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Removal of inorganic impurities
from wastewater after production
of soda ash on selected sorbents

Adam Gotub®* & Janina Piekutin

The soda ash industry is a part of the chemical industry, which is responsible for the production of
sodium carbonate, calcium chloride, absorbent masses, evaporated wet salt, food salt, pickling salt
or salt tablets. During manufacturing of those products, strongly alkaline wastewater is generated. It
could be characterised by a high electrolytic conductivity and concentration of ions: chlorides, sulfates,
phosphates, calcium, sodium, magnesium, potassium and ammonium. The aim of the research was
to test the effectiveness of removing sodium, potassium, calcium, magnesium and ammonium from
wastewater after production of soda ash by three sorbents: Halosorb, Compakt and Damsorb K.

The process was carried out using dynamic method with different flow of wastewater through the
column with sorbent. It allowed to reduce concentrations of all cations tested. Moreover, it was found
that sorbent type did not significantly affect the removal of any of the ions, but the deposit load had
significant impact on the removal of all ions tested.

Protection of water against pollution should be associated with rational management of water resources, resto-
ration of environment to the required state and prevention from pollution. The strict control of pollution at the
source is becoming an increasingly important form of protection'. In the industry it is closely associated with the
issue of cleaner production, which requires integrated actions in relation to processes and products aimed, on
the one hand, at increasing the production efficiency, and, on the other hand, to reducing the risk for people and
aquatic environment. This aims, among others, at preventing and reducing the source of sewage and solid waste,
as well as to save water, energy and other natural resources during production processes. Elimination of toxic
and raw materials from production processes plays a crucial role as an important stage of preventing them from
entering the water resources'=S.

Plants involved in the production of soda ash belong to the chemical industry. Most often they use the Solvay
method as their production process, which is associated with the formation of saline waste’1. Limiting the
negative impact on environment consists in pre-treating the post-production sewage and restricting its contact
with underground water'". Striving to improve water quality, reduce costs associated with environmental pro-
tection and eliminate pollution at the source according to cleaner production assumptions causes that industrial
plants are actively seeking innovative and effective ways to protect water resources. Individual ions present in
such wastewater could be removed from wastewater among others in the processes of nanofiltration, reverse
osmosis, precipitation, biological treatment, ion exchange resins'?"'. However, most of them are expensive and
ineffective in relation to all mentioned ions simultaneously. One of the promising methods in the treatment of
post-production sewage has become the use of easily accessible, simple to use, low-cost and, importantly, envi-
ronmentally non-toxic sorbents”.

The aim of the research was to evaluate the effectiveness of removing selected cations from wastewater after
production of soda ash in the sorption process.

Methods

Tests on cation removal from sewage after soda ash production were carried out using 3 sorbents. As a sorbent,
processed halloysite Halosorb and calcined diatomaceous earth Compakt and Damsorb K were used. The above
materials were chosen because they are a compromise between the requirements of industrial plants (they are
cheap, easily accessible, easy to use) and environmental protection requirements (easy sorbent utilization, no
threat to the environment due to their composition). Physicochemical properties of the materials used are shown
in Table 1.
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Parameter Halosorb Compakt Damsorb K
Grain diameter [mm] 0.2-3 0.3-0.7 0.3-1.5
Average loose density [g-«dm ] | 680 525 429
: iiloé(‘tg‘;@) - $i0, (75%) -$i0, (71%)
Feo /FeOu(S"/) - ALO; (10%) - ALO; (10.5%)
RN 3(20/) 0 - Fe,0, (7%) - Fe,0; (8.4%)
Chemical composition ) CaOZ a ;0/) - MgO (2%) - Ca0 (2.5%)
B, 0(6 5(;) - TiO, (1%) - K,0+Na,0 (2.1%)
_Nago(o'lo;;) -CaO (1%) - MgO (1.6%)
K0 (0.1%) - K,0+Na,0 (2%) | - TiO, (1.4%)
pH (10% water suspension) 7.0 55 5.5
Absorptivity [%] 80-120 90-110 90-130

Table 1. Physicochemical properties of sorbents used for testing.

