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Abstract
Ra-226 is a naturally occurring radionuclide that is derived from uranium-238 series, and it is present at low concentrations in
rocks, soil, and groundwater. Many efforts have been exerted for the decontamination of radium from aqueous media in order to
meet the increasing water demand of the population. To this aim, a new polymer based on cross-linked phenoxycalix[4]pyrrole
was designed and employed in solid/liquid extractions in order to remove radium from aqueous solutions. Preliminary experi-
ments have highlighted the capability of this polymer to extract 22% of Ra-226 from aqueous acidic solution. The optimization of
the extraction experimental factors in the direction to attend the maximum removal of Ra-226 from water was carried out
employing Ba2+ due to its similar chemical behavior as radium, in order to minimize the consumption of Ra-226 solutions
and the risk of radioactive contamination. Doehlert experimental plan was then applied to determine the optimal conditions (pH,
time, temperature) for the removal of Ba2+ from aqueous solutions.
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Introduction

Increasing urbanization and industrialization, the rise in pop-
ulation and associated increased water demands have placed

tremendous pressure on available water resources, accelerat-
ing thus the rates of their depletion and contamination.
Subsequent environmental damage and pollution of aquatic
environments by several organic and inorganic contaminants
became a major and constant threat to the water resources and
all the living beings. For that, emerging interests and efforts
are devoted nowadays to develop new techniques capable of
extracting these contaminants from aqueous solutions.
Methods like precipitation, liquid-liquid extraction, mem-
brane filtration, and ion exchange are usually considered clas-
sic and, so far, engaged the most in the process of water
decontamination.

Radium is one of the most radiotoxic inorganic metals
present in the environment (Eisenbud and Gesell 1997;
Matyskin et al. 2019). This element belongs to alkaline-earth
metals of the second periodic table group. It is found in ura-
nium and to a lesser extent in thorium ores in trace amounts.
Its main radioisotopes are Ra-228 and Ra-224 occurring nat-
urally in the decay chain of Th-232; and Ra-226 and Ra-223
occurring in U-238 and U-235 decay chains respectively. Ra-
226 is the focus of our study; it is an alpha emitter with long
half-life (T½ = 1602 years), which increased the concerns from
the viewpoint of health risks (Zielinski et al. 2011). It emits
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gamma radiation at 186.2 keV. It is found naturally in soil,
rocks (Sharma et al. 2019; Majeed et al. 2019), groundwater
(Vengosh et al. 2009; Zielinski et al. 2011; Yang et al. 2018),
and minerals that contain radionuclides. Its concentration in
the environment could be increased due to anthropic industrial
activities such as uranium mining, oil and gas production, and
phosphate fertilizer production (WardWhicker 1997; Bassioni
et al. 2012; McDevitt et al. 2018).

Many countries were interested in the removal of Ra-226
from aqueous media, and various techniques were developed
for this purpose such as precipitation, extraction, ion ex-
change, or complexation (Mishra and Tiwary 1999;
McDowell et al. 1986; Vengosh et al. 2009; Kondash et al.
2013; Zhang et al. 2014; Fard et al. 2016; Mokhodoeva et al.
2016; Nafae et al. 2016; Zayir et al. 2016; Gott et al. 2019;
Reissig et al. 2019). Organic compounds like calixarenes and
crown ethers macromolecules have been used as complexing
platforms for removal of several stable and radioactive
alkaline-earth elements from aqueous media (Chen et al.
1999; Chirarizia et al. 1999; Henriksena et al. 2002). To the
best of our knowledge, there is no literature dedicated to the
use of phenoxycalix[4]pyrrole polymers for the removal of
environmentally relevant species like heavy metals or radio-
nuclides. Originally described in 1999 by Sessler
(Anzenbacher et al. 1999) and Floriani (Bonomo et al. 1999)
groups,αααα-phenoxycalix[4]pyrrole (Scheme 1) was firstly
studied for its anion chelation properties (Camiolo and Gale
2000). Nevertheless, the presence of four easi ly
functionalizable phenoxy groups oriented in the same direc-
tion has inspired our group (Danil de Namor et al. 2007a, b;
Abbass and Chaaban 2012; Rifai et al. 2019) and others (Danil
de Namor and Khalife 2008; Chi et al. 2017) to use the chelate
effect to recognize cations. In this work, epichlorohydrin was
employed to crosslink the pre-organized supramolecular plat-
form (i.e., phenoxycalix[4]pyrrole) while introducing numer-
ous ether bridges dedicated to cationic species chelation. The
water-insoluble polymer (CPP) thus obtained was subjected
to preliminary tests to determine its capacity to remove Ra-
226 from aqueous solutions via solid/liquid extractions and
gave encouraging results of 22% extraction efficiency.
Noting that the removal of any material (organic or inorganic)
from aqueous media using solid/liquid extractions could be
affected by several experimental factors as pH, temperature,
and time, a statistical plan was applied to identify the optimal
experimental conditions of extraction (Abbas et al. 2012) to
optimize the removal efficiency of Ra-226 by the newly de-
veloped polymer. In order to minimize the consumption of
radioactive Ra-226 solutions and the risk of radioactive con-
tamination, Ba2+ was used as model during extraction exper-
iments due to its similar chemical behavior as radium (alka-
line-earth metals).

