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ABSTRACT

Wastewaters produced in sodium carbonate production industry include a high level of
different mineral matters, such as calcium and magnesium salts, that cause difficulties in
disposal of effluent into the environment. In this study, a new method based on chemical
treatment and CO2 gas injection in order to remove Mg2+ and Ca2+ ions from effluent of a
sodium carbonate industry was presented. By employing this method, in addition to remov-
ing the calcium hardness of wastewater, CO2 can be used as a responsible gas for global
warming. Besides, the influence of some parameters, including the temperature of reaction,
gas flow rate, time of gas injection, and the initial pH of wastewater, has been investigated
on treatment processing. The results clarified that wastewater’s initial pH was the most
important factor affecting Ca2+ removal efficiency. The maximum removal of Ca2+ ions
occurred when pH was above 10. At last, the proposed method manifested better perfor-
mance in mineral salts’ ions elimination with removal efficiency of calcium and magnesium
of about 50 and 95% in optimized conditions, respectively.

Keywords: Carbonation; CO2 reuse; Chemical treatment; Wastewater treatment

1. Introduction

An uncommon type of contaminant in some indus-
trial wastewaters is mineral salts. Known wastewaters
with high level of mineral salts are sodium carbonate
manufacturing industries. Most sodium carbonate
production manufactures use the Solvay method for
their production process [1]. The flow diagram of the
process is presented in Fig. 1.

As it is obvious in Eq. (1), a significant aspect of
the Solvay process is the recovery of ammonia from
filtration liquid and it was done using Ca(OH)2 as a
reagent material [1].

2NH4Clþ Ca OHð Þ2! 2NH3 þ 2H2Oþ CaCl2 (1)

The released ammonia is distilled in a steamed way
and sent back to the adsorption towers. The material
received in distillation process is commonly known as
distiller waste (DW). DW is the main waste stream
created in the Solvay process, which contains a large
amount of CaCl2 [1].

Conspicuously, only a small part of the CaCl2
wastewater is concentrated to recover solid CaCl2,
while most of CaCl2 wastewater is directly discharged
to ambient such as rivers or soil. In most cases, DW
suspension is directed to sedimentation ponds, where
solid particles are settled. Then, the cleared overflow
of DW is directed as sewage to environment, which

*Corresponding author.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 8904–8910

Aprilwww.deswater.com

doi: 10.1080/19443994.2015.1024744

mailto:sarafarmanbordar@yahoo.com
mailto:kahforoushan@sut.ac.ir
mailto:fatehifar@sut.ac.ir
http://dx.doi.org/10.1080/19443994.2015.1024744


causes an increase in both pH and Ca2+ concentration
in ground waters.

Furthermore, several methods have been presented
in order to remove mineral ions, including membrane
distillation [2,3], chemical treatment [4], biological pro-
cesses [5,6], electrodialysis [7], ion exchanging [8–10],
and crystallization [11]. The sedimentation of salts by
carbon dioxide injection into wastewater is another
method which recently has been noticed. In this
method, Ca and Mg ions were joined to carbonated
forms in solution and they were removed as calcium
and magnesium carbonate sediments [12]. This
method is suitable and costs reasonably, especially in
removing Ca2+ [13]. Recently, the effect of various
operational conditions on the morphology and particle
size of the produced calcium carbonate was investi-
gated [14–17]. However, no significant evidence about
the application of these methods in high-level content
of Ca2+ and Mg2+ industrial wastewaters was pre-
sented. Besides, there are no studies showing the
removal efficiency of other ions. Basically, industrial
wastewaters have a wide range of ions and various
components which each of them, may be, exhibiting
an inhibition effect on the removal process.

In this research, a two-step procedure based on
chemical treatment and carbonation was used for Ca2+

and Mg2+ removal in wastewater. The main reactions
which occurred in solution are presented in Eqs. (2)
and (3). According to other studies, presence of Mg2+

in the solution is disincentive for calcium carbonate
sedimentation [18,19]; so at first, it is vital to remove
Mg2+ ions using chemical treatment by lime (Eq. (2)).
When hydrated lime is added to the solution, Mg2+

ions are precipitated out from solution in the form of
Mg(OH)2 and the chemical reaction presented in Eq.
(3) occurs in solution [4]. At last, for sedimentation of
Ca2+ ions, a mixture of carbon dioxide and nitrogen
gas is injected into the solution and the precipitation
of calcium ions in the form of CaCO3 proceeds
under the influence of lime and CO2 gas addition,
respectively.