Series of tests Depositload [m*-m~2.h~!]
L 1.937
1L 1.628
III. 0.969
Iv. 0.579

Table 2. Deposit loads in subsequent series of tests.

Industrial wastewater generated in the production of soda ash is a liquid waste characterized by high pH and
concentration of tested cations. Wastewater was collected as a waste mixed from two production plants: Soda
Matwy in Inowroclaw and Janikosoda in Janikowo. The tests included concentrations of five cations: ammonium,
sodium, calcium, potassium, magnesium. The above plants did not agree to publish the quality of wastewater used
for the research.

Cation removal process was carried out using the dynamic method. The subsequent glass columns with a
diameter 60 mm and length 320 mm were filled with a portion of 250 g of each of three sorbents (first column
with Halosorb, second one with Compakt and third one with Damsorb K). In order to remove the physical impu-
rities present on the sorbent, they were rinsed with distilled water (in the amount of double volume of the col-
umn) prior to the main process. The research was carried out in four series using different loads of each of them
(Table 2). Everytime first 250 cm® of wastewater flowed throught the column and then 250 cm? was collected as
a sample. Confirmation of results repeatability required conducting the experiment twice. After experiment, the
sorbent columns were again rinsed with distilled water.

Determinations of the analyzed cations concentrations were performed on a Thermo Scientific ICS 5000+
ion chromatograph. The results were statistically evaluated using the following tests: Shapiro-Wilk, Scheffe and
Kruskal-Wallis.

Results

Sodium. Degree of sodium removal using sorbents (Fig. 1) is presented as the mean result with the standard
deviation. Halosorb reduced the ion concentration from 62.94% to 81.59%, Compakt - from 62.94% to 91.86%,
while Damsorb K - from 66.05% to 85.88%.

Checking the normality of variables distribution. The Shapiro-Wilk test was used to check the normality of var-
iables distribution. At the significance level of a=0.05, the probability level was determined as p=10.00211. Due
to the fact that the probability level p had a value lower than the significance level ¢, the null hypothesis about the
normality of the distribution should have been rejected.

Assessment of sorbent type influence on the degree of sodium removal. The Kruskal-Wallis test made it possible
to conclude that with the probability level of p =0.4025, there was no reason to reject the null hypothesis that
the factor did not influence the results of the experiment. The type of sorbent did not therefore differentiate the
degree of sodium removal from wastewater.

Assessment of the impact of deposit load on the degree of sodium removal. Results from the Kruskal-Wallis test
indicated that with the probability level of p =0.0017, the null hypothesis about the lack of influence of the factor
on the test results should have been rejected. Based on the analysis of variance, it was determined that only the
load on the deposit had significant impact on the test results.

In order to select the most effective deposit loading for each sorbent and divide sorbents’ efficacy into homo-
geneous groups to find out if the differences are statistically significant, a Scheffe post-hoc test was carried out
(Table 3). On this basis, the highest efficiency of Halosorb in the III series of tests (82%) was determined, which
significantly differed from other series, for which it was 76% in I, and 64% and 63%, respectively in II and IV
series. In the case of Compakt, the best removal effect was observed in the I and III series of tests (91-92%), while
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Figure 1. Average value and standard deviation of sodium removal degree during the sorption process on the
tested materials: Halosorb, Compakt and Damsorb K.
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Figure 2. Average value and standard deviation of calcium removal degree during the sorption process on the
tested materials: Halosorb, Compakt and Damsorb K.

