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Abstract: In this research, the influence of a variety of operational factors such as the temperature
of the reaction, gas flow rate, concentration of NaCl, and the amount of Ca(OH), for reducing the
environmental impacts of desalination reject brine using the calcium oxide-based modified Solvay
process were investigated. For this purpose, response surface modeling (RSM) and central compo-
site design (CCD) were applied. The significance of these factors and their interactions was assessed
using an analysis of variance (ANOVA) technique with a 95% degree of certainty (p <0.05). Optimal
conditions for this process included: a temperature of 10 °C, a Ca(OH)./NaCl concentration ratio of
0.36, and a gas flow rate of 800 mL/min. Under these conditions, the maximum sodium removal
efficiency from the synthetic sodium chloride solution was 53.51%. Subsequently, by employing the
real brine rejected from the desalination unit with a 63 g/L salinity level under optimal conditions,
the removal rate of sodium up to 43% was achieved. To investigate the process’s kinetics of Na
elimination, three different kinds of kinetics models were applied from zero to second order. R
squared values of 0.9101, 0.915, and 0.9141 were obtained in this investigation for zero-, first-, and
second-degree kinetic models, respectively, when synthetic reject saline reacted. In contrast, accord-
ing to R squared’s results with utilizing real rejected brine, the results for the model of kinetics were:
R squared = 0.9115, 0.9324, and 0.9532, correspondingly. As a result, the elimination of sodium from
real reject brine is consistent with the second-order kinetic model. According to the findings, the
calcium oxide-based modified Solvay method offers a great deal of promise for desalination of brine
rejected from desalination units and reducing their environmental impacts. The primary benefit of
this technology is producing a usable solid product (sodium bicarbonate) from sodium chloride in
the brine solution.

Keywords: modified Solvay process; water desalinization; brine; Na removal; sodium bicarbonate

1. Introduction

Water is necessary as a raw material for life on Earth [1]. Today, water pollution has
led to the severe destruction of resources and degradation of environmental growth, hu-
man nutrient levels, and economic conditions. To protect natural resources from pollu-
tion, domestic water and wastewater regulations have been introduced for the use of wa-
ter and sewage in cities as an effective method [2]. To address the freshwater shortage to
survive on Earth, desalination of seawater is essential, but this technology has faced se-
vere limitations since its inception. One of the main factors limiting the growth and
productivity of desalination is salinity [3]. The salinity of water affects its quality; a high
salt concentration leads to turbidity, so this type of pollution prevents light from entering
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the water and impedes photosynthesis [4]. Emissions of carbon dioxide are also a signifi-
cant environmental problem. In terms of global warming, carbon dioxide is the most po-
tent greenhouse gas. Carbon dioxide emissions from fossil fuel-based power plants ac-
count for over 60% of all CO2 emissions in the atmosphere [5].

Several scientific studies around the world are trying to remove these limitations and
expand the desalination industry. Today, as Persian Gulf countries are trying to reduce
the emission of greenhouse gases such as carbon dioxide, they have accepted the proposal
of Carbon Capture and Storage (CCS) and are looking for ways to cooperate [6,7]. By 2030,
Europe’s energy road plan calls for a 40% decrease in greenhouse gas (GHG) emissions,
which can only be accomplished through CCS technology [8,9].

Capturing CO:z by chemical solvents is one of the most intriguing methods for reduc-
ing the growing levels of global warming gases in the atmosphere. Amines and ammonia
are the most commonly employed CO2 capture solvents [10,11]. One of the major draw-
backs of the main Solvay process is the presence of ammonia, which can pose a threat to
both the environment and human health. A high level of ammonia exposure can result in
severe burns to the skin, nose, throat, and breathing system [12].

Modified Solvay processes are used to desalinate brine discharged from desalination
units and convert sodium chloride salt into useful carbonate products [12]. This ammonia-
free Solvay method uses carbon dioxide to react with saline water (reaction 1). The ad-
vantages of the calcium oxide-based modified Solvay method include the use of calcium
oxide instead of risky ammonia, reducing energy consumption, operational activities, and
operating costs. This technique has the dual advantage of lowering sodium levels in the
reject brine while also lowering carbon dioxide emissions in the environment [13]. A cal-
cium oxide-based Solvay scheme is shown in Figure 1.

2NaCl + 2C0, + Ca(OH), — CaCl, + 2NaHCO, 1)

