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ABSTRACT

In this study, hardness removal from wastewater containing a high concentration of boron by raw
and modified clinoptilolite minerals was investigated. The raw clinoptilolite mineral was modi-
fied with HCl and NaOH. Optimum conditions for total and calcium hardness removal from the
wastewater were determined by central composite design (CCD) of response surface methodol-
ogy (RSM). The clinoptilolite dosage, contact time, temperature and dilution ratio were selected as
independent variables. Equations that give removal efficiency (%) and removal capacity (mg/g) of
total and calcium hardness were obtained through RSM analysis and interactions of independent
variables with each other were illustrated by contour graphs. All determination coefficients (R?)
were above 0.90. The highest values of removal efficiency (%) and capacity (mg/g) were obtained by
NaOH-modified clinoptilolite and its maximum values were above 99% and 12.30 mg/g, respectively.
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1. Introduction

The hardness in the water is due to the polyvalent metal
cations [1]. The ions of calcium, magnesium, iron, stron-
tium, manganese and other some metal cause the hardness
increase in water. The most effective ions that form hard-
ness in water are calcium and magnesium [2]. The hard-
ness of drinking water does not cause significant problems
in terms of health, but it causes stratification in household
appliances and increases the consumption of detergent and
soap. In the industrial processes, the calcium cation reacts
with carbonate or bicarbonate ions to form calcium carbon-
ate precipitation. The calcium carbonate accumulated in
the inner walls of pipes, steam boilers, and heat exchangers
narrows the hydraulic passageway and reduces heat trans-
fer efficiency. The carbonate formation leads to energy loss
because of the increasing pressure drop in fluid systems [3].

* Corresponding author.

There are various methods for softening of hard water
such as chemical precipitation, adsorption, ion exchange,
extraction and membrane processes [4].

Boron compounds have many uses in industry and boron
is a critical parameter using environmental pollution. Boron
has a toxic effect on plants, animals, and humans when above
limit values in water. In that case, it must be treated before
discharged to the environment [5-10]. There are various
processes for boron removal from wastewater such as mem-
brane distillation [11], adsorption [12], ion exchange [13],
reverse osmosis (RO) [14,15], electrocoagulation [16] and etc.
In case the membrane processes ended with RO are selected
as a boron treatment method, the high amount of hardness
in the wastewater causes the stratification and clogging on
membrane surfaces [14]. The stratification causes a serious
technical problem and a big economic burden for different
industrial applications [17]. Therefore, the pretreatment of
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hardness must be applied before the advanced treatment
of boron. The use of precipitation, one of the conventional
methods, in the pretreatment of hardness causes the total
treatment cost increase because of the high caustic consump-
tion [14]. Consequently, an applicable and cost-effective
method is needed for the pretreatment of these wastewaters.

Zeolites are aluminosilicate minerals that contain inter-
changeable alkali and alkaline earth metal cations in addition
to water being in the structural framework. Clinoptilolite is
one of the most abundant natural zeolite species in the world
and founds in relatively large pelitic sedimentary deposits in
sufficiently high purity [18] and is a native mineral used to
remove cations [19].

Generally, the main purpose of the optimization is to
determine the level of independent variables resulting in
a maximum (or minimum) response without spending too
much time with too many experiments on a particular area
of interest. These processes can be accomplished using the
response surface methodology (RSM) approach, which
includes central composite design (CCD), Doehlert matrix,
and Box-Behnken design. Among them, CCD is a standard
RSM design widely used to fit a second-order model [20].
RSM is an optimization method that is used frequently in
industrial wastewater treatment [21-23].

In Bigadi¢ Etimaden Boron Plant, the wastewaters sourced
from open pits and boron mineral washing processes are
stored in wastewater dam and the stored wastewater con-
tains the high concentration of boron and hardness. Because
of the limited capacity of the wastewater dam, the plant set
up a pilot-scale membrane unit ended with RO to treat and
reuse the wastewater, but the hardness forms scale on the
membrane surface. Therefore, the determination of a fea-
sible and cost-effective method for hardness removal from
wastewater has great importance for sustainable membrane
applications. On the other hand, the clinoptilolite is found as
an accompanying mineral of boron mineral in boron depos-
its of the plant. Therefore, the raw clinoptilolite is produced
as a by-product in that plant. Hence, it was thought that the
use of raw and modified clinoptilolite for the pretreatment of
hardness from wastewater containing high boron could be
feasible and cost-effective.

