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ABSTRACT

Due to deterioration in the surface water quality and the rainfall scarcity, an increasing demand for
groundwater is imposed. Most of groundwaters are characterized as hard water, requiring solu-
tions for water softening, preferably applying environmentally friendly, low-cost and low-energy
processes. A new eco-friendly and low-cost method was studied for hard water softening, consisting
of the combination of water carbonation followed by application of Moringa oleifera seeds. Three
hard water samples, characterized by different levels of initial hardness, were pretreated with car-
bon dioxide. The effects of independent variables, such as stirring, rest time of water after carbon
dioxide injection, dosage of Moringa oleifera seeds and settling time, had been evaluated. The hard
water softening was optimized using a factorial design and a central composite rotational design, in
a sequence. Following variables were determined as the optimal for a hardness removal: Water 1 —
M. oleifera dosage equal to 2,621.4 mg/L; Water 2-2,592.8 mg/L and Water 3-2,478.5 mg/L in 102.4 min
of settling time. Developed methodology was efficient in the hard water softening and represents
one simple, environmentally friendly and low-cost process, as an alternative to the existing complex

methods, proving to be a process of technological innovation.
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1. Introduction

Groundwater is the main source of domestic, indus-
trial and agriculture supplies in many regions of Brazil
and other part of the world [1-3]. An increasing demand
for groundwater is imposed, due to deterioration in the
surface water quality and the rainfall scarcity. Most of the
available groundwater is classified as hard water, because of
the presence of ions, mainly calcium (Ca*) and magnesium
(Mg?) [4].

The use of hard water for supplying can compromise
the operation of domestic and industrial devices, because of

* Corresponding author.

the deposition of salts on the surface of appliances. In con-
sequence, this could decrease their efficiency and lifespan
and increase energy consumption [5-8].

The currently available water softening methods include
chemical precipitation using lime [9], nanofiltration [10],
carbon nanotubes [11], capacitive deionization [12], electro-
chemical precipitation [13], electrocoagulation [14], mag-
netic field and electrostatic field [15], short pulse plasma
application [16]. However, these processes are energy-
consuming and expensive for the operation and maintenance
of the equipment. In addition, the most commonly used, that
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is chemical precipitation, generates large volumes of sludge,
containing chemicals that are required for pH adjustment
[17,18]. The electrochemical precipitation has some addi-
tional limitations to previously cited, as the requirement of a
very large specific area of the electrode; a sacrifice electrode
and the necessity of reverse electrode polarity; its drawbacks
restrict the allowable current density and shorten the life-
time of electrodes [19-21]. Therefore, a significant need in
a search for environmentally friendly, low-cost, and low-
energy processes for water softening is imposed.

The presence of carbon dioxide (CO,) in water in a greater
or lesser amount is a determining factor for the precipitation
of calcium carbonate [22-24]. The injection of CO, reduces
the pH of water by its hydration to carbonic acid (H,CO,)
and contributes to the precipitated dissolution of calcium
carbonate [22]. One another alternative for hard water soft-
ening is the use of Moringa oleifera seeds [25-29].

M. oleifera is a native tree of India that grows in the trop-
ics and subtropics of Africa, Asia and the United States.
It is well known by various medical benefits of its leaves
in prevention and treatments of diabetes [30], cancer and
cardiovascular diseases [31]. Seeds of M. oleifera are used to
remove unwanted coloration [32], turbidity [33,34], micro-
organisms [26,33] and organic matter [35,36] from water and
effluents [37]. M. oleifera is known to be a natural cationic
polyelectrolyte and flocculant, with a chemical composition
of basic polypeptides with molecular weights ranging from
6,000 to 16,000 daltons, containing up to six amino acids
of mainly glutamic acid, methionine and arginine [28,38].

To our knowledge, no scientific or technological expe-
rience has been reported about the integrated process of
carbonated hard water softening with M. oleifera seeds.
We hypothesized that M. oleifera extracts could assist in
softening of carbonated water, directed at the development
of one simple and sustainable water treatment methodol-
ogy. We also hypothesized that different parameters such
as stirring, rest time of water after CO, injection, dosage of
M. oleifera seeds and settling time would define the success
in carbonated hard water softening with M. oleifera seeds. It
was fundamental to define and optimize those parameters,
in order to attain the highest removal efficiencies of hard
water hardness. Thus, the aim of this work was to evaluate
the efficiency of the M. oleifera seed extracts in the carbon-
ated hard water softening and to optimize the complexity
of the parameters controlled in the softening process.