Numerous studies have been performed on methods that can capture carbon dioxide
and also reduce the salinity of saline water rejected from desalination units [14-17]. Mo-
hammad et al. [18] developed a novel Solvay technique for recovering large concentra-
tions of ammonia from water in the form of NH4Cl, NH,OH, and (NH4)2COs. The Solvay
effluent with an initial ammonia content of 13,700 mg/L was reduced to 190 mg/L. A 77.1%
ammonia recovery in NH,OH form was also accomplished. Mourad et al. [19] considered
a modified Solvay process based on potassium hydroxide that could simultaneously cap-
ture carbon dioxide and reduce the reject brine ions. At relatively high temperatures, the
Solvay method was tested for its capacity to reduce brine salinity. The effect of various
operating parameters on CO: capture and ion removal was investigated and optimized
by applying CCD-RSM design [20]. These factors included pressure, KOH concentration,
temperature, and CO: gas flow rate. In another study [21], they looked at the effects of
potassium hydroxide and aluminum oxide on the pH level, CO: capture capacity, and ion
reduction. Mustafa et al. [22], in a review paper, presented various methods to manage
pollutants such as carbon dioxide and reject brine. They argued that a single chemical
reaction would be the most efficient method of dealing with these contaminants. A pro-
cess was proposed by Dindi et al. [23] for the treatment of brine wastewaters rejected from
desalination units in combination with CO: capture and using NaHCOs. The results
showed that for each kg of the carbonated solution, the carbon absorption capacity of 1.86
mol and the NaHCO: yield of 44 g were obtained. Sodium and chloride concentrations in
brine decreased by 20% and 70%, respectively. Muftah et al. [24] compared the traditional
(ammonia-based) and calcium hydroxide-based modified Solvay processes. These pro-
cesses captured 86% and 99% of carbon dioxide and removed 29% and 35% of sodium,
respectively. Dindi et al. [25] evaluated several alkylamines, including MEA (99%), 2-
Amino 2- Methyl propanol (99%), Methyl diethanolamine (MDEA), and Piperazine (99%)
to replace ammonia as a carbon dioxide absorbent in the Solvay process. According to the
results, by increasing the sodium concentration from 0.6 to 1.8 M, the amine concentration
by 30 wt.%, and the temperature of 23 °C as the lowest one, the greatest conversion of
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sodium to bicarbonate and the highest carbon dioxide uptake were found. Huang et al.
[26] investigated a modified Solvay process called the Dual Alkali Approach. In this
method, two types of amines, including Methyl Amino Ethanol (MAE) and Mono Ethanol
Amine (MEA), were studied as an alternative to ammonia in the traditional Solvay pro-
cess. MAE performed better than the other one. With activated carbon, they were also able
to recover ammonia from ammonium chloride solution in the main Solvay process.

This study’s objective is to simultaneously use saline wastewater from desalination
plants and carbon dioxide from the power plant as hazardous environmental factors in
the modified Solvay process to convert saline into useful carbonate products, such as so-
dium bicarbonate. Therefore, another product will be low salinity water suitable for irri-
gation. The novelty of this study is the use of real and synthetic brine with very high sa-
linity (60-120 g/L) and achieving an acceptable amount of salt removal at a low tempera-
ture. The effect of various factors on the removal of sodium in brine and its sedimentation
as sodium bicarbonate solid by the modified Solvay process based on calcium oxide and
without the use of ammonia is evaluated. These parameters include: different concentra-
tions of sodium chloride, temperature, various concentrations of calcium hydroxide, and
gas flow rate. Then, the optimum conditions for the removal of sodium from brine were
determined before applying it to the real desalination reject brine.

CO; Free Gas
Solid Product
—
Ca(OH); or CaO
7
2 '
Bubble L
\/ Column 4 )
R Filter
—> b 4 o
High Salinity Water
L »

Low Salinity Water

CO: Contaminated Gas

Figure 1. Scheme of the Solvay process based on calcium oxide.

2. Materials and Method
2.1. Experimental Setup

In the modified Solvay process, a bubble column reactor is used. For gas-liquid sys-
tems, bubble columns are used as strippers and absorbers. Bubble column reactors are
commonly implemented because of their simplicity of construction, maintenance, and
lack of mechanical parts. Furthermore, the slow reaction inside these reactors can increase
the liquid holdup, the high surface area, and, finally, enhance the overall mass transfer
coefficient. The double-walled reactor in this study is made of Pyrex, with a height of 40
cm, an inner diameter of 8 cm, and a distance of 0.5 cm between the double-walled. The
reactor lid is made of Teflon with a diameter of 10 cm, which is placed on top of the reactor
to prevent the release of gases used in the process. Two rotameters made in Germany are
used to adjust the flow ratio of 10% carbon dioxide gas to 90% air. Air stone is used to
produce small gas bubbles in the liquid inside the reactor to mix and better contact the
gas with the solution and perform the reaction.
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Based on the experimental design, the amount of sodium chloride and calcium hy-
droxide salt was accurately measured. The mixture was then poured into a 2000 mL Er-
lenmeyer flask filled with one liter of distilled water. This solution is then placed in an
Erlenmeyer containing the magnet and stirred for 10 min at 800 rpm and 25 °C for better
mixing. Once the solution is transferred to the magnetic stirrer, it is placed in a double-
walled reactor with a magnet. The reactor operates in a semi-batch state; the continuous
operation is specialized for the gas state, while the batch one is for the liquid. To prevent
precipitation of the mixture and to ensure good mixing, the stirrer is continuously ad-
justed and turned on at 500 rpm. The temperature of the water bath is then adjusted to
achieve the desired temperature. By connecting the outlet hose of the water bath to the
inlet of the second wall of the reactor, the outlet water of the wall is returned to the water
bath to readjust the temperature. Throughout the process, this procedure is repeated. To
avoid temperature loss, the reactor is well covered with aluminum foil. The flow-meter is
then used to set the 10 to 90 ratio of the carbon dioxide gas flow rate entering the reactor
to the dry air. Thus, the conversion of the required units was performed by stoichiometry.
The modified Solvay process starts as soon as the gas enters the reactor. Based on the
studies, 4 h was determined as the appropriate time for the process [24]. At the beginning
and during operation, the pH of the solution is accurately measured. At the end of the
processing time, the solution is transferred to a beaker, then filtered to precipitate the solid
product and allowed to dry at room temperature. The electrical conductivity of the resid-
ual water is also measured to determine the concentration of the remaining salt. The ex-
perimental setup of the modified Solvay process is shown in Figure 2.