The traditional and conventional technique used for the
optimization is the “one factor at a time,” in which a single

parameter is varied while other factors are fixed at a specific
level. It ignores the interaction among the process variables
and might lead to unreliable results as it requires a large num-
ber of experiments. These drawbacks of single parameter op-
timization process are improved by considering several affect-
ing parameters collectively via Doehlert experimental design
of response surface methodology (RSM) (Doehlert 1970).
The optimization based on RSM involves three major steps
of (a) conducting a statistically designed experiment, (b)
fitting experimental data within a quadratic model and deter-
mining the corresponding coefficients, and (c) predicting the
response and checking the adequacy of the model (Vanot et al.
2002; Ferreira et al. 2004; Dutra et al. 2006; Imandi et al.
2007; Karanam and Medicherla 2010; Silas et al. 2016). In
this study, a customized Doehlert experimental design of re-
sponse surface methodology (RSM) was applied to evaluate
the application potential of CPP for the decontamination of
radium from aqueous media through the study of its extraction
behavior towards Ba2+.

Materials and methods

Phenoxycalix[4]pyrrole polymer synthesis

Phenoxycalix[4]pyrrole polymer (CPP) was synthesized in
water from αααα-phenoxycalix[4]pyrrole and epichlorohy-
drin according to the procedure described by Danjou et al.
(AlHaddad et al., 2019). Briefly, phenoxycalix[4]pyrrole
(1.0 g) was dissolved in NaOH aqueous solution (16 equiv.,
20 mL) for 30 min. Then, epichlorohydrin (32 equiv.) was
added and the resulting mixture was stirred at 80 °C during
4 h. Solid CPP was recovered by filtration and washed thor-
oughly with ultrapure water to afford a light brown powder.

Preliminary extraction test of CPP for Ra-226 removal

In order to test the efficiency of CPP for Ra-226 removal,
300 mg of CPP was added to 100 mL solution of Ra-226
having an activity concentration of 81 ± 5 Bq kg−1, prepared
from the digestion of a soil leftover proficiency test sample
IAEA-CU-2010-03. The extraction process was carried out at
room temperature, pH = 2 and a contact time of 5 min.
Measurements before and after extraction were carried out
using a gamma spectrometer with high-purity germanium
detector.

Experimental conditions for the effect of CPP dose

Barium perchlorate stock solution (3000 mg/L) in deionized
water (stored at 4 °C) has been used as a reference solution.
Working solutions (50 mg/L) have been prepared and used
during extraction experiments. The effect of CPP dose on
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the efficiency of extraction has been studied by adding
incremented quantities of CPP (5 to 300 mg) to 20 mL solu-
tions containing 50 mg/L of Ba2+ solutions at pH 6.5. The
solutions were shaken in a thermostated water bath at 25 °C.
After 15 min, the solutions were centrifuged and the concen-
trations of Ba2+ ions remaining in the solutions were deter-
mined by flame atomic absorption spectroscopy (AAS) using
barium primary wavelength at 553.6 nm.