2. Materials and methods
2.1. Sources of groundwater

The groundwater used in the experiment was originated
from three sites in the North region of Minas Gerais, Brazil.
Waters were collected from tube wells. They were charac-
terized as alkaline with high carbonate hardness. The water
with the greatest hardness entitled Water 1, was collected in
Janatba; the intermediate hardness water, Water 2, was col-
lected in Capitdo Enéas; the lowest hardness water, Water 3,
was collected in Montes Claros. The initial quality of three
water samples was characterized (Table 1) using the APHA
methodology [39]. The same methodology was used in water
characterization after the experimental procedure.

Table 1
Initial quality characteristics of three distinct water samples
(hardness reduction from Water 1 to Water 3)

Analyzed variables Water1 ~ Water2  Water 3
Hardness (mg/L as CaCO,) 510.00 328.00 233.00
Alkalinity (mg/Las CaCO,) 360.00 174.00 248.00
Ca (mg/L) 174.00 109.00 73.00
Mg (mg/L) 12.00 10.60 12.00
pH 7.10 7.10 7.50
Chloride (mg/L) 129.00 29.00 3.00
Total iron (mg/L) <0.10 <0.10 0.46
Total manganese (mg/L) <0.10 <0.10 0.17
Electric conductivity (us/cm)  1,172.00  500.00 468.00
Fluoride (mg/L) 0.37 0.27 0.10
Turbidity (NTU) 0.27 1.10 2.40
Sulfates (mg/L) 57.30 33 3.00

2.2. Experimental procedure
2.2.1. Experimental apparatus

A system for carbonation of water was set up [22]. In
this system, CQO, is injected into a known volume of water
(22 L), and the pH is monitored during the gas injection
into the container. This stage had as objective to determine
the pH CO,-saturated water. The experimental apparatus
(Fig. 1) used for the optimization of carbonation consisted
of a cubic-shaped glass container of 30 L capacity. The con-
tainer had three upper openings: the first one for gas inlet
(made by means of a hose containing a stainless steel gas
injector), a second one for the gas circulation and a third for
introduction of the pH electrode.

White Martins CO, of 99.5% purity was used. The gas
was supplied from the 4.5 kg CO, cylinder containing pres-
sure regulator and flowmeter to control the CO, flow rate.
The cylinder was calibrated to a pressure of 3.5 kgf cm™2.
The used CO, flow rate was 6 L min™".

2.2.2. Determination of the pH CO,-saturated water (pHs CO,)

Curves of pH values vs. time of application of CO, were
plotted measuring the pH of the water at each 5 s during
CO, injection, by using a bench pH meter with a combined
electrode of pH (model PH-21, Hanna Instruments, Italy).
The curves were drawn to obtain the pHs CO,, which rep-
resented the value at which the pH of the water is stabilized
even under the continuous CO, addition.

2.3. Carbonation

After obtaining the pHs CO, and the necessary time of
CO, injection for pHs CO, had been reached, the carbon-
ation tests were carried out for each studied water. The con-
tainer (Fig. 1) was filled with 22 L of hard water, and CO,
was injected in water for as long as necessary to reach pHs
CO,. After this time, the CO, inlet valve was closed in the
water and the vents at the top of the vessel were properly
sealed with rubber caps. The influence of the rest time of



158

CO2 injection

G.L. Muniz et al. / Desalination and Water Treatment 173 (2020) 156-165

o
‘_/_Jl\ Water level Gas ontlet M. oleifera
AN &
- A

]

COz

pH meter Magnetic
’ stirrer
oulet

Fig. 1. Experimental sequence scheme for hard water softening, using carbonation and treatments with extracts of Moringa

oleifera seeds.

the water after CO, injection was evaluated and the follow-
ing times were studied: 0, 24 and 48 h. After the rest time,
1 L of carbonated water was collected and used in the next
step in developing methodology, the test with M. oleifera
seeds.