MgCl2 þ Ca OHð Þ2! Mg OHð Þ2þCaCl2 # (2)

Ca2þ þ CO2�
3 ! CaCO3 # (3)

When CO2 gas was injected into wastewater, the
proposed equilibriums have the following formulas
(Eqs. (4)–(6)) formed in the solution.

CO2 gasð Þ�CO2 aqð Þ (4)

CO2 aqð Þ þ H2O�H2CO3�Hþ þ HCO�
3 �2Hþ þ CO2�

3

(5)

Ca2þ þ CO2�
3 $ CaCO3 # (6)
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Fig. 1. Flow diagram for the production of ammonia–soda by the Solvay process [1].

S. Farmanbordar et al. / Desalination and Water Treatment 57 (2016) 8904–8910 8905



where Eq. (4) indicates equilibrium at gas/liquid inter-
face for dissolution of CO2 gas and dissolved CO2 is
converted to carbonate ions according to equilibriums
which were shown in Eq. (5). Eventually CO2�

3 ions
react with Ca2+ ions and CaCO3 precipitates are
formed. Accordingly, when CO2 gas bubbled into the
solution, it contributes in order to increase the concen-
tration of CO2�

3 and H+ ions which achieves a
decrease in pH of solution.

2. Materials and methods

The wastewater was selected from a sodium
carbonate manufacturing industry. The wastewater
included several mineral ions, such as calcium,
magnesium, sulfate, chloride, etc. The composition of
wastewater is shown in Table 1.

To carry out the procedure, at first, 17 g of lime
(Ca(OH)2) was mixed with 3,650 ml of wastewater to
eliminate magnesium ions and inhabitation effects of
these ions on bulk precipitation of calcium carbonate.
Then, the solution was mixed continuously for 30 min
at 40˚C and was filtered by using a filter paper with
0.2 μm average pore size. During the chemical precipi-
tation of Mg ions, it is necessary to adjust pH and
temperature at a desired level, so the pH of the solu-
tion was adjusted by adding HCl or 25% ammonia
(NH3) solution.

In the second step, a gas mixture (CO2 + N2) with
desired flow rate value was introduced to the bottom
of the reactor vessel via a bubbler that creates a mixed

flow of gas through the solution with the small size of
bubble. The experimental setup was schematically
shown in Fig. 2. The reactor was made of plexiglass
with a diameter of 10 cm and height 75 cm. The flow
rate of CO2 and N2 was measured with the calibrated
flow meters. The reaction process time and pH level
were recorded at each 1 min intervals. At 5, 15, and 25
min after starting gas injection, samples were pre-
pared out of solution.

To understand the effects of some reaction parame-
ters on ion removal efficiency, the selected parameters
including CO2 flow rate, solution temperature, waste-
water initial pH, and gas injection time were investi-
gated. Table 2 lists the parameters and values.

In this study, in order to determine calcium and mag-
nesium ions concentration, American Standard Test
Methods based on titration method with Ethylenedi-
aminetetraacetic acid agent was applied [20]. All
reagents were purchased from Merck Chemical Co., and
the percent of calcium removal was estimated by Eq. (7).

Table 1
Chemical analysis of selected wastewater

Ions Unit Amount

Calcium mg CaCO3/L 110,775
Magnesium mg CaCO3/L 5,800
Sodium mg/L 20,050
Chloride mg/L 99,400
Sulfate mg/L 2,579
pH 11
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Fig. 2. Schematic of experimental setup (1. CO2 tank; 2. N2 tank; 3. gas valve; 4. flow meter; 5. pH meter; 6. bubbler; 7.
reactor; 8. sample port; 9. thermometer; and 10. feed inlet port).
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Removal percent ð%Þ ¼ C0 � Ct

C0
� 100 (7)

To identify the crystalline phase of precipitates,
X-ray diffraction (D-5,000 Siemens) was used to ana-
lyze produced sediment. According to bar diagram,
estimation of wastewater components was shown in
Table 3.

3. Results and discussion

3.1. The removal of magnesium ions

The first step of this method is based on lime addi-
tion to wastewater in order to remove magnesium
ions. The lime needed for optimal refinement varies
with the type of wastewater. Fig. 3 shows the effect of
lime dosage on Mg2+ removal percent. According to
the figure, the optimum amount of lime dosage is
4.6 g/L, which is equal to the value determined from
stoichiometric value of lime to magnesium reaction.
As seen in Fig. 3, rising the temperature from 25 to
40˚C improved the yield of Mg2+ elimination, but
additional temperature was not effective on the
removal yield.