[= I~
|eo

Brine and Ca(OH):
mixture 7

e, | Solid Product (sodium bicarbonate)
G
R ) \
- F

Low Salinity Water

Figure 2. Experimental setup of modified Solvay process: 1 —Double-walled Pyrex reactor, 2—pH
electrode, 3—pH meter, 4—air stone, 5—magnetic stirrer, 6—water bath, 7—Filter, P—pressure
gauge, R—rotameter.

2.2. Experimental Materials

NaCl is used in the preparation of synthetic saline solutions required by the modified
Solvay process. The NaCl was prepared with 99% purity from Dr. Mojallali Industrial
Chemical Complex Co., Iran. Ca(OH); is also used as an alkali to improve the deposition
of sodium bicarbonate and was purchased with 93% purity from Bushehr Hydrated Lime
Co., Iran. Two 10-L cylinders, one containing carbon dioxide and the other containing dry
air with 99.9% purity, were produced by Lian Oxygen Aria Company, (Bushehr, Iran).
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2.3. Design of Experiment for Modified Solvay Process

Examining a large number of variables with slightly different ranges boosts the num-
ber of experiments and raises cost and time. The central composite design based on the
response surface method overcomes this limitation. It allows quantitative modeling of the
simultaneous relationship of several independent variables with a dependent variable
with the minimum number of possible experiments. Response surface method is a com-
bination of statistical and mathematical methods that predicts or optimizes the response
variable by designing an appropriate number of experiments and combining their results
through multivariate analysis [27,28].

In this study, experiments designed based on a central composite design (CCD) by
Response Surface Methodology (RSM) in experimental design software to investigate the
effects of various factors such as initial salt concentration (X1, 60, 75, 90, 105, and 120), gas
flow rate (10% CO:z and 90% air, X2, 20, 375, 550, 725 and 900), temperature (X3, 10, 17.5,
25, 32.5 and 40), calcium hydroxide concentration (X4, 10, 17.5, 25, 32.5 and 40), on the
removal of sodium (response: RE) from synthetic brine during the modified Solvay pro-
cess, which was conducted by determining the optimum conditions at the real desalina-
tion reject brine. A summary of these results can be seen in Table 1. To find out how many
experiments were performed, the formula N = k2 + 2k + ¢p is used; here, N denotes the
number of samples; k is the factor number, and (cp) is the replicate number of the central
point [29]. Thirty-one experiments were calculated to be necessary. A second-order poly-
nomial equation (Equation (2)) depicts the relationship between the answer (Y) and the
variables (Xk); Y is commonly dependent on several variables that are encoded [30]:

Y =bo+ biX1 + ... + biXk + b12X1X2 + b1sX1Xs + ... + br-1,xXk-1Xk + buuXi2 + ... + buaXi? + € (2)

The polynomial model’s coefficients are denoted by the symbols: bo (fixed number)
and bo, by,... by, (effects of linearity), bis, ... b (2nd-order effects), and biz, bis, ..., br-1k
(interaction effects) [31]. The importance of each term in the regression equation was de-
termined, and the model’s expressions of importance were identified using ANOVA anal-
ysis for each answer.

The removal efficiency factor (RE) was used to evaluate the performance of this pro-
cess. Accordingly, Equation (3) shows the percentage of sodium removed from the brine
and its conversion to solid sodium bicarbonate during the modified Solvay process.

CO_

RE(%) = € % 100 3)

0

In this equation, Co and C are the primary and secondary concentrations of sodium,
respectively [32].

Table 1. Selected factors and levels for designing experiments of the modified Solvay.

Surfacel Surface2  Surface3  Surface4  Surface5

X1: Salt concentration (g/L) 60 75 90 105 120

X2: gas flow rate (mL/min) 20 375 550 725 900

X3: Temperature (°C) 10 17.5 25 32.5 40

X4: Calcium hydroxide concentration (g/L) 10 17.5 25 32.5 40

2.4. Drawing a Calibration Chart and Converting Electrical Conductivity to Total Soluble Solids

Due to a large number of experiments and the high salt content, it was better to use
an electrical conductivity meter (EC meter) to measure sodium chloride concentration in
water. Therefore, to determine the electrical conductivity of the solution and convert it to
total soluble solids, its calibration diagram should be drawn. Hence, the NaCl salt was
placed in an oven at 100 °C for 4 h to remove moisture. Solutions with a concentration of
10,000 to 120,000 mg/L of sodium chloride salt were then prepared, and their electrical
conductivity was measured. Following that, the concentrations for 10,000 to 50,000 mg/L
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(Figure 3A) and 60,000 to 120,000 mg/L (Figure 3B) were depicted in two graphs. Using
the chart of linear equation, the conductivity measured in the individual test steps can be
converted into the total salt dissolved in it. Considering that both the input and output
solution of the process contains sodium chloride salt as well as calcium hydroxide, the
conductivity of water containing different concentrations of calcium hydroxide was also
measured. It was observed that the amount of electrical conductivity for the maximum
calcium hydroxide concentration and sodium chloride concentration (120,000 mg/L) is
equal to 0.06. On the other hand, this effect will be much smaller due to the low ratio of
calcium hydroxide to sodium chloride salts specified in the experimental design. There-
fore, the calibration chart for the electrical conductivity of sodium chloride salt was used
as the basis for determining the electrical conductivity of all solids, and the concentrations
were calculated based on this chart. The R-squared values of calibration curves were de-
termined to be 0.9991 and 0.9969, respectively.