Series (removal efficiency [%])
Group | Halosorb Compakt Damsorb K
1 111 (81.59) 111 (91.29),1(91.86) 111 (85.88)
2 1(76.05) IV (62.94), 11 (63.84) 11 (79.70)
3 IV (62.94), 11 (63.84) 1V (66.05),1(67.53)

Table 3. Scheffe test results of the average degree of sodium removal in subsequent series of measurements
grouped by the type of sorbent.

in the IT and IV series, it was definitely smaller (63-64%). Damsorb K removed sodium in the highest degree in
the III series (86%), slightly lower in the II series (80%), whereas in the remaining series, the level of reduction
was even lower (66-68%).

Calcium. Degree of calcium removal in the sorption process (Fig. 2) is presented as the mean result with
standard deviation. The ion removal by Halosorb ranged from 63.05% to 78.75%, Compakt from 63.79% to
90.42%, and Damsorb K from 65.16% to 85.45%.

Checking the normality of variables distribution. To verify the normality of the distribution of variables, the
Shapiro-Wilk test was applied again. Assuming the significance level o =0.05, the probability level was deter-
mined as p=0.00145. Due to lower value of the probability level p than significance level «, the null hypothesis
on normality of the distribution had to be rejected.

Assessment of sorbent type influence on the degree of calcium removal.  The Kruskal-Wallis test allowed to con-
clude that with the probability level p =0.4371, there was no reason to reject the null hypothesis that the factor did
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Series (removal efficiency [%])
Group | Halosorb Compakt Damsorb K
1 1(75.74), 111 (78.75) | 1(89.98), 111 (90.42) | III (85.45)
2 IV (63.05), 11 (64.85) | I1(63.79), IV (64.58) 1I(78.31)
3 IV (65.16), 1 (66.46)

Table 4. Scheffe test results of the average degree of calcium removal in subsequent series of measurements
grouped by the type of sorbent.
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Figure 3. Average value and standard deviation of potassium removal degree during the sorption process on
the tested materials: Halosorb, Compakt and Damsorb K.

not influence the experimental results. The type of sorbent did not therefore differentiate the degree of calcium
removal from wastewater.

Assessment of the impact of deposit load on the degree of calcium removal.  Results from the Kruskal-Wallis test
indicated that with the probability level p=0.0017, the null hypothesis about the lack of influence of the factor on
the test results should have been rejected. Based on the analysis of variance, it was determined that only the load
on the deposit had a significant impact on the test results.

The most effective deposit loads for each sorbent was selected after the Scheffe post-hoc test (Table 4). The
highest efficiency of Halosorb was observed in III and I series of tests (79% and 76%), while in IT and IV, it was
63-65%. In the case of Compakt, the best removal effect was also recorded in III and I series of tests (in both cases
about 90%), while in the IV and II series, it was definitely smaller (64-65%). Damsorb K removed calcium in the
highest degree in the III series (85%), whereas in the II series, the degree was slightly lower (78%), and in the I and
the IV - definitely the lowest (65-66%).

Potassium. Degree of potassium removal on the tested sorbents (Fig. 3) is presented in the form of average
result with standard deviation. Potassium was removed on Halosorb in the range from 63.43% to 84.71%, on
Compakt - from 60.52% to 88.55%, while on Damsorb K - from 57.00% to 84.53%.

Checking the normality of variables distribution. Checking the normality of the variable distribution required
the use of Shapiro-Wilk test. Level of probability defined at the significance level .= 0.05 was p =0.00389, which
suggested rejecting the hypothesis of distribution normality (p < a).

Assessment of sorbent type influence on the degree of potassium removal.  'The Kruskal-Wallis test made it possible
to conclude that with the probability level p=0.357, there was no reason to reject the null hypothesis that the fac-
tor did not affect the results of experiment. Type of sorbent did not therefore differentiate the degree of potassium
removal from wastewater.

Assessment of the impact of deposit load on the degree of potassium removal.  Results from the Kruskal-Wallis test
indicated that with the probability level of p =0.0045, the null hypothesis about the lack of influence of the factor
on the test results should have been rejected. Based on the analysis of variance, it was determined that only the
load on the deposit had significant impact on the test results.