In this study, the determination of optimum conditions
of the hardness removal from boron-containing wastewaters
by using raw and modified clinoptilolite was aimed. Based
on the results of the study, further studies such as prepara-
tion of clinoptilolite for column application, regeneration of
consumed material and feasibility could be performed.

2. Material and methods

The wastewater used in experiments was supplied from
the wastewater dam in the Bigadi¢ Etimaden Boron Plant.
The characterization of wastewater is given in Table 1. To
remove total and calcium hardness, the clinoptilolite mineral
which is known as abundant and cheap material in nature
was used. In the study, the raw, NaOH-modified and HCI-
modified clinoptilolite minerals were used. In the prepara-
tion of the modified samples, the clinoptilolite was firstly
dried, and then weighed on a precision scale and treated with
1 M of HCI or NaOH solution for 24 h. Finally, the suspen-
sions were filtered and dried.
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Table 1
Characterization of wastewater

pH 8.66
Conductivity (uS/cm) 2,137
Total hardness (mg CaCO,/L) 658.784
Calcium hardness (mg CaCO,/L) 211.68
Boron (mg/L) 602.89

The RSM, a collection of mathematical and statisti-
cal techniques, is useful for analyzing the effects of several
independent variables on the response [24]. Therefore, the
experiments were carried out under conditions determined
by the CCD of RSM. The clinoptilolite dosage, contact time,
temperature and dilution ratio were chosen as independent
variables of RSM and total and calcium hardness removal
capacity (mg/g) and efficiency (%) of clinoptilolite were cho-
sen as dependent variables of RSM. The factors and levels of
design are given in Table 2.

The experiments were carried out in polyethylene bottles
and 100 mL of wastewater was used for each experiment. The
total and calcium hardness values were measured using the
Standard Methods of 5340-C EDTA and 3500-Ca B codes [25].
The removal efficiency (%) and removal capacity (q) are cal-
culated according to Egs. (1) and (2).

%Removal efficiency = CUC_ ¢ x100 1)
0
(C,-C)xV
= AN 2
q(mg/g) W v)

where C, and C are the hardness concentration of wastewa-
ter in (mg/L), V is the volume of wastewater in (L) and W is
the mass of the clinoptilolite sample in (g).

3. Results

In this research, CCD of RSM was applied to evaluate
the total and the calcium hardness removal efficiency and
capacity from wastewater. The complete quadratic design
model was composed of 25 experimental runs with 6 repli-
cates at the central point. The run numbers and the variables
(coded) are given in columns 1 and 2 of Table 3. The removal
efficiencies for the raw and modified samples were also given
in other columns of Table 3.

Table 2
Factors and levels of design

No. Factors code Response surfaces and levels

-a -1 0 1 +ot

X, =Dosage (g/L) 20 40 60 80 100
X, =Contact time(min) 30 60 90 120 150
X, = Temperature(°C) 15 20 25 30 35
X, = Dilution ratio 02 04 06 08 1

B W N =
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Central composite design (CCD) for the study of four experimental variables and experimental results in the removal of total and

calcium hardness

Raw clinoptilolite

HCl-modified NaOH-modified

Run Variables (coded) (removal, %) clinoptilolite (removal, %) clinoptilolite (removal, %)
number X X X X Total Calcium Total Calcium Total Calcium
! 2 8 4 hardness hardness hardness hardness hardness hardness