Experimental conditions for effects of pH, contact
time, and temperature

A set of working solutions at 50 mg/L of Ba2+ has been pre-
pared at different pH values (3, 4.5, 6, 7.5, and 9) from the
same stock solution using nitric acid (1N) or sodium hydrox-
ide (1N) for pH adjustment. These solutions were divided into
20 mL in centrifuging tubes and 75 mg ofCPP was added for
each for the solid/liquid extractions. Tubes were placed in
thermostated water bath for different time intervals (5, 25,
40, 55, 70, 85, and 100 min) at different temperatures (25,
35, and 45 °C) as shown in Table 1. Solid/liquid separation
has been done by centrifugation (3000 rpm for 5 min) and the
concentrations of Ba2+ ions remaining in solutions were de-
termined by AAS. These experiments were repeated twice.

The removal percentage of Ba2+ by CPP from the tested
aqueous solutions is given by the following equation:

% removal ¼ C0−Cið Þ
C0

� 100 ð1Þ

where C0 is the initial concentration of Ba2+and Ci is the
final concentration upon extraction.

Doehlert experimental design

A Doehlert experimental plan was conducted on 15 experi-
mental runs in triplicate by taking into consideration 3 param-
eters: pH, contact time, and temperature. This plan requires a
limited number of planned experiments that involve

interaction of process variables and allows the modeling of
the obtained experimental data by Eq. 2:

Y response ¼ f X ;βð Þ modelð Þ þ ε errorð Þ ð2Þ

where f(X, β) represents the response surface and ε the
random experimental that is assumed to follow a normal prob-
ability distribution with constant experimental variance.

The second degree polynomial (Eq. 3) was fitted to the
exper imental data , using the sta t is t ical package
STATISTICA 7 in order to estimate the response of the de-
pendent variable and the regression coefficients (β). These
unknown coefficients are estimated by multiple regression
and the response surface is given by Eq. 3:

Y ¼ β0 þ β1 X 1 þ β2 X 2 þ β3 X 3 þ β12 X 1 X 2

þ β13 X 1 X 3 þ β23 X 2 X 3 þ β11 X 1
2 þ β22 X 2

2

þ β33X 3
2 þ ε ð3Þ

where Y is the measured response; X1, X2, and X3 are inde-
pendent variables; β1, β2, and β3 are the coefficients for linear
effects; β12, β13, and β23 are the coefficients for interaction
terms; and β11, β22, and β33 are the coefficients for squared
effects (Karanam and Medicherla 2010).

In order to calculate the coordinates of the optimal condi-
tions Xs (represented by X1s, X2s, X3s), it is necessary to deter-
mine the derivatives of Eq. 3 with respect to the three inde-
pendent variables after equating them to zero. These deriva-
tive equations are presented by Eq. 4:

∂Y
∂X 1

¼ β1 þ β12X 2 þ β13X 3 þ 2β11X 1 ¼ 0

∂Y
∂X 2

¼ β2 þ β12X 1 þ β23X 3 þ 2β22X 2 ¼ 0

∂Y
∂X 3

¼ β3 þ β13X 1 þ β23X 2 þ 2β33X 3 ¼ 0

ð4Þ

Later, a matrix B was introduced in order to identify Xs. It
can be represented by any of the following situations that

Table 1 Experimental range and levels of the considered factors

Variables Range and levels

Coded variable1
(x1)

− 1 − 0.5 0 0.5 1

pH(X1) 3 4.5 6 7.5 9

Coded variable2
(x2)

−
ffiffi
3

p
2

−
ffiffi
3

p
3

−
ffiffi
3

p
6 0

ffiffi
3

p
6

ffiffi
3

p
3

ffiffi
3

p
2

Time(X2) 10 25 40 55 70 85 100

Coded variable3
(x3)

−
ffiffi
6

p
3 0

ffiffi
6

p
3

Temperature (X3) 25 35 45
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depend on the sign of eigenvalues (EV): Accordingly, in re-
spective to all EV, whether they are positive or negative, the
response surface will be minimal or maximal. The matrix B is
presented by:

B =

2β11 β12 β13

β12 2β22 β23

β13 β23 2β33:

��������

��������
B is a (3×3) symmetric matrix which main diagonal ele-

ments are the pure quadratic coefficients (βii), and the other
elements occupying, in a symmetrical way, the other zones of
the matrix consist of interaction coefficients (βij) with βij