60,000 1
A) y = 698.65% - 3074
50.000 1 R2=0.9991

40,000 4
30,000 A

20,000 -

10,000 A

Concentration of salt in water (ing/L)

0 T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90

Electrical Conductivity (ms/cm)

140,000

B) y =934.5x- 24890
R?=10.9969

120,000

100,000

80,000 A

60,000 -

40,000 A

20,000 A

Concentration of salt in water (mmg/L)

0 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180

Electrical Conductivity (ms/cm)

Figure 3. Calibration chart for conversion of electrical conductivity to total soluble solids in (A)
10,000 to 50,000 (mg/L). (B) 60,000 to 120,000 (mg/L).
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2.5. Determination of the Optimal Reaction Conditions

After completing all the designed experiments and entering their results into the
Minitab program, the program predicted the optimal conditions for each factor studied in
the modified Solvay process. Under optimal conditions, the sodium removal percentage
for the synthetic brine and the desalination reject brine were examined.

3. Results and Discussion
3.1. Analysis of the Central Composite Design (CCD)

The analysis of variance (ANOVA) was used to assess the information regarding the
interaction impacts of the operational factors on the process. On the basis of F-tests and p-
values, the most efficient parameters for modeling the response were identified using
ANOVA [33]. CCD values for experimentally determined and model-predicted outcomes
for Na removal by the modified Solvay process are reported in Table 2. Additionally, Ta-
ble 3 summarizes the ANOVA findings using a quadratic model for Na removal. The F-
value of 19.25 signifies that the model had a significant impact on the response, according
to the ANOVA. In terms of F-values, the following order of influence was observed for
the examined parameters on the modified Solvay process: gas flow rate > concentrations
of calcium hydroxide > temperature > concentrations of sodium chloride. Furthermore,
factors that have the ability to predict statistically in the presence of other variables have
a probability coefficient (p-value) less than 0.05. In statistical terms, a p-value greater than
0.05 is deemed insignificant at a 95% level of confidence [34]. As can be seen in Table 3,
the probability coefficient for all factors X1, X2, X3, and X4 is less than 0.05 and is signifi-
cant. The values of the R? and R?adj were observed to be 0.9444 and 0.9283 for Na removal,
respectively; these results support the statistical model’s capacity to fit the experimental
data and its application in estimating the percentage of Na removed. The real link between
the answer (the percentage of Na removed) and the required variables is adequately ex-
pressed by the model, according to the analysis of variance (ANOVA). For data fitting,
several models, such as linear, quadratic, and cubic models, were used to derive regres-
sion equations. The quadratic model provides the greatest fit for eliminating Na through
the modified Solvay process, as seen in Table 4. In order to determine the equation of the
fitted response surface, all meaningless variables with a probability coefficient greater
than 0.05 were removed, and significant variables were used. According to the variables
in Table 3, the linear effect of all factors was significant. However, the quadratic effect of
X3 (p-value = 0.359 > 0.05) was insignificant. In relation to the interaction effect, only the
X1xX4 interaction was significant, and other effects were not considered to determine the
regression equation. This fitted polynomial equation, which is expressed as a 3D surface,
is used to visualize the relationship between the responses and experimental levels of each
factor and to determine the optimal conditions. The regression equation with respect to
the coded variables was obtained as follows:

Na removal (%) =-5.1 + 0.553 X1+ 0.10 X2 - 0.4743 X3 — 1.2 X4 — 0.01069 X1xX1

-0.000064 X2xX2 - 0.04721 X4xX4 + 0.04582 X1xX4 )

Table 2. CCD points and observed responses.

X1: Co.ncentratlo.ns X2: Gas X3: X4: C?ncentratlon.s of Actual Na Removal Predicted Na Removal
Run of Sodium Chloride Flow Rate Temperature Calcium Hydroxide %) %)
(g/L) (mL/min) °C) (g/L)
1 75 375 17.5 17.5 20.80 21.12
2 90 550 25.0 25.0 24.85 25.45
3 90 550 10.0 25.0 39.08 34.57
4 90 550 25.0 25.0 24.79 25.45
5 90 550 25.0 40.0 29.16 28.28
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6 20 550 25.0 25.0 24.84 25.45
7 120 550 25.0 25.0 8.84 9.06
8 75 375 32.5 325 11.09 12.15
9 105 725 32.5 17.5 7.94 7.29
10 105 725 17.5 325 30.81 32.16
11 75 725 32.5 325 20.94 22.51
12 90 550 25.0 25.0 24.83 25.45
13 75 725 32.5 17.5 24.94 24.37
14 90 200 25.0 25.0 6.84 7.25
15 75 375 17.5 325 16.80 18.26
16 90 550 25.0 10.0 2.84 3.38
17 105 375 32.5 17.5 0.40 0.35
18 90 550 40.0 25.0 18.00 18.34
19 60 550 25.0 25.0 25.16 24.60
20 105 375 17.5 17.5 3.80 4.04
21 75 725 17.5 32.5 25.82 26.62
22 75 725 17.5 17.5 30.80 31.48
23 90 550 25.0 25.0 24.84 25.45
24 90 550 25.0 25.0 24.82 25.45
25 105 725 17.5 17.5 13.79 14.40
26 105 725 32.5 32.5 24.94 26.05
27 90 900 25.0 25.0 30.70 29.97
28 75 375 32.5 17.5 15.02 14.01
29 105 375 32.5 325 14.94 15.69
30 90 550 25.0 25.0 24.82 25.45
31 105 375 17.5 32.5 20.80 22.80
Table 3. ANOVA results of quadratic model to remove Na.
Source DF Adj SS Adj MS F-Value p-Value
Model 14 2489.42 177.815 19.25 0.000
Linear 4 1648.62 412.156 44.61 0.000
X1 1 276.29 276.285 29.91 0.000
X2 1 641.18 641.183 69.40 0.000
X3 1 303.67 303.668 32.87 0.000
X4 1 427.49 427.486 46.27 0.000
Square 4 415.08 103.770 11.23 0.000
X1xX1 1 157.73 157.726 17.07 0.001
X2xX2 1 103.89 103.890 11.25 0.004
X3xX3 1 8.23 8.229 0.89 0.359
X4xX4 1 193.09 193.093 20.90 0.000
2-Way Interaction 6 425.71 70.952 7.68 0.001
X1xX2 1 0.10 0.098 0.01 0.919
X1xX3 1 0.10 0.098 0.01 0.919
X1xX4 1 425.08 425.081 46.01 0.000
X2xX3 1 0.18 0.183 0.02 0.890
X2xX4 1 0.13 0.128 0.01 0.908
X3xX4 1 0.13 0.128 0.01 0.908
Error 16 147.81 9.238
Lack-of-Fit 10 147.81 14.781 37854.32 <0.00001
Pure Error 6 0.1865 0.099
Total 30 2637.23
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Table 4. Model Summary Statistic.