1 40 60 20 04 10.78 14.91 9.07 14.91 81.59 86.00
2 80 60 20 04 10.55 10.56 9.82 10.56 91.57 93.00
3 40 120 20 04 13.26 11.73 11.20 11.73 85.88 87.75
4 80 120 20 04 9.81 1.48 0.15 1.48 92.97 94.50
5 40 60 30 0.4 9.82 10.56 11.20 10.56 83.84 87.75
6 80 60 30 0.4 6.15 5.08 0.10 5.08 94.38 96.50
7 40 120 30 0.4 3.96 3.25 3.00 3.25 87.70 91.50
8 80 120 30 0.4 2.15 0.10 0.18 0.10 95.90 96.60
9 40 60 20 0.8 9.81 15.63 26.76 15.63 58.64 68.92
10 80 60 20 0.8 10.55 13.83 0.20 13.83 78.60 87.56
11 40 120 20 0.8 10.18 14.30 27.52 14.30 67.90 76.91
12 80 120 20 0.8 7.59 11.56 6.80 11.56 85.73 88.46
13 40 60 30 0.8 7.04 15.15 23.04 15.15 70.02 79.59
14 80 60 30 0.8 6.86 9.39 2.47 9.39 88.01 91.97
15 40 120 30 0.8 7.96 13.83 23.04 13.83 67.90 80.44
16 80 120 30 0.8 1.07 6.18 3.91 6.18 88.62 91.12
17 20 90 25 0.6 9.63 14.46 30.17 14.46 68.61 62.21
18 100 90 25 0.6 5.79 3.63 427 3.63 98.54 95.46
19 60 30 25 0.6 12.06 12.70 11.04 12.70 70.04 88.54
20 60 150 25 0.6 477 5.39 16.11 5.39 79.07 83.60
21 60 90 15 0.6 8.67 12.70 0.32 12.70 70.96 84.76
22 60 90 35 0.6 2.95 2.49 4.27 2.49 95.24 97.04
23 60 90 25 0.2 9.98 6.53 0.04 6.53 97.86 94.71
24 60 90 25 1 14.24 19.73 28.90 19.73 85.73 92.29
25 60 90 25 0.6 12.71 14.08 6.60 14.08 86.74 92.69
26 60 90 25 0.6 14.99 15.47 4.77 15.47 86.54 93.07
27 60 90 25 0.6 14.08 16.60 4.77 16.60 86.64 92.95
28 60 90 25 0.6 12.71 14.21 457 14.21 86.84 92.82
29 60 90 25 0.6 13.17 16.60 6.60 16.60 86.84 92.95
30 60 90 25 0.6 13.17 16.60 457 16.60 86.44 92.95
31 60 90 25 0.6 13.63 14.21 5.32 14.21 86.84 92.95

The plots of the predicted values (RSM) versus the exper-
imental values (EXP) in the removal of total and calcium
hardness using raw and modified clinoptilolite are shown in
Figs. 1, 2 and 3. According to Figs. 1-3, there is an effective
compeatibility between predicted and experimental results.

The experimental results of removal capacity obtained
for the raw and modified clinoptilolite are also given in
Table 4. The plots of RSM-predicted versus EXP values of
total hardness and calcium hardness removal capacities in
case of the use of raw, HCl-modified and NaOH-modified
clinoptilolite are shown in Figs. 4-6. According to Figs. 4-6,
there is effective compatibility between predicted (RSM) and
EXP results.

The equations and regression values (R* for removal
efficiency and removal capacity obtained by RSM analyses

of the experimental results are shown in Tables 5 and 6.
The high R? values which are above 0.9 in Tables 5 and 6
indicate the accuracy of models. The tables demonstrate that
the second-order polynomial models were highly significant
and fitted very well to the experimental data. Therefore, the
quadratic models were significant for removal efficiency (%)
and removal capacity (mg/g).

The analysis of variance (ANOVA) analysis shows which
proportion the equation represents the concrete relevance
between principal changeable parameter and response
[26]. The statistical significance of the ratio of mean square
variation due to regression and mean square residual error
was tested using ANOVA. The ANOVA analysis was per-
formed for the design experiments of each material. As the
best results were obtained for NaOH-modified clinoptilolite,
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Fig. 1. Plots of RSM-predicted versus EXP values for raw clinoptilolite (a) total hardness removal and (b) calcium hardness removal.
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Table 4
Central composite design (CCD) for the study of four experimental variables and experimental results in removal capacity