= βji.
The inverse of matrix B multiplication by the negative

values of the main coefficients of linear effects (βL) gives
the optimal value of every factor (critical values: X1s, X2s,
X3s).The derivative equation and the general matrix for Xs

are presented by the Eqs. 4 and 5:

δY
δX

¼ βL þ B*X s ¼ 0 ð5Þ

Xs =
X 1s

X 2s

X 3s

j ¼
2β11 β12 β13

β12 2β22 β23

β13 β23 2β33

������

������

−1

*
−β1

−β2

−β3

������

������

������

In the present study, the conditions with the coded variables
have been presented in Table 1

Results and discussions

Preliminary extraction test of CPP for Ra-226 removal

A preliminary solid/liquid extraction of Ra-226 by CCP
was conducted under non-optimized conditions on a real
aqueous sample containing Ra-226 whose activity has
been measured at 81 ± 5 Bq kg−1. After a few minutes
of contact with CPP, the polymer was removed and the
activity of the remaining solution was measured at 63 ±
4 Bq kg−1. In view of this promising result, it was decided
to optimize the parameters influencing the extraction of
Ra-226 by CPP using Ba2+ as a model to avoid radioac-
tive waste.

Effect of CPP dose

CPP is completely insoluble in water and as such, it could be
used in solid/liquid extraction of pollutants (stable or radioac-
tive) from aqueous media. As demonstrated in Fig. 1, the
effect of CPP quantity on the removal of Ba2+ ions from
aqueous media was investigated. This study was done by
varying the amount of the polymer while keeping other

conditions (pH, temperature, contact time, and the concentra-
tion of Ba2+ (50 ppm)) constant. It is obvious that the amount
of Ba2+ ions removed from solution increases as the mass of
the polymer increases for a given initial concentration. This
may be attributed to the presence of more binding sites for
interaction with Ba2+ ions. The highest quantity of Ba2+ was
extracted by using 75 mg of the polymer and allowed to esti-
mate the maximal sorption capacity of Ba2+ by CPP at 8 mg/
g. In fact, upon use of quantities larger than 75 mg, no signif-
icant changes were detected for the percentage of extraction.
So, 75 mg of CPP was selected as optimum for further ex-
traction experiments.

Optimization of experimental conditions using
Doehlert design

In order to evaluate the extraction capacities of CCP to-
wards Ba2+, it is essential to consider the optimization of
3 variables (pH, contact time, and temperature) that could
affect and increase the efficiency for the removal of con-
taminants from aqueous media. In an effort to avoid the
broad number of experiments used in “one factor fixed at
a time” techniques, Doehlert experimental plan appeared
to be a valuable solution to achieve our aim. The selection
for the range of process variables is significant when plan-
ning the experimental design. Otherwise, after experiment
completion, the optimal conditions obtained by response
surface methodology might not be found inside the exper-
imental region. Fifteen experimental runs including three
replicates at the center points were carried out. In order to
compare the effect of the three factors on the removal of
Ba2+, two experimental plans have been placed. The first
one, named “system 1” is the same method used by Silas
et al. and has been coded by S1 (X1, X2, X3) where X1 are

Fig. 1 The effect of CPPs’ amount on the removal of barium in terms of
percentage and extracted mass
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the values of pH, X2 the values of contact time, and X3 the
values of temperature. The second system named “system
2,” has been designed through changing the maximum
values of X3 by the minimum ones and by keeping the
same values for the center; this system has been coded by
S2 (X1, X2, -X3). All data for S1 and S2 including the
coded values, the natural values of the three factors, as
well as experimental and predicted values for the removal

percentage of Ba2+ have been represented in Tables 2 and
3.