Source Std. Dev. R? Adjusted R? Predicted R? PRESS Remarks
Linear 0.6720 0.5549 0.4837 0.3295 17.01
2FI 0.4966 0.8152 0.7180 0.4249 14.59

Quadratic 0.3590 0.9444 0.9283 0.8850 11.14 Suggested
Cubic 0.1696 0.9921 0.9671 -0.1428 28.98

Predicted

Predicted vs. Actual

3.2. Evaluating the Suggested Model’s Precision and Validity

Experimental data on Na elimination were compared with model predictions to see
if the model was applicable. As can be seen in Figure 4A, values are distributed in a
straight line with a high degree of uniformity. Moreover, this figure shows that the exper-
imental results are consistent with the predicted data line, demonstrating an accurate pre-
diction of responses and a good fit between modeled and collected data. Additionally, a
residual plot was used to confirm the model. This plot demonstrates the independence
and normality of the residuals. Figure 4B shows the plot of normal % probability versus
externally studentized residuals; a normal plot of residuals shows that residuals tend to
lie on or near the straight line; this verifies the satisfied distribution and indicates the
model’s usefulness for data fitting.

Normal Plot of Residuals

©
©

©
@

©
=

®
S

T FRT RN N |

~
=]

Normal % Probability
8 8 &
1

=)

=
L bl

-6.00 -4.00 -2.00 0.00 200 400

Actual . .
Externally Studentized Residuals

(A) (B)

Figure 4. Experimental data vs. the statistical model’s expected data (A) and normal residuals’ nor-
mal probability (B).

3.3. The Influence of Main Factors in the Modified Solvay Process
3.3.1. The Effect of Temperature on the Reaction

Figure 5A presents the effects of different temperatures from 10 °C to 40 °C on the
modified Solvay process. At alow temperature (10 °C), it will be more suitable for increas-
ing the solubility of carbon dioxide, decreasing the solubility of sodium bicarbonate and
its precipitation, and then increasing the removal of sodium to about 35% of the brine.
Therefore, temperature 10 °C can be determined as the optimal reaction temperature. In
studies conducted by Mohammad et al. [35] and Muftah et al. [36], 35% sodium removal
was achieved at a rection temperature of 20 °C. In contrast, we reached this level of so-
dium removal at a lower temperature.
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3.3.2. The Influence of the Rate of Gas Flow on the Reaction

The influence of the rate of gas flow on the effectiveness of Na elimination was dis-
played in Figure 5B. It can be seen that by boosting the gas flow rate from 200 to 800
mL/min, sodium removal enhanced by about 30%. The rise in reaction rate, which is re-
lated to an increment in CO2 molecules injected into the reactor, can explain this phenom-
enon. In contrast, a flow rate exceeding 800 mL/min may have a little detrimental influ-
ence on the Na removal efficiency; this is attributed to the reduction of the carbon dioxide
residence time in the reactor, which leads to a decrease in the reaction rate. A decrease in
pH during the reaction at high gas flow rate can also be explained by the increase in reac-
tor-loaded CO:2 molecules per unit time [24].

3.3.3. The Effect of Calcium Hydroxide Concentration on the Reaction

Na removal in the modified Solvay process relies heavily on the amount of calcium
hydroxide, an important reactant in the process. Figure 5C presents the effect of calcium
hydroxide concentration on sodium removal. When the concentration of calcium hydrox-
ide increased from 10 to about 33 g/L, the sodium removal rose from 3 to more than 25%.
As expected, the pH was maintained in the alkaline state by increasing the concentration
of calcium hydroxide during the longer reaction time [24]. However, Figure 5C displays
that sodium removal decreased with an increment in the amount of calcium hydroxide
above 33 g/L because this rise in amount prevents the materials in the reactor from mixing
well, thus reducing the removal of sodium. Enhanced resistance to mass transfer between
reactants can account for this phenomenon. Calcium hydroxide excess may also result in
the creation of CaCOs, which competes with the bicarbonate of soda.

3.3.4. The Effect of Sodium Chloride Concentration

As can be seen in Figure 5D, the sodium removal enhanced from 20 to about 27%
when the sodium chloride salt concentration enhanced from 60 to 80 g/L. However, it was
observed that with further increment in sodium chloride amount, sodium removal also
decreased, and excess sodium chloride did not react. An increment in the resistance to
mass transfer between components participating in the reaction can potentially explain
this behavior.