2.4. Moringa oleifera tests

The M. oleifera seeds used in this experiment were
collected from trees located in the park of Institute of
Agricultural Sciences in Montes Claros, Minas Gerais, Brazil.
The dried seeds were removed from the pod and ground in
a household blender. The particulate material was sieved to
standardize particle size. Particles smaller than 0.3 mm were
used. M. oleifera extract was used on the same day of pre-
paration, following recommendations of Ndabigengesere
et al. [40], the desired dry mass of the extract (Table 2) was
weighed on an analytical balance and added in 1 L of car-
bonated water to be treated. In the first design, the follow-
ing dosages of M. oleifera extract were studied: 0, 1,000 and
2,000 mg/L of carbonated water. The beaker containing the
M. oleifera extract and water was brought into a magnetic
stirrer (Q261, Quimis), which was set to speed determined
during the experiment (Table 2). It was stirred for 15 min at
room temperature. After the stirring time, the equipment
was turned off and each sample rested for settling time, to
deposit the sediments. When the settling time was reached,
samples of the supernatant were collected for residual
hardness analysis.

2.5. Experimental design

The experiment was divided into two stages, using two
different statistical designs in a sequence: fractional factorial
(2" and central composite rotational design (CCRD).

The fractional factorial design had the exploratory aims,
as a selection of factors with a significant effect on soften-
ing and an evaluation of the ranges (levels) of tested values.
Four factors (independent variables) were studied: M. oleifera
dosage, water rest time after CO, injection, agitation of car-
bonated water after addition of M. oleifera seeds and settling

Table 2
Coded and uncoded levels of the independent variables on
factorial design (2*7)

Levels
Variables
-1 0 1
Moringa oleifera dosage (mg/L) 0 1,000.0 2,000.0
Rest time (h) 0 24.0 48.0
Stirring (rpm) 0 150.0 300.0
Settling time (min) 0 30.0 60.0

time. The removed hardness was the used variable response.
The ranges of variation between the lower and the upper
limits (levels) of each independent variable were established
based on preliminary tests (Table 2).

A CCRD design was carried out with the aim to opti-
mize the factors with a significant effect on softening and
determining the optimal treatments. In CCRD, the stirring
was fixed at the upper level (+1), since in the factorial design
was determined that the best results in hardness removal
were obtained when the system was submitted to 300 rpm.
The rest time of the water after CO, injection was not statis-
tically significant. Therefore, in CCRD design the water was
collected immediately after CO, injection for the tests with
M. oleifera. The M. oleifera dosage and sedimentation time
varied. CCRD design consisted of a factorial 2? with four axial
points and five central points, totaling 13 runs, performed
in a random sequence, attaining following values of the
coded and real levels of the independent variables (Table 3).

The value of a was dependent of the number of inde-
pendent variables (k = 2) and was calculated using Eq. (1):

a=(2")" =1.414 (1

The variation ranges between the lower and the upper
limits of each independent variable in CCRD design were
established based on the results obtained by the factorial
design and using data from the literature [26,28].
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Table 3

Coded and real levels of the independent variables in central composite rotational design

Independent variables

Coded and real levels of independent variables

- -1 0 +1 +a
M. oleifera dosage (mg/L) 1,293.0 1,500.0 2,000.0 2,500.0 2,707.0
Settling time (min) 17.6 30.0 60.0 90.0 102.4

2.6. Statistical analysis

The analysis of variance (ANOVA) was performed at a
95% confidence level. Modeling and analysis of experimental
data were performed by using the Minitab v.17. Experimental
results were fitted to a second-order polynomial model by
using the least square method to optimize the variables in
the softening process. The quadratic equation model for pre-
dicting the optimal conditions can be expressed as Eq. (2):

Y= Bo + iﬁixi + Zf:ﬁ”xlz + nZ_: Zn: Boxix/' (2)

i=1 j=i+1

where Y, B, B, B, B, are the predicted response, the regres-
sion constant coefficient, the linear coefficient, the quadratic
coefficient and the interaction coefficient, respectively, and
x, and x; are the coded values of the variables [41]. The lin-
ear and quadratic coefficients and the interactions between
the factors in the mathematical model were obtained for the
response of water hardness. Contour plots for the removed
hardness were obtained. The residual concentrations of cal-
cium, magnesium, alkalinity and the final pH of the water
treated were analyzed in the optimum conditions obtained
for the removal of hardness, using the obtained mathemati-
cal model (Eq. (2)) and the desirability function, available in
the statistical program.