Using MATLAB (regstats) and STATISTICA 7 programs,
Y functions of Eq. 3 were estimated for S1 and S2 and are
presented below:

S 1
Y = − 227.9 + 54.6652X1 + 2.0211X2 + 6.6017X3 +

0.0044X1X2 + 0.0047X1X3 − 0.0348X2X3 − 5.4102X1
2 −

0.0074X2
2 − 0.0695X3

2

Table 2 Experimental and predicted values of the three factors (X1, X2, and X3) for S1 according to Doehlert experimental design

No. Coded values Natural values % of barium extraction

x1 x2 x3 pH (X1) Time of contact (X2) Temperature (X3) Observed Predicted

1 − 1/2 √3/2 0 4.5 100 35 74.06 64.01

2 1/2 √3/2 0 7.5 100 35 26.27 35.06

3 0 √3/3 − √6/3 6 85 25 73.37 74.63

4 − 1/2 √3/6 √6/3 4.5 70 45 68.94 63.09

5 1/2 √3/6 √6/3 7.5 70 45 26.79 33.89

6 − 1 0 0 3 55 35 40.61 56.50

7 0 0 0 6 55 35 76.62 75.65

8 1 0 0 9 55 35 13.31 12.58

9 − 1/2 − √3/6 − √6/3 4.5 40 25 72.86 65.76

10 1/2 − √3/6 − √6/3 7.5 40 25 30.03 35.87

11 0 − √3/3 √6/3 6 25 45 71.67 70.41

12 − 1/2 − √3/2 0 4.5 10 35 71.50 62.71

13 1/2 − √3/2 0 7.5 10 35 22.52 32.57

14 0 0 0 6 55 35 76.45 75.65

15 0 0 0 6 55 35 73.89 75.65

Table 3 Experimental and predicted values of the three factors (X1, X2, and -X3) for S2 according to Doehlert experimental design

No. Coded values Natural values % of barium extraction

x1 x2 x3 pH (X1) Time of contact (X2) Temperature (X3) Observed Predicted

1 − 1/2 √3/2 0 4.5 100 35 74.06 64.01

2 1/2 √3/2 0 7.5 100 35 26.27 34.44

3 0 √3/3 √6/3 6 85 45 74.23 76.08

4 − 1/2 √3/6 − √6/3 4.5 70 25 72.69 66.19

5 1/2 √3/6 − √6/3 7.5 70 25 23.37 31.74

6 − 1 0 0 3 55 35 40.61 57.14

7 0 0 0 6 55 35 76.62 75.65

8 1 0 0 9 55 35 13.31 13.22

9 − 1/2 − √3/6 √6/3 4.5 40 45 72.86 64.50

10 1/2 − √3/6 √6/3 7.5 40 45 32.08 38.58

11 0 − √3/3 − √6/3 6 25 25 74.06 72.20

12 − 1/2 − √3/2 0 4.5 10 35 71.50 63.33

13 1/2 − √3/2 0 7.5 10 35 22.52 32.55

14 0 0 0 6 55 35 76.45 75.65

15 0 0 0 6 55 35 73.89 75.65
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S 2
Y = − 56.6143 + 49.4083X1 − 0.5007X2 + 1.4263X3 +

0.0044X1X2 + 0.1488X1X3 + 0.0371X2X3 − 5.4102X1
2 −

0.0074X2
2 − 0.0601 X3

2

The confidence interval explains how the variation could
be possible with a certain model. The uncertainty in the spe-
cific estimate is reflected by prediction interval, and logically
the error is greater than the confidence interval. Unlike confi-
dence interval, prediction interval predicts the spread for “in-
dividual” observation, rather than the mean value (Silas et al.
2016). As shown in Fig. 2, the distribution of the fitting pa-
rameters is very similar and shows a satisfactory correlation
between the predicted and the observed data with an accept-
able uncertainty for systems 1 and 2. The predicted percent-
ages for removal of Ba2+ from solutions presented by solving
Eq. 3 are in good agreement with the experimental results
presented in Table 4 and Fig. 2. Subsequently, the above equa-
tion was considered as appropriate to find the percentage of
removal of Ba2+ from aqueous media under the specific range
of experiments.