Run Variables (coded) Raw clinoptilolite HCl-modified NaOH-modified
number q (mg/g) clinoptilolite g (mg/g) clinoptilolite g (mg/g)
X, X, X, X, Total Calcium Total Calcium Total Calcium
hardness hardness hardness hardness hardness hardness
1 40 60 20 0.4 0.75 0.32 0.71 0.32 5.37 1.82
2 80 60 20 0.4 0.35 0.11 0.35 0.11 3.02 0.98
3 40 120 20 0.4 0.87 0.25 0.87 0.25 5.66 1.86
4 80 120 20 0.4 0.32 0.02 0.32 0.02 3.06 1.00
5 40 60 30 0.4 0.65 0.22 0.65 0.22 5.52 1.86
6 80 60 30 0.4 0.20 0.05 0.20 0.05 3.11 1.02
7 40 120 30 0.4 0.26 0.07 0.26 0.07 5.78 1.94
8 80 120 30 0.4 0.07 0.00 0.07 0.00 3.16 1.02
9 40 60 20 0.8 1.29 0.66 1.29 0.66 7.73 2.92
10 80 60 20 0.8 0.70 0.29 0.70 0.29 5.18 1.85
11 40 120 20 0.8 1.34 0.61 1.34 0.61 8.95 3.26
12 80 120 20 0.8 0.50 0.24 0.50 0.24 5.65 1.87
13 40 60 30 0.8 0.93 0.64 0.93 0.64 9.23 3.37
14 80 60 30 0.8 0.45 0.20 0.45 0.20 5.80 1.95
15 40 120 30 0.8 1.05 0.59 1.05 0.59 8.95 341
16 80 120 30 0.8 0.07 0.13 0.07 0.13 5.84 1.93
17 20 90 25 0.6 1.90 0.92 1.90 0.92 13.56 3.95
18 100 90 25 0.6 0.23 0.05 0.23 0.05 3.05 1.21
19 60 30 25 0.6 0.79 0.27 0.79 0.27 4.61 1.87
20 60 150 25 0.6 0.31 0.11 0.31 0.11 5.21 1.77
21 60 90 15 0.6 0.57 0.27 0.57 0.27 4.67 1.79
22 60 90 35 0.6 0.19 0.05 0.19 0.05 6.27 2.05
23 60 90 25 0.2 0.20 0.05 0.20 0.05 2.05 0.67
24 60 90 25 1 1.56 0.70 1.56 0.70 9.41 3.26
25 60 90 25 0.6 0.84 0.30 0.84 0.30 10.05 1.96
26 60 90 25 0.6 0.99 0.33 0.99 0.33 10.09 1.97
27 60 90 25 0.6 0.93 0.35 0.93 0.35 10.10 1.97
28 60 90 25 0.6 0.84 0.30 0.84 0.30 10.11 1.96
29 60 90 25 0.6 0.87 0.35 0.87 0.35 10.11 1.97
30 60 90 25 0.6 0.87 0.35 0.87 0.35 10.09 1.97
31 60 90 25 0.6 0.90 0.30 0.90 0.30 10.11 1.97
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Fig. 4. Plots of RSM-predicted versus EXP values for raw clinoptilolite (a) total hardness removal capacity and (b) calcium hardness
removal capacity.
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Fig. 5. Plots of RSM-predicted versus EXP values for HCl-modified clinoptilolite (a) total hardness removal capacity and (b) calcium

hardness removal capacity.

the ANOVA results of the NaOH-modified clinoptilolite are
given for removal and removal capacity in Tables 7 and 8.
According to the ANOVA analysis, the parameters with
p < 0.05 are effective in the process. The effective parameters
on the process are signed as bold in the p-value column of
tables.

The optimum conditions were determined in the above
95% confidence level. The confirmation experiments were
carried out in the optimum conditions determined by

Table 5
RSM-based models and R? values for removal efficiency

RSM. The comparison of the model outputs with results
of confirmation experiments is given in Table 9. It can be
seen from Table 9 that the experimental results compatible
with the model results.

The contour graph obtained by RSM shows the effect
of two factors on removal efficiency and removal capacity.
The contour graphs of the experiments carried out with
NaOH-modified clinoptilolite are demonstrated in Figs. 7
and 8.