3.2. The effect of wastewater initial pH

Fig. 4 manifests the effect of wastewater’s initial
pH as well as temperature on Ca2+ removal efficiency

Table 2
The experimental parameters and value conditions

Parameters Values

CO2 flow rate 0.2, 0.3 (L/min)
Solution temperature Ambient, 40, 60 (˚C)
Wastewater initial pH 10, 10.5, 11
Gas injection time 5, 15, 25 (min)

Table 3
Estimation of wastewater components according to bar
diagram

Component Amount (meq/L)

CaCl2 1,920.67
MgCl2 116.023
NaCl 871.647
Ca(HCO3) 250
CaSO4 53.73
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Fig. 3. Results of lime dose effect on Mg2+ removal
percentage at different temperatures.
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Fig. 4. The effect of wastewater’s initial pH on Ca2+ removal
efficiency (experimental conditions: QCO2 = 0.3 L/min and
Time = 15 min).
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Fig. 5. The effect of temperature on Ca2+ removal
efficiency at different gas flow rates (experimental
conditions: initial pH 11 and time = 15 min).
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in the experiments in terms of: QCO2 = 0.3 L/min and
Time = 15 min. As seen in the figure, Ca2+ removal
efficiency enhances with increasing wastewaters
initial pH.

Suitable pH for sedimentation of calcium carbonate
is 9.5, which is called isoelectric pH. Since CaCO3 has
a much lower solubility in water (0.00012 g/ 1000 g of
water) compared to CaCl2, it settles down from waste-
water [21]. Sedimentation begins at this pH point until
pH value of 7(isoelectric point). The carbonation reac-
tion was stopped as soon as the pH values drop to
pH lower than 7. Although CO2 gas was introduced
as the source of carbonation ions, it is continuously
dissolved into the solution. Moreover, the accumula-
tion of H+ ions caused the solution to become acidic
and pH level decreased during the process. When ini-
tial pH of solution is higher than isoelectric point, to
achieve the suitable pH, more CO2 gas should be
solved in solution to produce more H+ ions and to
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Fig. 6. The effect of gas injection time on Ca2+ removal
efficiency at different temperatures (QCO2 = 0.3 L/min and
initial pH 11).
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Fig. 9. (a) XRD patterns of calcium carbonate particle precipitated at T = 60˚C, time = 15 min, initial pH 11, and
QCO2 = 0.3 L/min. (b) XRD patterns presented for Calcite [22].
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reduce the pH level. Actually, when pH is in proper
range for calcium carbonate sedimentation (7–9.5),
there are more numbers of CO2�

3 ions in solution to
react with Ca2+ ions. Consequently, the percent of cal-
cium removal increases.

3.3. Effects of solution temperature

The removal percent of Ca2+ at different tempera-
tures was shown in Fig. 5. As seen in Fig. 5, by
increasing temperature, Ca2+ removal percent was
decreased and then with further increase in tempera-
ture to 60˚C Ca2+ removal percent had a sudden rising
trend, so that at the temperature of 25˚C the Ca2+

removal percent is higher than at 40˚C. The basic
reason for this trend is reduction of gas solubility
accompanied with temperature increase. When the
temperature of the solution was increased, the solubil-
ity of CO2 was decreased and then amount of carbon-
ate ions which are essential for precipitation process
was decreased. Therefore, by growing temperature up
from 25 to 40˚C, calcium ions removal was decreased
due to reducing CO2 solubility.

On the other hand, it is observed that the percent-
age removal of Ca2+ at 60˚C is higher than 40˚C. This
is because of the exothermic nature of calcium
carbonate dissolution effect [21]. The comparison
between the removal percentage at 60 and 25˚C
shows the better formation of calcium carbonate
precipitates at higher temperature and it means that
exothermic nature of calcium carbonate dissolution is
more effective than proper CO2 dissolving in low
temperatures.

3.4. The effects of gas injection time

The removal percent of Ca2+ also varies with time.
As shown in Fig. 6 in several experiments which were
carried out at constant pH and CO2 flow rate, by
increasing the time of gas injection until 15 min the
removal percentage was increased and then
decreased. The reason behind this fact is that by pH
reduction, precipitated calcium carbonate resolves and
returns back in to the solution because of solution
acidification.

As seen in Fig. 7, after 15 min of reaction time,
because of pH dropping to below 7, the amount of
CaCO3, dissolved again and leads to an increase in
Ca2+ ions in the solution. The increase in dissolved
Ca2+ continues as long as the dissolution of CO2 in
wastewater occurs. After reaching the equilibrium
condition, pH fixes.