3. Results and discussion
3.1. pHs CO,

The pHs CO, for Water 1, Water 2 and Water 3 were 5.8,
5.6 and 5.7, respectively (Fig. 2). The times taken to reach pHs
CO, were 290.0, 325.0 and 335.0 seconds for Water 1, 2 and 3,
respectively.

Three studied hard waters were naturally saturated with
carbonate, thus would not express pH below 6.0. However,
due to the injection of CO, into the water, the pH was reduced
to values below 6.0, since the dissolved CO, reacted with the
water forming carbonic acid, which had been rapidly disso-
ciated to hydrogen ions and bicarbonate ions, resulting in
an increased concentration of these ions in water (Egs. (3)
and (4)):

CO, +H,0 +> H,CO, ®)

H,CO, <> H" + HCO, 4)

The obtained pHs CO, values (Fig. 2) could be explained
by the different alkalinities of the studied waters (Table 1).
However, pHs CO, would never fell below the point where

the equilibrium between carbonic acid (H,CO,) and bicarbon-
ate ions (HCO,") predominates (Eq. (4)). Thus, the increase of
the total carbonate species, promoted by the addition of CO,
to the water, promoted the reduction of the pH of equilib-
rium between the carbonic acid and bicarbonate species until
the pH saturation. In one closed system, this provokes the
increases in Ca* saturation concentrations in the water [22],
and Ca™ is susceptible to adsorption by the M. oleifera seeds
[28,42].

3.2. Fractional factorial design

In the significance test of the main effects of coagulant
dosage, settling time, rest time and stirring in removal of
water hardness, Pareto graphs were generated (Fig. 3). The
coagulant dosage, settling time and stirring were significant
on the removal of water hardness (p < 0.05). On the other
hand, the rest time after the CO, injection did not show the
significant effect on the studied softening process (t_, <t,,).

The stirring promoted the removal of dissolved CO, in
water [43]. The decreased concentration of carbonic gas in
water promoted by the stirring is explained by Le Chatelier’s
principle, because the calcocarbon equilibrium of the reac-
tion (Eq. (5)) is displaced towards the formation of the cal-
cium carbonate precipitates and, consequently, the water
hardness decreases.

Ca'™ +2HCO; <> CaCO,, +H,0+CO,, (5)

The increased water-softening efficiency as response to
the increased stirring speed to about 80.0 rpm is observed
when M. oleifera seeds are used as softening agent [44].
Above this value, due to the brittleness of the flake, a slight

8.0 —&— Water 1

7.5 —&— Water 2

7.0 —&— Water 3
5 65

6.0

5.5

5.0

0 200 400
Time (s)

Fig. 2. Water pH as a function of CO, injection time in three dis-
tinct hard water samples.
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Fig. 3. Pareto plot of effects of rest time, dosage of M. oleifera seeds extracts, stirring and settling time evaluated for (a) Water 1,

(b) Water 2 and (c) Water 3.

loss of efficiency is noticed, certainly due to the breaking of
the flakes and the dispersion of the colloidal material. It is
noteworthy that Sanchez-Martin et al. [44] employed the
stirring only as a mechanism to increase the flocculation
efficiency, different from our experiment, in which the stir-
ring provided, in addition to the flocculation, the aggressive
CO, removal. Thus, the optimum stirring speed found in
our work (300.0 rpm) was much higher than determined by
Sanchez-Martin et al. [44].

3.3. Optimization using CCRD

In the CCRD design, we choose to fix the stirring variable
at the maximum studied value, that is, 300.0 rpm (Table 2),
since at this speed the hardness removal was the most effi-
cient. Values above 300 rpm could cause shear stresses that
lead to the breaking of the formed flakes, not being common
in the literature [28]. Thus, the M. oleifera dosage and the
settling time varied from 1,293.0 to 2,707.0 mg/L and 17.5 to
102.4 min, respectively (Table 4).

The best results of removal efficiencies of water hard-
ness were attributed to runs 7 and 12, where high doses of
coagulant (points +1 and +a) with high settling time (points

+1 and +a) were used (Table 3). The removal efficiency of
water hardness attained the values higher than 40%, in three
hard water samples, regardless of their initial hardness.
The reduction of the M. oleifera dosage resulted in a decrease
in the removal efficiency of the water hardness (Table 4), as
the previously observed relation [45].