The Scheffe test was used to select the most effective deposit load (Table 5). Halosorb achieved the best result
in the IIT series of tests (85%), slightly worse in the I series (82%), and by far the worst in the IT and IV series (63—
65%). The effectiveness of Compakt was the highest in the III and I series of tests (89% and 87%, respectively); it
decreased in the II series (66%), while in the IV series, it was the lowest (61%). The most diversified results were
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Series (removal efficiency [%])
Group | Halosorb Compakt Damsorb K
1 11 (84.71) 1(87.34), I1I (88.55) 111 (84.53)
2 1(81.56) 11 (65.70) 11(77.99)
3 IV (63.43), 11 (65.33) IV (60.52) IV (62.65)
4 1(57.00)

Table 5. Scheffe test results of the average degree of potassium removal in subsequent series of measurements
grouped by the type of sorbent.
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Figure 4. Average value and standard deviation of magnesium removal degree during the sorption process on
the tested materials: Halosorb, Compakt and Damsorb K.

obtained for Damsorb K, which in the III series demonstrated the effectiveness of reducing potassium at 85%,
which decreased as follows: the II series (78%), the IV series (63%) and the I series (57%).

Magnesium. Degree of magnesium removal during sorption on the tested materials (Fig. 4) is presented
as the mean result with standard deviation. The degree of removal by Halosorb was at the level from 18.84% to
89.58%, by Compakt - from 22.75% to 90.37%, while by Damsorb K - from 20.16% to 92.90%.

Checking the normality of variables distribution. Normality of the variable distribution was examined using the
Shapiro-Wilk test. Assuming the significance level o =0.05, the probability level was determined as p =0.00209.
Due to lower value of the probability level p than the significance level o, the hypothesis about the normality of
distribution had to be rejected.

Assessment of sorbent type influence on the degree of magnesium removal.  The Kruskal-Wallis test allowed to con-
clude that with the probability level p =0.7925, there was no reason to reject the null hypothesis that the factor did
not influence the experimental results. Type of sorbent did not therefore differentiate the degree of magnesium
removal from wastewater.

Assessment of the impact of deposit load on the degree of magnesium removal.  Results of the Kruskal-Wallis test
indicated that with the probability level of p = 0.0004, the null hypothesis about the lack of influence of the factor
on the test results should have been rejected. Based on the analysis of variance, it was determined that only the
load on the deposit had significant impact on the test results.

The Scheffe post-hoc test was used for each sorbent to select the most effective deposit load (Table 6). On this
basis, the highest efficiency of Halosorb in the IV series of tests (90%) was determined, which significantly dif-
fered from the other series, where in the II it was 88%, in III - 75%, while in I only 19%. In the case of Compakt,
the best removal effect was observed in the II series of tests (90%) and lower in IV (51%), I (33%) and III series
(23%). Damsorb K removed magnesium in the highest degree in the II series (93%); in the IV series the level of
reduction was 78%, in the III series - 53% and in the I series - 20%.

Ammoniaion. The degree of removal of the ammonium ion (Fig. 5) is shown as the average result, also indi-
cating the standard deviation. Halosorb removal effect ranged from 64.61% to 81.51%, Compakt from 65.88% to
93.67%, and Damsorb K from 67.89% to 84.98%.

Checking the normality of variables distribution. The Shapiro-Wilk test was used to check the normality of var-
iables distribution. At the significance level of a'=0.05, the probability level was determined as p=0.01773. The
probability level p had lower value than the significance level «, thus the null hypothesis about the normality of
the distribution should have been rejected.
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Series (removal efficiency [%])
Group Halosorb Compakt D b K
1 IV (89.58) 11 (90.37) 11 (92.90)
2 11 (87.55) 1V (50.67) 1V (77.74)
3 111 (74.77) 1(33.43) 111 (53.26)
4 1(18.84) 111 (22.75) 1(20.16)

Table 6. Scheffe test results of the average degree of magnesium removal in subsequent series of measurements
grouped by the type of sorbent.