3.3.5. Effect of Reaction Temperature on pH

In response to rising temperatures, the equilibrium position is moved to counteract
this increase by the absorption of excess heat and the formation of hydrogen and hydrox-
ide ions, thereby causing increasing Kw (the ionic products of water) and decreasing pH
[24]. Figure 6 revealed the effect of different temperatures on pH changes during reaction
times. As can be seen from Figure 6, the pH became more stable at a lower temperature
(10 or 17.5 °C) with higher basicity, and the conditions for precipitation of sodium bicar-
bonate were therefore better. Since CO: dissolving in brine produces carbonic acid
(H2CO:s), which is decomposed into bicarbonate at low pH (high temperature). Conse-
quently, there is a direct correlation between the concentrations of sodium cations and
bicarbonate anions in brine solution and bicarbonate of soda precipitation.
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3.4. The Effect of Interaction between Factors in the Reaction

The interaction between factors affecting the reaction, including sodium chloride
concentration, gas flow rate, temperature, and calcium hydroxide concentration, was
shown by the interaction charts, two-dimensional contour, and three-dimensional re-
sponse surface.

3.4.1. Investigation of the Charts of Interaction Effects between Factors

Figure 7 revealed the interaction between sodium chloride concentration, gas flow
rate, temperature, and calcium hydroxide concentration. According to this figure, among
the six charts, the chart that determines the interaction between the concentration of NaCl
and Ca(OH): had the highest interaction effect on sodium removal rate (%). When the
curves in each graph are parallel, the interaction effect on sodium removal rate (%) de-
creases. This effect is detectable in the variance table (Table 3) according to the p-value (p

<0.05).

Gas Flow

rate (ml/min)
Gas Flow rate* Salt Ci it T‘ * Salt Ci o —.— 375
e S -m- 550
e o Chobere s -= 725
eI SR e »
e
0
Salt Concentration * Gas Flow rate Temperature * Gas Flow rate
= Salt
SR Concentration
L EEEL S, * S
o LI .- _a (gL)
—_ s ~ N -u- 75
< T-e T-m . Le
> 0 -8- 90
g == 105
E Salt Concentration * Temperature  Gas Flow rate * Temperature 75
<
z il
- Ll e e, o Temperature
X s -8 Y 20
~ ~m B % -u- 17.5
0o —m- 25.0
e 325
*Ca
% a(OH)2 C
Ca(OH)2
Concentration
2 @)
- 17.5
0 -.- 25
== 325

Gas Flow rate (ml/min) Temperature (°C) Ca(OH)2 Concentration (g/L)

Salt Concentration (g/L)

Figure 7. Charts of the effect of interaction between factors in sodium removal (%).



Sustainability 2022, 14, 2298

13 of 24

3.4.2. Investigation of the Interaction Effect of Temperature and Sodium Chloride
Concentration in the Modified Solvay Process for Sodium Removal

As can be seen from the two-dimensional contour (Figure 8A), the constant gas flow
rate of 550 mL/min and calcium hydroxide concentrations of 25 g/L could cause the high-
est sodium removal up to more than 30% marked in darker green in the chart. This area
can be seen in the range of sodium chloride concentrations of slightly more than 60 and
less than 100 g/L and temperatures from 10 to about 17 °C. A concentration of 120 g/L
sodium salt and a temperature of 40 °C could result in the least sodium removal to less
than 5% that was determined in dark blue. In summary, it can be concluded from the chart
and the desired constant conditions that at 10 °C and a concentration of 80 g/L sodium
chloride, desired sodium removal is possible. This result can also be seen in the three-
dimensional chart of the response surface (Figure 8A).
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Figure 8. (A) Contour and response surface chart of the interaction effect of sodium chloride con-
centration (g/L) and temperature (°C) on sodium removal (%) under constant conditions (gas flow
rate (550 mL/min) and calcium hydroxide concentration (25 g/L)). (B) Contour and response surface
chart of the interaction effect of gas flow rate (mL/min) and tem-perature for sodium removal (%)
under constant conditions (sodium chloride concentration 90 (g/L) and calcium hydroxide concen-
tration 25 (g/L)). (C) Contour and response surface chart of the interaction effect of gas flow rate
(mL/min) and sodium chloride concentration (g/L) to remove sodium (%) under constant conditions
(calcium hydroxide concentration 25 (g/L) and temperature 25 (°C)). (D) Contour and response sur-
face chart of the interaction effect of sodium chloride salt concentration (g/L) and calcium hydroxide
concentration (g/L) to remove sodium (%) under constant conditions (gas flow rate 550 (mL/min)
and temperature 25 (°C)). (E) Contour and response surface chart of the interaction effect of calcium
hydroxide concentration (g/L) and temperature (°C) to remove sodium (%) under constant condi-
tions (gas flow rate 550 (mL/min) and sodium chloride concentration 90 (g/L)). (F) Contour and
response surface chart of the interaction effect of gas flow rate (mL/min) and calcium hydroxide
concentration (g/L) to remove sodium (%) at constant conditions (temperature 25 (°C) and sodium
chloride concentration 90 (g/L)).

3.4.3. The Interaction Effects of Temperature and the Rate of Gas Flow in the Modified
Solvay Process on Sodium Removal

The effects of gas flow rate and reaction temperature were shown in Figure 8B under
constant conditions with a sodium chloride concentration of 90 g/L and a calcium hydrox-
ide concentration of 25 g/L. According to the contour chart, sodium was removed 25 to
30% when the flow rate was between 700 and about 900 mL/min, and the temperature
was 10-12 °C. The response surface chart showed that increasing the temperature de-
creased the sodium removal while increasing the gas flow rates from 200 to about 800
mL/min enhanced the sodium removal.