It is possible to calculate the coordinates of the optimal
conditions through the response of surface and equate them
to zero. The equations for the three variables for S1 and S2 are
presented below (Eq. 4):

S 1

∂Y
∂X 1

¼ 54:6652 þ 0:0044 X 2 þ 0:0047X 3 –10:8204 X 1 ¼ 0

∂Y
∂X 2

¼ 2:0211 þ 0:0044 X 1 −0:0348X 3 –0:0148 X 2 ¼ 0

∂Y
∂X 3

¼ 6:6017 þ 0:0047X 1−0:0348 X 2 –0:139X 3 ¼ 0

S 2

∂Y
∂X 1

¼ 49:4083 þ 0:0044 X 2 þ 0:1488X 3 –10:8204 X 1 ¼ 0

∂Y
∂X 2

¼ −0:5007 þ 0:0044 X 1 þ 0:0371X 3 –0:0148 X 2 ¼ 0

∂Y
∂X 3

¼ 1:4263 þ 0:1488 X 1 þ 0:0371 X 2 –0:1202 X 3 ¼ 0

Fig. 2 Parity plots showing the distribution of experimental vs. predicted values with the uncertainties of each fitted value of Ba2+ percentage removal
for S1 and S2
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The significance of each coefficient in the equations above
is determined by Student’s t test and p value. Usually, coeffi-
cients with p value ≤ 0.05 represent the significant factors
which directly affect the experimental procedure. As shown
in Table 4, pH in its quadratic form is found to be a significant
factor in the two systems (p value ≤ 0.05), while all other
p values for other factors in their linear and interactions forms
are above 0.05. This interpretation was explained via histo-
grams presented in Fig. 3. Each histogram demonstrates the

interaction among two factors while the third is considered
independent. The intercept of time and temperature is at
35 °C. This data gave an idea that the alteration of the pH
affects directly the extraction of Ba2+ from water samples so
this factor should be taken into consideration as priority.

In addition, the results of the second order response surface
model fitted in the form of ANOVA are presented in Table 5. It
allows to determine the accuracy and adequacy of the two
tested systems. The F-value (Fisher variance ratio) is a

Fig. 3 Graphs representing the interaction of the three factors (pH, time, and temperature), each two collectively, regarding their maximum, center, and
minimum values for S1 (top) and S2 (bottom)

Table 4 Regression coefficients estimated by multiple linear regression for S1 and S2

S1 S2

Terms Coefficient Value Standard error of
coefficient

t-value p value Value Standard error of
coefficient

t-value p value

intercept β 0 − 227.9000 171.5900 − 1.3282 0.2415 − 56.6140 196.4800 − 0.2880 0.7848

pH(L) β 1 54.0000 24.4180 2.2387 0.9753 49.4080 27.9820 1.7657 0.1377

Time(L) β 2 2.0211 1.4083 1.4562 0.2107 − 0.5007 1.2820 − 0.3884 0.7136

Temperature(L) β 3 6.6017 6.7888 0.9724 0.3754 1.4265 7.0412 0.2025 0.8474

pH*Time β 12 0.0044 0.1067 0.0414 0.9685 0.0044 0.1107 0.0399 0.9696

pH*Temperature β 13 0.0047 0.5063 0.0093 0.9929 0.1488 0.5252 0.2834 0.7882

Time*Temperature β 23 − 0.0347 0.0292 − 1.1901 0.2874 0.0370 0.0303 1.2225 0.2760

pH(Q) β 11 − 5.4102 1.4618 − 3.7010 0.0139* − 5.4102 1.5161 − 3.5684 0.0160*

Time(Q) β 22 − 0.0073 0.0048 − 1.5089 0.1916 − 0.0073 0.0051 − 1.4549 0.2054

Temperature(Q) β 33 − 0.0694 0.0832 − 0.8351 0.4416 − 0.0601 0.0863 − 0.6948 0.5171

*Significant at p ≤ 0.05
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statistically valid measure of how well the factors describe the
variation in the data about its mean. The greater the F-value is
from unity, the more certain it is that the factors explain ade-
quately the variation in the data about its mean, and the esti-
mated factor effects are real (Karanam et al.). This analysis of
the regression model demonstrates that the model is signifi-
cant as evidenced by the F-values and the probability p values.
As it can be seen in Table 5, Fmodel are equal to 3.8794 and
3.7387 for S1 and S2 respectively, and are associated with low
probability values (Pmodel > F) equal to 0.074796 for S1 and
0.080187 for S2. The adequacy and reliability of this study is
presented by significant R and R2 values (Table 5). For S1 and
S2, R is equal to 0.9349 and 0.9331 while R2 is equal to
0.87473 and 0.87063, respectively. The minor difference be-
tween R2 values of S1 and S2 could give the preference to the
conditions presented in the first system and this is proved later
by experiments.

