 15 25 1.5 97.11 97.28 95.89

22 2 10 30 2 94.25 94.53 93.24
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Table A2. Cont.

# X1 X2 X3 X4 Ammonia
Removal% Exp.

Ammonia
Removal% Pred.

Sulfate
Removal% Exp.

23 2.5 5 25 1.5 94.82 95.31 92.73

24 2.5 15 25 2.5 98.21 98.03 94.21

25 2.5 15 25 1.5 96.99 97.28 95.34

26 2.5 25 25 1.5 99.71 98.89 92.33

27 2 20 30 1 96.81 97.08 92.41

28 3 20 20 2 98.99 99.13 93.58

29 2 20 30 2 97.03 96.99 94.67

30 2 10 30 1 94.31 94.17 93.56

31 2.5 15 25 0.5 97.46 97.32 94.03

Table A3. ANOVA analysis for ammonia removal%.

Source DF Adj
SS

Adj
MS F-Value p-Value

Model 14 124.436 8.888 42.97 0.000
Linear 4 107.071 26.768 129.39 0.000
X1 1 82.325 82.325 397.96 0.000
X2 1 19.207 19.207 92.84 0.000
X3 1 4.779 4.779 23.10 0.000
X4 1 0.760 0.760 3.67 0.073
Square 4 15.148 3.787 18.31 0.000
X12 1 10.899 10.899 52.69 0.000
X22 1 0.054 0.054 0.26 0.615
X32 1 2.470 2.470 11.94 0.003
X42 1 0.280 0.280 1.35 0.262
2-Way Interaction 6 2.217 0.370 1.79 0.166
X1X2 1 1.387 1.387 6.70 0.020
X1X3 1 0.143 0.143 0.69 0.419
X1X4 1 0.018 0.018 0.08 0.775
X2X3 1 0.375 0.375 1.81 0.197
X2X4 1 0.200 0.200 0.97 0.340
X3X4 1 0.095 0.095 0.46 0.509
Error 16 3.310 0.207
Lack-of-Fit 10 2.557 0.256 2.04 0.198
Pure Error 6 0.753 0.126
Total 30 127.746

Table A4. ANOVA analysis for sulfate removal%.

Source DF Adj
SS

Adj
MS F-Value p-Value

Model 14 176.903 12.636 110.28 0.000
Linear 4 86.584 21.646 188.92 0.000
X1 1 64.066 64.066 559.16 0.000
X2 1 0.702 0.702 6.13 0.025
X3 1 21.240 21.240 185.38 0.000
X4 1 0.576 0.576 5.03 0.039
Square 4 89.446 22.361 195.17 0.000
X12 1 27.072 27.072 236.28 0.000
X22 1 65.438 65.438 571.13 0.000
X32 1 1.333 1.333 11.63 0.004
X42 1 11.929 11.929 104.11 0.000
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Table A4. Cont.

Source DF Adj
SS

Adj
MS F-Value p-Value

2-Way Interaction 6 0.873 0.146 1.27 0.325
X1X2 1 0.068 0.068 0.59 0.454
X1X3 1 0.081 0.081 0.71 0.412
X1X4 1 0.185 0.185 1.61 0.222
X2X3 1 0.302 0.303 2.64 0.124
X2X4 1 0.034 0.034 0.30 0.592
X3X4 1 0.202 0.203 1.77 0.202
Error 16 1.833 0.115
Lack-of-Fit 10 1.266 0.127 1.34 0.374
Pure Error 6 0.567 0.095
Total 30 178.736

Table A5. Optimization criteria for ammonia and sulfate removal approach.

Response Goal Lower Target Upper Weight Importance

Ammonia
removal% Maximum 91.03 99.80 99.80 1 1

Sulfate
removal% Maximum 92.33 97.41 97.41 1 1

Table A6. Validation test results for CCD design and optimizer outputs.

Optimizer
Output

X1 X2 X3 X4 Ammonia
Removal% Pred.

Ammonia
Removal% Exp.

Ammonia
95% CI

3.5 19.95 35 0.76 99.80 99.30 98.82–100
3.5 19.95 35 0.76 99.80 99.50 98.82–100

Optimizer
Output

X1 X2 X3 X4 Sulfate
Removal% Pred.

Sulfate
Removal% Exp.

Sulfate
95% CI

3.5 19.95 35 0.76 97.41 97.56 94.46–100
3.5 19.95 35 0.76 97.41 96.03 94.46–100
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