Sustainability 2022, 14, 2298

17 of 24

3.4.4. The Interaction Effect of Sodium Chloride Concentration and Gas Flow Rate in
Modified Solvay Process on Sodium Removal

A contour chart illustrated the interaction between gas flow rate and sodium chloride
concentrations during the reaction at constant temperature and calcium hydroxide con-
centration (Figure 8C). It was observed that in a constant amount of gas flow rate, by in-
creasing the amount of sodium chloride salt concentration too much, the response will
move in an unfavorable direction (less sodium removal). When sodium chloride concen-
tration is constant, increasing the gas flow rate improves the conditions for further sodium
removal. These effects can also be seen in the chart of the response surface.

3.4.5. The Interaction Effect of Sodium Chloride and Calcium Hydroxide Concentrations
in the Modified Solvay Process on Sodium Removal

From Figure 8D, it can be seen that appropriate ratios of sodium chloride concentra-
tion and calcium hydroxide concentration should be used so that their interaction points
in the sodium removal range become more than 20% to achieve the desired response. As
can be seen in Figure 8D, when the calcium hydroxide concentration was 10 g/L, and the
sodium chloride concentration was 120 g/L, the least amount of sodium was removed.

3.4.6. The Interaction Effect of Calcium Hydroxide Concentration and Temperature in
the Modified Solvay Process on Sodium Removal

According to Figure 8E, a temperature of 10-17 °C and a calcium hydroxide concen-
tration of about 25 to 40 g/L can remove sodium by more than 30%. The two-dimensional
and three-dimensional charts illustrated that at constant calcium hydroxide concentration
with excessive temperature rise, conditions for sodium removal decrease. However, at
constant temperatures, excessive reduction in calcium hydroxide concentration also leads
to a reduction in sodium removal.

3.4.7. The Interaction Effect of Calcium Hydroxide Concentration and Gas Flow Rate in
the Modified Solvay Process on Sodium Removal

Figure 8F shows the contour chart of the interaction between the gas flow rate and
calcium hydroxide concentration factors at a constant sodium chloride concentration of
90 g/L and temperature of 25 °C. It was observed that at the constant condition of the rate
of gas flow of about 800 mL.min™ and a concentration of calcium hydroxide slightly
higher than 30 g/L, the best results were obtained with a sodium removal of more than
30%. These results can also be seen in the 3D response surface chart.

3.5. Determining the Optimal Conditions for More Effective Removal of Sodium

According to Figure 9, the conditions proposed by the software to achieve the most
efficient conditions for the removal of sodium by 38.68% were determined using calcium
hydroxide concentration of 40 g/L, a sodium chloride concentration of 111.5152 g/L, an
operating temperature of 10 °C, and a rate of gas flow of 779.798 mL.min"'. Notably, ac-
cording to the contour and response surface charts (Figure 8D) and the correlation be-
tween the values of calcium hydroxide and sodium chloride concentrations, the optimal
value of each factor is determined based on the value used by the other. Using the optimal
values specified in Figure 9, the optimal ratio of sodium chloride to calcium hydroxide
concentration was approximately 2.79.
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Figure 9. Chart of optimization of operational variables for sodium removal.

3.5.1. Sodium Removal Efficiency in Synthetic Brine under Optimum Operating Condi-
tions

Figure 10 illustrates the sodium removal efficiency (green line) under optimum con-
ditions with a sodium chloride concentration of 111.5151 g/L, calcium hydroxide concen-
tration of 40 g/L, temperature of 10 °C, and gas flow rate of 779.798 mL/min during the
reaction time of 4 h. According to the maximum sodium removal predicted by the soft-
ware, this efficiency should be 39%, but with increasing accuracy and the number of ex-
periments ran under optimal conditions, the sodium removal efficiency was 53.51%.

60 -
50 -

40 4

—eo— synthetic brine

—&—real brine

10 A

Sodium removal efficiency (%)

Time (min)

Figure 10. sodium removal efficiency under optimal conditions (calcium hydroxide concentration
40 (g/L), sodium chloride concentration 111.5152 (g/L), temperature 10 °C and gas flow rate 779.798
(mL/min) in synthetic and real brine.

Investigation of Process Kinetics in the Presence of Synthetic Brine under Optimal Con-
ditions

To determine the reaction order and the sodium removal rate from the synthetic
brine, the heterogeneous modified Solvay process based on calcium hydroxide was stud-
ied under optimal conditions at different reaction times. As can be seen from Table 5, the
zero, first, and second-order kinetics were used to describe the data.

The coefficient of determination (R?) for kinetic models of zero, first and second or-
ders were 0.9101, 0.915, and 0.9141, respectively. The results of removal kinetics in the
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modified Solvay process have been shown in Figure 11A-C. As can be seen, the results

are presented in Table 6.

Table 5. Equations and linear forms of kinetic models.

Kinetic Model Equation Linear Form of Equation
Zero order T, = dC/dt = ko C—Cy=—k,t
first order T, = dC/dt =k, C —ln(C/(;O) = kqt

—dc — 2 1 —(1 —
second order =94 = kaC (*/c) ( /Co) = k,t
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Figure 11. kinetics of sodium removal from synthetic brine under optimal process conditions, (A):
Zero-order (B): First-order (C): Second-order.

Table 6. Results of process kinetics for the solution of 111.5152 (g/L) of synthetic brine under optimal
conditions.