In statistical analysis of variance of the model for rem-
oved harness, the non-significant effects were neglected
(i.e., interaction dosage x settling time) in the three stud-
ied waters, leaving only the significant variables (Table 5).
Variables that show low contribution to the explanation
of the results can be removed from the complete model,
generating simple models without prejudice to the final
adjustments [46]. The higher F-values and lower p-values
than 0.05 show significant factor effects on response [41]. To
accomplish the predictive demand, the ratio between the cal-
culated and measured F-values must be greater than 3 [47].
In our study, this ratio had the following values: 17.47, 18.05
and 15.54 for Water 1, Water 2 and Water 3, respectively,
well above the expected ratio. In order to create a reliable
model, the difference between the measured R? and adjusted
R? should be less than 0.2 [48]. In our experiment, this dif-
ference was found in the three studied waters, indicating
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Removal efficiencies of water hardness considering the dosage of M. oleifera seeds extracts and settling time in three distinct hard

water samples

Run  Moringa Settling Water 1 Water 2 Water 3

oleifera time Removed % Hardness Removed % Hardness Removed % Hardness

dosage  (min) hardness removal hardness removal hardness removal

(mg/L) (mg/Las CaCO,) (mg/Las CaCO,) (mg/Las CaCO,)
1 1,500.0  30.0 138.36 27.13% 86.26 26.30% 58.72 25.20%
2 1,500.0  90.0 171.46 33.62% 113.16 34.50% 75.86 32.56%
3 2,000.0  60.0 201.76 39.56% 125.30 38.20% 86.75 37.23%
4 2,500.0  30.0 183.50 35.98% 107.39 32.74% 74.14 31.82%
5 2,000.0  60.0 193.60 37.96% 116.90 35.64% 81.78 35.10%
6 2,000.0  60.0 209.10 41.00% 126.28 38.50% 85.98 36.90%
7 2,000.0 102.4 226.44 44.40% 140.38 42.80% 96.02 41.21%
8 1,293.0  60.0 141.47 27.74% 86.33 26.32% 58.95 25.30%
9 2,000.0  60.0 198.90 39.00% 124.84 38.06% 81.55 35.00%
10 2,707.0  60.0 212.67 41.70% 133.17 40.60% 90.73 38.94%
11 2,000.0 175 150.96 29.60% 85.61 26.10% 56.62 24.30%
12 2,500.0 90.0 223.58 43.84% 147.17 44.87% 101.68 43.64%
13 2,000.0  60.0 201.76 39.56% 126.05 38.43% 81.78 35.10%

excellent reliability of the models (Table 5). It can also be
observed that the lack of adjustment was not significant
at the 5% probability level (F__ . <F__ ), which is the
desirable level for when obtaining a regression model [41].
The adjustment indicators of the model indicated a good
fit of the chosen model (Table 5). Higher is the R? (closer
to 1.0), better is the model and smaller is the error. Models

with R? values greater than 0.60 can be used for predictive

Table 5

purposes [49]. The second-order polynomial equations mod-
eled the removed hardness as a function of M. oleifera dosage
and of the settling time (Eqs. (6)-(8) for Water 1, 2 and 3,
respectively:

Y, =177.5+0.2558 A +16.93 B — 0.000052 A% - 0.786 B> 6)

Y,=-95.6 +0.1336 A +12.45 B - 0.000026 A% - 0.537 B2 7)

Analysis of variance (ANOVA) of the regression models for the removed hardness in Water 1, 2 and 3

Source Df Water 1 Water 2 Water 3
F-value p-value F-value p-value F-value p-value
Model 4 67.09 <0.001* 69.30 <0.001* 59.68 <0.001*
Linear 2 116.46 <0.001* 127.07 <0.001* 111.61 <0.001*
Dosage 1 127.54 <0.001* 105.45 <0.001* 94.70 <0.001*
Settling time 1 105.38 <0.001* 148.69 <0.001* 128.53 <0.001*
Square 2 17.73 0.001* 11.53 0.004* 7.75 0.007*
Dosage? 1 30.10 0.001* 16.60 0.004* 10.56 0.007*
Settling time? 1 9.07 0.017* 9.31 0.016* 6.90 0.017*
Error 8 - - - - - -
Lack of fit 4 1.44 0.367N8 1.36 0.388Ns 1.98 0.285N8
Pure error 4 - - - - - -
Total 12 - - - - - -
Water 1 Water 2 Water 3

R? Razdj. R;red R? Razdj. R;red. R? Razdj. R}fred.