Responses Final equation in terms of factors R?
% Total hardness removal =-68.8 + 0.621X + 0.442X, +4.131X, + 1.8X, - 0.003
Total % Removal
hard fici 840X, x X, - 0.001511X, x X, —0.0804X, x X, —10.90X, x X, - 0.001187X x 0.9065
ardness efficienc
R Y X, —0.00439X, x X, +0.0038X, x X, —0.00578X,, x X, +0.0069X, x X, +0.445X_ x X,
aw
dlinobtilolite % Calcium hardness removal = -36.7 + 0.394X + 0.194X, +3.239X, -3.7X, - 0
P Calcium % Removal .003910X, x X, - 0.001738X, x X, - 0.0771X, x X, —13.57X, x X, —0.000667X, x 0.9561
hardness efficiency X, -0.00181X, x X, +0.0825X, x X, —0.00040X, x X, + 0.1710X, x X, + '
0.557X, * X,
%Hardness removal =27.5 - 0.642X, — 0.451X_ +1.87X . -7.3X, + 0.00661X_ x
Total % Removal L 2 3 4 !
hardness  efficiency X1+ 0001927, x X, ~0.0434X x X, + 48,9, x X, +0.00089X, x X, + 0.00248X, x  0.9287
ardness efficien
HCl-modified Y X,-0981X, x X, - 0.00271X, x X, + 0.255X, x X, + 0.434X, x X,
clinoptilolite . %Calcium hardness removal =9.9 — 0.592X_ +0.048X, + 3.039X, — 45.2X, + 0.0
Calcium % Removal ! 2 3 4
hardness  efficienc 07337X, x X, - 0.000642X, x X, - 0.0201X, x X, +59.40X, x X, +0.001448X x X, - 0.9830
a ici
Y 0.01919X, x X, - 0.563X, x X, — 0.00964X, x X, +0.3019X, x X, + 0.089X, x X,
%Total hardness removal =27.6 + 0.254X_ + 0.890X, +2.82X, —125.2X  —
Total % Removal L 2 3 4
hardness  efficienc 0.00229X x X1 -0.003522X, x X2 -0.0413X, x X3 + 28.5X4 x X4 - 0.00048X1 x 0.9374
ici
NaOH-modified Y X, +000162X, x X, +0.636X, x X, — 0.00759X, x X, + 0.040X, x X, + 0.867X, x X,
clinoptilolite . %Calcium hardness removal =16.9 + 1.347X_ +0.502X_+1.65X, - 61.8X, —
Calcium % Removal 1 2 3 4
. 0.00876X, x X, —0.001885X, x X, - 0.0196X, x X, +4.0X, x X, —0.00132X x 0.9079
hardness efficiency to1 2 4 1

X, - 0.00439X, x X, +0.401X, x X, - 0.00345X, x X, + 0.019X, x X, + 0.636X, x X,
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Fig. 6. Plots of RSM-predicted versus EXP values for NaOH-modified clinoptilolite (a) total hardness removal capacity and (b) calcium
hardness removal capacity.

Table 6
RSM-based models and R? values for removal capacity
Responses Final equation in terms of factors R?
q (ng/g) =-4.38 — 0.0086X (/L) + 0.0305X,(min) + 0.2949X,(°C) + 3.48X,, + 0.000063X,(g/L) x
Total X, (g/L) - 0.000115X,(min) x X (min) - 0.00584X,(°C) x X,(°C) - 0.525X, x X, - 0.9223
hardness 0.000071X,(g/L) x X,(min) + 0.000150X(g/L) x X,(°C) - 0.0209X,(g/L) x X, -
Raw 0.000317X,(min) x X,(°C) - 0.00021X (min) x X, — 0.0162X,(°C) x X,
clinoptilolite q (mg/g) =-0.734 - 0.01122X (g/L) + 0.00583X,(min) + 0.0796X,(°C) + 1.103X, +
Calcium 0.000088X,(g/L) x X (g/L) —0.000043X,(min) x X (min) — 0.001840X,(°C) x X,(°C) + 0.9684
hardness 0.193X, x X, + 0.000006X,(g/L) x X,(min) + 0.000025X,(g/L) x X,(°C) - 0.01500X (g/L) x
X, - 0.000025X,,(min) x X,(°C) + 0.00146X,(min) x X, + 0.0075X,(°C) x X,
q (mg/g) =2.31 - 0.1639X(g/L) - 0.0175X,(min) + 0.216X,(°C) + 5.46X,, + 0.001541X (g/L) x
Total X, (g/L) +0.000082X,(min) x X (min) — 0.00449X,(°C) x X,(°C) + 6.16X, x X, + 0.9555
hardness ' 0.000055X,(g/L) x X,(min) +0.00071X,(g/L) x X,(°C) - 0.1627X,(g/L) x X, ~
HCl-modified 0.000329X,(min) x X (°C) + 0.0141X,(min) x X, - 0.026X,(°C) x X,
clinoptilolite q (mg/g) = 0.38 — 0.0636X (g/L) + 0.0059X,(min) + 0.1045X(°C) + 1.60X, +
Calcium 0.000637X,(g/L) x X (g/L) - 0.000032X,(min) x X (min) — 0.00110X,(°C) x X,(°C) + 0.9442
hardness 1.686X, x X, +0.000036X (g/L) x X,(min) — 0.000381X (g/L) x X,(°C) - 0.0477X (g/L) x
X, —0.000263X,(min) x X,(°C) + 0.00594X,(min) x X, + 0.0006X,(°C) x X,
q (mg/g) =-50.50 + 0.1044X (g/L) + 0.2964X,(min) + 2.512X,(°C) + 40.89X, —
Total 0.001265X (g/L) x X (g/L) — 0.001505X,(min) x X, (min) — 0.04860X,(°C) x X,(°C) - 0.9602
hardness 28.75X, x X, - 0.000093X (g/L) x X,(min) — 0.00048X (g/L) x X,(°C) —0.0377X (g/L) x
NaOH-modified X, —0.00081X,(min) x X (°C) + 0.0084X,(min) x X, + 0.116X,(°C) x X,
clinopilolite q (mg/g) = 0.37 - 0.0423X (g/L) + 0.01488X (min) + 0.0672X,(°C) + 3.97X, +
Calcium 0.000355X(g/L) x X (g/L) —0.000053X,,(min) x X,(min) — 0.000921X,(°C) x X,(°C) - 0.9889
hardness 0.295X, x X, - 0.000050X,(g/L) x X,(min) - 0.000312X,(g/L) x X,(°C) - 0.02969X (g/L) x