Kinetic Model Zero Order First Order Second Order
R2 0.9101 0.915 0.9141
Ko (mg-L-min 1) 97.811 - -
Ki (min) - 0.0016 -
K2 (L-mg1-min) - - 3x108

3.5.2. Sodium Removal Efficiency in Real Brine during Optimal Operating Conditions

Figure 10 shows the sodium removal efficiency (blue line) in the desalination reject
brine under optimal conditions with a concentration of sodium chloride of 63 g/L, the
concentration of calcium hydroxide of 22.6 g/L (according to the optimal ratio deter-
mined), the temperature of 10 °C and the gas flow rate of 779.798 mL/min during the
modified Solvay process. In this figure, only 43% of sodium concentration was removed.
This phenomenon can be attributed to the presence of impurities in real brine. By prevent-
ing mass transfer, these impurities will inhibit the effective capturing of carbon dioxide,
resulting in less precipitation of sodium bicarbonate and eventually removing less so-
dium. However, this amount of optimum sodium removal is higher than the amount of
removal performed by Muftah et al. (29% and 35% for the ammonia-based Solvay process
and the calcium oxide-based Solvay process, respectively) [24].

Investigation of Process Kinetics in the Presence of Real Brine under Optimal Conditions

The kinetics of the modified Solvay process for real brine rejected from the desalina-
tion plant with an initial concentration of 63 g/L of brine under optimal conditions during
the reaction time of 4 h was evaluated. The kinetics of first, second, and third orders were
determined according to Figure 12A-C, respectively. As (1/Co) — (1/C) was linearly related
to time and had a high linear correlation to time changes, it can be concluded that the
desired reaction follows a second kinetic model. The general results are summarized in
Table 7.
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Figure 12. kinetics of sodium removal for real brine under optimal process conditions, (A): Zero-
order (B): First-order (C): Second-order.
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Table 7. Results of modified Solvay process kinetics for a concentration of 63 (g/L) of real brine
under optimal conditions.

Kinetic Model Zero Order First Order Second Order
R2 0.9115 0.9324 0.9532
Ko (mg-L1-min™) 70.783 - -
Ki (min™) - 0.0017 -
K2 (L' mg1-min™) - - 4 %108

3.6. Production of Solid Sodium Bicarbonate

As mentioned earlier, one of the goals of the modified Solvay process is to remove
the sodium ions in the brine and convert it to solid sodium bicarbonate during the process.
Due to the removal of 43% of sodium for the real brine rejected from the desalination plant
with a salinity content of 63 g/L during the modified Solvay process, under optimal con-
ditions including the concentration of calcium hydroxide by 22.6 g/L, the temperature of
10 °C and the rate of gas flow of 779/798 mL.min™'; X-ray diffraction spectroscopy analysis
of solid sodium bicarbonate product was performed. Figure 13 shows this analysis. Ac-
cording to this figure, there was also a certain amount of calcium carbonate impurity in
this product, which can be related to the excess of calcium in the input brine, because in
this case, the amount of calcium specified from the optimum condition (ratio of sodium
chloride concentration to the concentration of calcium hydroxide = 2.79) was slightly
higher and this excess will appear as calcium carbonate precipitation.
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Figure 13. X-ray diffraction spectroscopy analysis of solid sodium bicarbonate product.

4. Conclusions

In this study, using experimental design software and performing experiments based
on a central composite design by response surface methodology, the effect of various fac-
tors such as temperature, calcium hydroxide concentration, initial salt concentration, and
gas flow rate were investigated. The interaction between these factors was analyzed by
two-dimensional contour diagrams and three-dimensional response surface charts to re-
move sodium from synthetic and real brine during the modified Solvay process.

The optimal conditions for each of these factors included a temperature of 10 °C,
Ca(OH)./NaCl concentration ratio of 0.36, and the rate of gas flow of 800 mL/min for syn-
thetic brine, respectively. The sodium removal efficiency was enhanced with increasing
concentration of calcium hydroxide, gas flow rate, and initial sodium chloride salt to their
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optimum values, while with increasing temperature, this removal percentage decreased.
Furthermore, stabilizing the pH in the alkaline state boosts the removal efficiency of so-
dium. By performing the process under optimal conditions when using synthetic and real
brine, the removal efficiency of sodium increased 53.51% and 43%, respectively. In the last
step, the kinetics of sodium removal reaction under optimal conditions when using syn-
thetic and real brine for reactions with zero, first, and second-order kinetic models were
investigated. The results showed that the sodium removal reaction in both cases followed
the second-order kinetic.

Ultimately, it can be concluded that the calcium oxide-based modified Solvay
method can maintain the pH in alkaline conditions without the use of ammonia. This pro-
cess can also reduce the environmental impact of rejected brine by simultaneously absorb-
ing carbon dioxide, reducing the salinity in the brine, and then storing them in solid so-
dium bicarbonate.

Due to the broad scope of this topic, lack of facilities, cost, and time, there are still
many gaps in this field, and forthcoming studies could help fill them. The following items
are suggested for further investigation based on the findings of this study:

e Investigation and calculation of carbon dioxide capture under optimal conditions.

e  Using lime for magnesium precipitation and sodium carbonate for calcium precipi-
tation in the modified Solvay process input as a pretreatment.

e Analyzing the effect of reaction time on the shape and size of sodium bicarbonate
crystals.

e  Capturing the carbon dioxide output from the process and reusing it as an input gas.

e  Determining the gas-liquid mass transfer model in the bubble column reactor.

e  Accurate economic estimation to use this method on an industrial scale.
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