Series (removal efficiency [%])
Group | Halosorb Compakt Damsorb K
1 1(78,71), 111 (81,51) 1(93,67) 11 (84,98)
2 IV (64,61), 11 (66,81) 111 (90,98) 11 (80,65)
3 1V (68,53) 1V (67,89),1(71,85)
4 1I (65,88)

Table 7. Schefte test results of the average degree of ammonia ion removal in subsequent series of
measurements grouped by the type of sorbent.
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Figure 5. Average value and standard deviation of ammonia ion removal degree during the sorption process on
the tested materials: Halosorb, Compakt and Damsorb K.

Assessment of sorbent type influence on the degree of ammonia removal. The Kruskal-Wallis test allowed to con-
clude that with the probability level p =0.3597, there was no reason to reject the null hypothesis that the factor
did not affect the results of experiment. Type of sorbent did not therefore differentiate the degree of magnesium
removal from wastewater.

Assessment of the impact of deposit load on the degree of ammonia removal. Results of the Kruskal-Wallis test
indicated that with the probability level of p = 0.0021, the null hypothesis about the lack of influence of the factor
on the test results should have been rejected. Only the load on the deposit had significant impact on the degree of
ammonium concentration reduction.

In order to select the most effective deposit load for each sorbent, a Scheffe post-hoc test was carried out
(Table 7). Based on it, the highest efficiency of Halosorb in the IIT and I series of tests was determined (82% and
79%, respectively), which significantly differed from the other series, where in II series, it amounted to 67%, and
in IV - 65%. In the case of Compakt, the best removal effect was observed in the I series of tests (94%), while in
others, it was already lower: in the III series - 91%, in the IV - 69% and in the II - 66%. Damsorb K removed the
ammonium ion to the highest degree in the III series (85%), in the II series in 81%, while in other series, the level
of reduction was lower (in I - 72% and in IV - 68%).

Summary and Discussion

The paper presents results of research on the removal of ammonium, sodium, calcium, potassium and magne-
sium ions from wastewater after soda ash production, by sorption on three sorbents: Halosorb, Compakt and
Damsorb K. Four series of tests were carried out using the dynamic method, each applying different load on the
deposit: 1.937 m*- m~2-h™}, 1.628 m*-m~2-h~%,0.969 m*>- m~2-h ™1, 0.579 m®-m~2-h L. Confirmation of results
repeatability required conducting the experiment twice. The exact interpretation of the obtained results was made
due to the use of statistical tests: Shapiro-Wilk, Scheffe and Kruskal-Wallis.
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After performing detailed analyses, it was found that the results obtained for individual sorbents are not sig-
nificantly different, which indicates that the type of deposit used does not affect the degree of removal of any of
the examined ions. A similar effect can be obtained using any of them.

In the case of all cations, it was found that the load on the deposit significantly influences the experimental results.
Sodium removal at Halosorb and Damsorb K was most effective at the load 0.969 m*- m~2-h~! (82% and 85% respec-
tively), while on Compakt at the load 1.937 m*-m~2-h~! (94%). At the same time, it was observed that for all materi-
als, the lowest effect was achieved with the deposit load of 0.579 m*-m~2-h . For comparison, scientific reports state
about reducing the sodium concentration by about 10-60% using nanofiltration'>!®. Similarly, the concentration of
this ion was lowered using carbon nanotube sheets as a sorbent even by several dozen percent®! and up to 70% using
functionalized graphene sheets??. Application of reverse osmosis could reduce content of sodium even by more than
98.5%'4171%. The use of a precipitation process, e.g. with amine solvents such as isopropylamine, was not effective
- the result was close to 0%'*. Comparing to this, effect achieved in decreasing the sodium concentration by not
modified sorbents in this research seems promising, especially considering its very high concentration in wastewater.