Fit estimators 0.971 0.957 0.902 0.972 0.958 0.922 0.967 0.951 0.905

*Significant (p < 0.05); NS: no significant (p > 0.05); Df: degrees of freedom; R R-squared; R?.: adjusted R-squared; R? .. predicted
R-squared; F tabulated for regression: 3.84; F tabulated for lack of fit: 6.39.
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Y,=-67.8+0.0912 A +9.00 B - 0.000017 A2 - 0.402 B> (8)
where Y, Y, and Y, are the removed hardness (mg/L as
CaCO,) from Water 1, 2 and 3, respectively; A is the M. oleifera
dosage (mg/L) and B is the settling time (min). From math-
ematical models (Egs. (6)-(8)), the contour graphs were
generated for relation between the removing hardness and
M. oleifera dosage/settling time (Fig. 4).

The removal of hardness increased with increasing of
the M. oleifera dosage and the settling time (Fig. 4). This can
be proven because these two variables showed negative
quadratic coefficients — A? and B? — (Egs. (6)-(8)), indicating
that with the increasing of the M. oleifera dosage and settling
time, the removal efficiency of the hardness would increase.
Dosages of about 2,500.0 mg/L at a settling time over
90.0 min provided for removals of nearby 45% of hardness
in the Water 1, Water 2 and Water 3.
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The efficiency of M. oleifera seeds in the removal of water
hardness was higher when the water was previously car-
bonated (Fig. 4) when compared with the non-carbonated
waters [50]. The effect of carbonation of the water on hard-
ness removal can be explained by the equilibrium of the
carbonate system. CO, injection into water increases the
total concentration of the carbonate species (law of mass
action), and as a consequence, this increases, in the closed
system, the saturation concentration of calcium, which
induces the precipitation of CaCO,. High concentration of
calcium in the water is required to occur the precipitation of
CaCO, [22,24,42]. When free CO, is released from the water,
promoted in this work by stirring the mixture, precipitation
of CaCQ, is favored by increasing pH [24].

The presence of bicarbonate in a solution, or the presence
of carbonates precipitated in water, depends on the pres-
ence of a carbon dioxide in high or low amounts in water,

b)

g
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Fig. 4. Contour plots relating the removed hardness (mg/L as CaCQO,) as a function of the M. oleifera dosage (mg/L) for Water 1 (a),

Water 2 (b) and Water 3.
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which increases all carbonate species (H,CO,, HCO;, CO.?)
[22]. The precipitation of calcium carbonate from aqueous
solutions can occur simply by the addition of a soluble car-
bonate to a solution containing a soluble calcium salt, or
also by the solubilization of CaCO, in water saturated with
CO,, forming calcium bicarbonate Ca(HCO,),. When carbon
dioxide is released from this solution into the atmosphere,
the reaction is reversed with CaCO, and then precipitated
again [22].

The residual hardness, after carbonation, is removed
by M. oleifera seeds, which promotes the adsorption of cal-
cium and magnesium ions [28]. As a polyelectrolyte, it may,
therefore, be postulated that M. oleifera removes hardness in
water through adsorption and inter-particle bridging [51].
Thus, the mechanism of removal of hardness by M. oleifera
seeds can be attributed to a strong adsorption by the protein,
which has previously been identified as low mass (about 7 k
daltons), in combination with the tendency for the protein
to associate in chains that will promote the removal of ions
from water [28,52,53]. The adsorption isotherms are tend-
ing to be the Langmuir type and the conversion of soluble
hardness-causing substances to insoluble products happens
by precipitation [28,45].