3.5. The effect of CO2 flow rate

The effect of CO2 flow rate on the percent of Ca2+

removal is shown in Fig. 8. In all levels of
wastewater’s initial pH, Ca2+ removal percent in CO2

gas flow rate of 0.3 L/min is more than CO2 flow rate
of 0.2 L/min. By increasing gas flow rate, the amount
of CO2 gas solubility increases and creates more
CO2�

3 ions in solution, which results in more Ca2+ ions
removal. Finally, pH drops to 5–6 ranges, which are
the equilibrium pH ranges of CO2 solution. In other
words, in this condition, pH range will be constant
along with increase in gas flow rate since there is no
more solubility of CO2 [21].

X-ray diffraction is the most important method to
determine the nature of unknown materials. To con-
firm that precipitate from these processes was CaCO3,
powder X-ray diffraction analysis was conducted to
identify the crystalline phases of the precipitates.
Fig. 9(a) and (b) shows XRD patterns of the CaCO3

particles synthesized at specific conditions and calcite,
respectively [23]. According to these figures, the peak
of calcite phase in X-ray diffraction pattern is observa-
ble. Furthermore, it is clear that under these condi-
tions other phases of calcium carbonate, such as
vaterite, cannot be formed. Category pages formed in
this pattern show that the white precipitate obtained
from the CO2 gas injection process was calcium
carbonate (CaCO3), with calcite kind of crystal
polymorphs.

4. Conclusion

Generally, a new two-step procedure based on
chemical treatment employing lime and CO2 gas injec-
tion in order to remove Mg2+ and Ca2+ ions in a
sodium carbonate industry effluent was used. In this
approach, two common methods were combined to
treat an industrial wastewater with much unknown
components that each of them may cause an inhibition
for treatment process. Besides, the amount of Ca2+

removal was investigated by changing the operating
conditions, including the temperature of reaction, gas
flow rate, time of gas injection, and initial pH of
wastewater in a batch experiments. The results illus-
trated that by increasing the wastewater’s initial pH
and solution temperature, the Ca2+ removal percent-
age increased. Ca+2 removal in wastewater was
obtained about 50%, which could be achieved within
15 min, CO2 flow rate of 0.3 L/min at 60˚C, and initial
wastewater’s pH of 11. The analysis of the produced
sediments after treating shows that they are calcium
carbonate (CaCO3), with calcite kind of crystal poly-
morphs. The proposed method can be cost-efficient
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and is an available process, especially in the case of
applying CO2 from combustion gasses to eliminate
hardness and decreasing wastewater pH.

References

[1] T. Kasikowski, R. Buczkowski, E. Lemanowska,
Cleaner production in the ammonia–soda industry: An
ecological and economic study, J. Environ. Manage. 73
(2004) 339–356.

[2] M. Gryta, M. Tomaszewska, K. Karakulski, Wastewater
treatment by membrane distillation, Desalination 198
(2006) 67–73.

[3] J. Wang, D. Qu, M. Tie, H. Ren, X. Peng, Z. Luan,
Effect of coagulation pretreatment on membrane distil-
lation process for desalination of recirculating cooling
water, Sep. Purif. Technol. 64 (2008) 108–115.

[4] L. Semerjian, G.M. Ayoub, High-pH–magnesium coag-
ulation–flocculation in wastewater treatment, Adv.
Environ. Res. 7 (2003) 389–403.

[5] F. Hammes, A. Seka, S. de Knijf, W. Verstraete, A
novel approach to calcium removal from calcium-rich
industrial wastewater, Water Res. 37 (2003) 699–704.

[6] K. Suzuki, Y. Tanaka, T. Osada, M. Waki, Removal of
phosphate, magnesium and calcium from swine
wastewater through crystallization enhanced by aera-
tion, Water Res. 36 (2002) 2991–2998.

[7] M. Sadrzadeh, T. Mohammadi, Sea water desalination
using electrodialysis, Desalination 221 (2008) 440–447.

[8] T. Kameda, T. Yoshioka, T. Mitsuhashi, M. Uchida, A.
Okuwaki, The simultaneous removal of calcium and
chloride ions from calcium chloride solution using
magnesium–aluminum oxide, Water Res. 37 (2003)
4045–4050.

[9] L. Lv, P. Sun, Z. Gu, H. Du, X. Pang, X. Tao, R. Xu, L.
Xu, Removal of chloride ion from aqueous solution by
ZnAl-NO3 layered double hydroxides as anion-
exchanger, J. Hazard. Mater. 161 (2009) 1444–1449.
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