On the basis of subsequent tests, it was recorded that calcium was removed most effectively by all materials
at the deposit load of 0.969 m*-m~2-h™! (79-90%). The conducted research indicated a reduction in calcium
concentration by about 40-80% applying nanofiltration'>'®, even 90% on nanofibrous mats® or over 99% when
using reverse osmosis'”*?%, The use of precipitation with amine solvents, such as isopropylamine, allowed almost
complete removal of calcium from the sample'?. Results obtained during presented tests are similar to most effec-
tive methods described in scientific literature, therefore further research would be justified.

All sorbents showed the highest efficiency of lowering potassium concentration at the deposit load 0.969
m?®-m~2-h~!and it varied from 85% to 89%. Using nanofiltration, the effect of about 90% removal was achieved".
The use of reverse osmosis to remove potassium allowed to reduce its concentration by up to 97%'7*. Biological
treatment on constructed wetlands decreased potassium concentration for almost 60%®. In this case results obtained
in the experiment are similar to effects of nanofiltration, what suggests potential of sorbents in further study.

The ammonium ion on Halosorb and Damsorb K was most effectively removed at load 0.969 m®-m~2-h™!
(82% and 85% respectively), while on Compakt at the load of 1.937 m*-m~2-h™! (93%). The membrane contac-
tors and sorbent clinoptilolite are very effective in removing the ammonium ion from water. After their applica-
tion, the removal rate reaches 100%2°-%. Using sodium hydroxide modified zeolite mordenite allowed to achieve
effect of about 80% ion removal®. Very similar effect - about 80% of removal - was obtained after application
of ion exchange resins'®. Ammonia removal degree on sorbents comparing to literature data is high enough to
continue research on their application in salty industry wastewater treatment.

Magnesium removal was different than that of other ions. Halosorb showed the highest efficiency when load
of the deposit was 0.579 m*-m~2-h~! (90%), whereas Compakt and Damsorb K at the load of 1.628 m*-m~2-h~!
(91% and 93% respectively). Results published in the scientific literature refer to the reduction of magnesium
concentration by 60-80% when using nanofiltration'>! and by over 98% with the use of reverse osmosis'”!%%,
Precipitation with amine solvents, e.g. isopropylamine, reduced magnesium concentration by about 30%"* and
removal on activated coconut coir by about 50%. As it is shown, degree of magnesium removal on sorbents is
high comparing to another methods from literature and the tests should be continued.

It is worth noting that in most cases sorbents are the most effective at the load 0.969 m*- m~2-h~!. This may
indicate that at higher flows the contact time of sorbent and wastewater is too short to remove ions to a high
degree, at smaller flows however, due to the large amount of suspension in the wastewater, sorbent pores are
blocked and sorption capacity decreases. High removal degree at the load 1.937 m*- m~2-h~! may be due to the
fact that this was the first contact of sorbent and wastewater at first series of tests. The remaining series were car-
ried out on sorbents used for testing and rinsed with distilled water, hence the removal effect is more similar to
the real one that would appear in an industrial scale installation, where the sorbent would be used repeatedly*.

The obtained test results do not exclude the possibility of work on increasing the effectiveness of sorbents used
in the treatment of wastewater from soda ash production. A number of factors important in the sorption process
should be taken into account, such as: sorption capacity, pre-treatment of the material, process economics, mate-
rial availability on the market, sorption mechanism, sorbent utilization or management after its saturation®. The
sorption capacity can be increased by modifying the surface of sorbents®'.

Conclusions
The following conclusions were drawn from the conducted research:

o The type of sorbent used does not affect the degree of removal of the ions studied.

« Removal of sodium and ammonium ion is most effective at the loads of deposit 0.969 m*-m~2-h~!and 1.937
m?-m~2-h™.

o The degree of calcium and potassium removal is highest when using the deposit load 0of 0.969 m*-m~2-h~.

« Concentration of magnesium is most effectively reduced at the deposit loads 1.628 m*-m~2-h~! and 0.579
m3-m~2.h7L
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