X, - 0.000133X,,(min) x X,(°C) + 0.00250X,(min) x X, +0.0363X,(°C) x X,
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Table 8
Analysis of variance (ANOVA) for removal capacity (q)
NaOH-modified clinoptilolite (a) total hardness and (b) calcium

Table 7
Analysis of variance (ANOVA) for removal efficiency
NaOH-modified clinoptilolite (a) total hardness and (b) calcium

hardness hardness
Source DF Adj.SS Adj.MS F-Value P-Value Source DF Adj.SS Adj.MS F-Value P-Value
(a) (a)
Model 14 285178 20370 1711 0.000 Model 14 249918 17.8513 2757  0.000
X, 1 87 8070 6.78 0.000 X, 1 0451 04510  0.70 0.416
X, 1 73339 73339  6l6l 0.000 X, 1 58188 581882 89.87  0.000
X 12391 2391 2.01 0.176 X2 1 7327 73266 1132 0.004
X 1 28725 28725 2413 0.000 X2 1 52497 524967 81.08 0.000
Xy 13052 3052 256 0.129 & 1 42209 422086  65.19 0.000
Xz T 3720 3720 313 0.09 X2 1 37813 378130 5840 0.000
XX, 13 1.34 0.11 0.742 X X, 1 0050 00495 0.8 0.786
XX, 1 o4 0.42 0.04 0.853 XX, 1 0037 00371 006 0.814
XX, 1 10348 10348  8.69 0.009 XX, 1 0363 03630 056 0.465
XX, 1273 207 1.74 0.206 X,X, 1 0238 02377 037 0.553
XX, 109 0.91 0.08 0.786 XX, 1 0041 00410 006 0.805
XX, 1 1202 120 101 0.330 XX, 1 0214 02139 033 0.573
Lack-of-Fit 10 19030 1903 72660  0.000 Lack-of-Fit 10 10357  1.0357 224230  0.000
(b) (b)
Model 14 1l76n 124725 1127 0.000 Model 14 180804 129146 10138  0.000
X, 1 90467 90467 8172  0.000 X, 1 00043 000407 033 0571
%, b1 1556 0.14 0713 X, 1 00043 000427 033 0571
X, 1 13504 13504 1220 0003 X 1 00888 008882 697 0018
§42 1 g;‘ii g;‘; g?iﬁ gzggg X, 1 84491 844907 66324  0.000
o L mas mom s 0015 X2 1 05763 057631 4524  0.000
& L s o 06 04t X2 1 00660 006598 518 0.037
o L oo o oor 0,799 X2 1 00152 001517 119 0.291
4 ' ' ' ' X2 1 00040 000397 031 0.584
XX, 1006 10065 091 0355 XX, 1 00144 001440 113 0303
XX, voose - 308 028 0605 XX, 1 00156 001563 123 0.284
XX, booalla 4l 871 0.072 XX, 1 02256 022562 1771  0.001
XX booaso 425 039 0.542 XX, 1 00064 000640 050 0.489
XX, to 020 0200 002 0895 XX, 1 0003 000360 028 0.602
XX, Loo6ds 66t 058 0436 XX, 1 00210 002103 165 0217