In order to calculate the optimal pH, temperature, and con-
tact time, the derivative matrix has been built and presented
below. The optimal valuesX1s, X2s, and X3s, respectively, were
calculated for the two systems, where for S1 the estimated
value for the predicted extraction percentage was 80.46% at
pH 5.1 during an agitation of 64.2 min at 31.6 °C for S1. As
for S2, the percentage of removal is predicted to be 80.36% at
pH 5.1 for an agitation of 59.4 min at 36.6 °C. The experi-
mental percentage of Ba2+ removal from solution at the pre-
viously predicted optimums yielded 78.2% and 77.4% of ex-
traction for systems 1 and 2, respectively. Experimental tests
for S1 and S2 presented similar results in comparison with the
maximal estimated extraction capacities at the optimal predict-
ed values of pH, contact time, and temperature. As well, very
close R2 values were obtained for both systems 1 and 2, so that
it would be difficult to precise the preferred one immediately;
this will be determined based on the presentation of interac-
tions histograms.

S1

X s ¼
X 1s

X 2s

X 3s

������

������
¼

−10:82038 0:00442422 0:00474017
0:00442422 −0:01470526 −0:0347933
0:00474017 −0:0347933 −0:138936

������

������

−1

*
−54:6652
−2:02110
−6:60173

������

������

S2

X s ¼
X 1s

X 2s

X 3s

������

������
¼

−10:82038 0:00442422 0:148834
0:00442422 −0:01470526 0:0370686
0:148843 0:03470686 −0:1202124

������

������

−1

*
−49:4083
0:5007
−1:4263

������

������

Eigenvalues of the matrix B/2 are found to be −
0.0028133, − 0.074028, and − 5.4102, and − 0.0013789,
− 0.065044, and − 5.4112 for systems S1 and S2 respec-
tively. These values lead to a percentage removal of Ba2+

with unique maximum. The response of surface plot for
the interaction between the experimental factors is shown
in Fig. 4a–c. Panel a presents the response of the surface
plot of the interaction between pH vs. time with a tem-
perature value fixed at 35 °C. The response increased with
the rise of pH values in order to attend the maximum at a
value around 5 for S1 and between 4.5 and 5 for S2.
However, it decreased for the two systems when pHs are
out of these intervals. The maximum time range was iden-
tified around 60 min and between 55 and 60 min for S1
and S2, respectively. The response variation during time
range was minor. As presented in Fig. 4b, the response
surface plot for the effect of pH vs. temperature was in-
vestigated with a time of contact fixed at 55 min. For the
two systems, the instant increase of response with the rise
of pH was observed while the trend is negligible for the
temperature. The maximum values have been identified at
pH 5 and between 33 and 36 °C for S1. For S2, the pH
persists around 5 but the range of temperature increases to
become between 32 and 37 °C. The histogram, presented
in parts a and b from Fig. 3, explains the independence of

Table 5 ANOVA for the entire quadratic model

Source Some of squares (SS) Degree of freedom (d.f.) Mean squares (MS) F-
value

probe>F

S1

Error 1038.52175 5 207.7043 3.8794 0.074796

Model 7251.8753 9 805.7639

Total 8290.397 14

R2 = 0.87473, R = 0.9349

S2

Error 1117.1627 5 223.4325 3.7387 0.080187

Model 7518.0492 9 835.3388

Total 8635.2119 14

R2 = 0.87473, R = 0.9349
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pH from other experimental parameters where it could
affect alone the removal while the part c demonstrates
the dependence of time and temperature for the removal
of Ba2+ from water solutions. This dependency was dem-
onstrated through the increase of response with the rise of
values for the two factors for S1 to reach a maximum at
around 60 min and 32 °C. This increase was followed by

a negligible decrease of response beyond these values. For
S2, the optimal marge is very broad; it is between 40 and
60 min in the time scale while the optimal temperature is
higher than 46 °C. The last value of temperature is out of
the experimental plan range.