When the M. oleifera seeds are used as a coagulant in the
treatment of groundwater characterized by the initial hard-
ness of 190.0 mg/L as CaCO,, the water hardness decreases
as the coagulant dosage increases, reaching 100.0 mg/L [26].
Thus, the residual hardness is consistent with the results
found in our study (Table 4). When the concentration of
M. oleifera seeds as a coagulant increases in a treatment of
underground from wells characterized by the initial hard-
ness of 496.5 mg/L CaCO,, the water hardness will decrease
[28]. At the maximum dosage studied by these authors
(2,400.0 mg/L), the observed residual hardness is 232.2 mg/L
as CaCO,, similar to the values observed in our study (Fig.
2a). M. oleifera seeds extracted with 1.0 M sodium chloride
solution (MO-NaCl) were used in surface water treatment
[45]. These authors observed hardness removal efficiency of
up to 80% in waters with initial hardness of 300.0 mg/L. The
hard water softening with M. oleifera seeds was also studied
by other authors [53]. According to the results, higher con-
centrations of the M. oleifera were required to soften hard-
ness due to Ca and Mg ions than for hardness due to Ca
ions alone. It took between 1,000.0 and 2,000.0 mg/L of the
M. oleifera to reduce the Ca and Mg hardness to 200.0 mg/L
CaCO,, compared with 800.0-1,200.0 mg/L needed for Ca
hardness alone.

Table 6
Water characteristics in optimum condition

Optimal operating parameters for hardness removal in
this work were obtained using the proposed mathematical
models (Egs. (6)—(8)) and the desirability functions. The fol-
lowing points were determined as optimal points for removal
of hardness: Water 1: coagulant dosage 2,621.4 mg/L, Water
2:2,592.8 mg/Land Water 3: 2,478.5 mg/L, in 102.4 min of set-
tling time. In Brazil, the Ministerial Ordinance number 2914
of the Ministry of Health [54] establishes that the maximum
water hardness value for human consumption should not
exceed 500 mg/L as CaCO,. In its raw state, the Water 1 did
not meet this exigency (Table 1). However, it was observed
that the applied methodology for water softening promoted
the reduction of hardness of Water 1 to the values lower than
500 mg/L as CaCO, (Table 6), which placed it within the stan-
dards required by the Ordinance number 2914 [54].

3.4. Characterization of water at the optimum point

The residual concentrations of calcium, magnesium, the
alkalinity and final pH of the studied water were analyzed
under the obtained optimal condition (Table 6). Under the
optimal conditions, the pH of the water remained within the
range indicated for human consumption. The low alkalinity
variation was due to the absorption and/or detachment of the
CO, in the water when applied. In terms of water treatment
for human consumption, the variation can be considered
irrelevant.

High residual hardness values are observed due to the
presence of permanent carbonates and bicarbonates present
in the water, since not all carbonate present in the water will
precipitate [22]. In water treatment systems, the removing
of all hardness from the water is not desirable, since it may
become aggressive due to low alkalinity. In addition, the
ideal value of water hardness varies according to the purpose
of its use [55].

The future studies can investigate the impact of aeration
of carbonated waters, since it may be more efficient in the
control of the species that govern the equilibrium of the car-
bonate system, favoring greater efficiency of precipitation
and shorter reaction time.

4. Conclusions

The efficiency of M. oleifera seeds in the softening of pre-
viously carbonated water was studied, as an environmen-
tally friendly and low-cost method. As the coagulant dos-
age and the settling time increased, the residual hardness

Analyzed variables Water 1 Water 2 Water 3

Before After Before After Before After
Hardness (mg/L as CaCO,) 510.0 283.0 328.0 180.0 233.0 135.2
Alkalinity (mg/L as CaCO,) 360.0 356.0 174.0 168.0 248.0 243.0
Ca*? (mg/L) 174.0 90.0 109.0 60.6 73.0 37.6
Mg (mg/L) 12.0 10.1 10.6 13.0 12.0 10.1
pH 7.1 7.6 7.1 7.5 7.5 7.8
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decreased. The following points were determined as the
optimal points for removal of hardness: Water 1: coagu-
lant dosage equal to 2,621.4 mg/L, Water 2: 2,592.8 mg/L
and Water 3: 2,478.5 mg/L in 102.4 min of settling time. The
obtained mathematical model indicated excellent reliability
and can be used for predictive purposes. Our results showed
that this methodology has potential to be used both in water
softening for supply and for irrigation, as technological
process in the future. The adopted methodology is simple,
low cost, environmentally sustainable and ideal for decen-
tralized water treatment systems, as in small communities
in semi-arid regions that have problems with highly calcar-
eous waters and do not have access to conventional water
treatment.
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