LadcofFit 10 17708 17703 120042 0.000 Lack-of-Fit 10 02037  0.02037 85547  0.000
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Table 9
Optimum conditions and the comparison of the model outputs with confirmation experiments at optimum conditions
Optimum conditions Comparison of model and experimental results
Total hardness Total hardness Calcium Calcium
removal removal capacity hardness removal hardness removal
z > efficiency (%) @) efficiency (%) capacity (q)
o E < . = ! a f
g = o o g 5 = 5 = = = 3 ®
2 » £ E g B c & c B c & c
= = = = c 3 g = g = g = @
.8 @ 9] g 5} ° g © = ° g e g
oy %D 8 & = T B o} £ g < = < £ 8
5 g & E 2 B 8= 3 82 3 a2 B 8 2
> A9 = B8 = 45 3 4% = 48 3 A E
55 82 23 0.6 14.22 13.92 - - - - - -
0 97 21 1 - - 2.43 2.00 - - - -
Raw Clinoptilolite
7 93 24 1 - - - - 19.67 19.45 - -
20 80 23 1 - - - - - - 1.39 1.36
20 150 23 1 76.23 69.17 - - - - - -
HCl-modified 20 150 17 1 - - 10.86 10.8 - - - -
clinoptilolite 20 32 35 1 - - - - 76.06 68.81 - -
20 52 35 1 - - - - - - 3.84 3.68
84 89 29 0.2 100 99.10 - - - - - -
NaOH-modified 20 93 26 08 - - 12.61 12.30 - - - -
clinoptilolite 68 82 31 02 - - - - 100 99.15 - -
20 110 35 1 - - - - - - 5.66 5.92
%ota Time(min)*Dosage q(m g /9)
Hardness <0
Removal [0-4
< 60 Bs-8
[e-mn B:-2
En- 8 IRy
B- 9
Bo- Hold Values
B >m Dosagelgll) 60
Time(min) 90
Hold Values Temperature('C) 25
Dosage(g/l) 60 Diution Ratio 0,6
Time(min) 90
Temperature('C) 25
Diution Ratio 06

Fig. 7. Contour plots of NaOH-modified clinoptilolite (a) total hardness removal effect (%) and (b) total hardness removal capacity (g).
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%Calcium
Hardness
Removal

Hold Values
Dosagelg) 60
Time(min) 90
Temperature('() 25
Dilution Ratio 0,6

E. Calgan, E. Ozmetin / Desalination and Water Treatment 172 (2019) 281-291

Temperature(*C)‘Dosage(g/l)

Dilution Ratio*Dosage(g/L) q(mg /9)

<1
1-2
B -3
| ERY]
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B s

Hold Values
Dosage(g) 60

3. Temperatur( | inemi)

Time(min) 90
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&
|

Fig. 8. Contour plots of NaOH-modified clinoptilolite(a) calcium hardness removal effect (%) and (b) calcium hardness removal

capacity (g).

4. Conclusion

In this study, the raw and modified clinoptilolite min-
erals were used to remove the total and calcium hardness
from the wastewater containing boron of high concentration.
The effective parameters and the optimum conditions of
removal efficiency and capacity were determined by RSM
analysis, hereby empirical models were derived. As a result,
NaOH-modified clinoptilolite which gives above 99%
removal efficiency for total hardness and calcium hardness
is selected as the most convenient material. The total and
calcium hardness removal capacities of NaOH-modified
clinoptilolite in the optimum conditions were obtained 12.30

and 5.92 mg/g, respectively.

Symbols

RSM — Response surface methodology

CCD — Central composite design

C — Hardness concentration of wastewater

G, — Initial hardness concentration of wastewater
q — Removal capacity

w — Mass of the clinoptilolite sample

|4 —  Volume of wastewater
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