These results lead to the conclusion that S1 is the more
precise experimental plan presenting optimal conditions for

Fig. 4 Response surface and
contour plot of a pH vs. time, b
pH vs. temperature, and c time vs.
temperature. (left side column is
for S1 and right side column is for
S2)
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removal of Ba2+ from aqueous medium. Results of the 3D
presentations, given in Fig. 5, show more clearly results ob-
tained for the two systems, where strong interaction is
depicted at the optimum values in S1 and a weak interaction
at optimum values in S2.

New approach for the calculation of optimal values
by using direct equation

In this study, a new calculation approach for the identification
of optimal conditions has been demonstrated below. The de-
tails of the method for finding the equation have been present-
ed in Sup 6.1.

X i ¼
β2
jk−4βjj βkk

� �
2βjj βi−β j βji

� �þ 2βjj βk−βjk β j

� �
2βjj βik−βjk βji

� �

β2
jk−4βjj βkk

� �
β2
ji−4βjj βii

� �
− 2βjj βik−βjk βji

� �
2βjj βik−βjkβji

� � ð6Þ

where i = {1; 2; 3}; j = { 3; 1; 1}; k = { 2; 3; 2} (ij = ji, ik = ki,
jk = kj)

In order to simplify the equation, the values have been
presented by:

Ai ¼ β2
jk−4βjjβkk ; Aj ¼ β2

ji−4βjjβii & Ak ¼ 2βjjβki−βjiβjk

X i ¼
∑

p¼i&p¼k
2βjj βp−β j βjp

� �
*Ap

Ai*Aj−A2
k

Fig. 5 3D presentations showing
the interaction of the three factors
(pH, time, and temperature) and
the coordinates of the optimum
value for each factor (marked in
red) for S1 (top) and S2 (bottom)
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MATLAB program was used to obtain the optimal values
of factor 1 as pH, 2 as time and 3 as temperature:

X 1 ¼
β2
23−4β33 β22

� �
2β33 β1−β3 β13ð Þ þ 2β33 β2−β23 β3ð Þ 2β33 β12−β23 β13ð Þ

β2
23−4β33 β22

� �
β2
13−4β33 β11

� �
− 2β33 β12−β23 β13ð Þ 2β33 β12−β23β13ð Þ

X 2 ¼
β2
13−4β33 β11

� �
2β11 β2−β1 β12ð Þ þ 2β11 β3−β13 β1ð Þ 2β11 β23−β13 β12ð Þ

β2
13−4β33 β11

� �
β2
12−4β22 β11

� �
− 2β11 β23−β13 β12ð Þ 2β11 β23−β13β12ð Þ

X 3 ¼
β2
12−4β22 β11

� �
2β11 β3−β1 β13ð Þ þ 2β11 β2−β12 β1ð Þ 2β11 β23−β13 β12ð Þ

β2
12−4β22 β11

� �
β2
13−4β33 β11

� �
− 2β11 β23−β13 β12ð Þ 2β11 β23−β13β12ð Þ

Results of Eq. 6were identical to the ones obtained previously
by the matrix calculations with optimal values equal to pH 5.09,
64.2 min, and 31.6 °C. These results showed that this equation
could be engaged in order to facilitate the identification of opti-
mal conditions by using simpler approaches for calculations.

Conclusion

The present study involved the Doehlert experimental plan in the
identification of optimal conditions for the removal of Ba2+ from
aqueous media by a new polymer material (CPP) based on
phenoxycalix[4]pyrrole. Bariumwas used as a model compound
to avoid radioactive waste since it has a chemical behavior sim-
ilar to Ra-226. The effect of the amount ofCPP has been studied,
and 75 mg was identified as the optimal mass. The pH, the
contact time, and the temperature were selected as experimental
factors that could affect the percentage removal of cations from
aqueousmedia. These factors were optimized through aDoehlert
experimental plan usingMATLAB (regstat) and STATISTICA 7
for the necessary computation. Optimal values were determined
to be pH = 5, contact time = 64 min, and temperature = 31.6 °C
for the solution during extraction and lead to a Ba2+ extraction
yield of 78.2%. These results have been presented by different
2D and 3D histograms. Referring to these histograms, pH has
been identified as a significant factor and independent from the
other factors, while time and temperature are dependent. At the
end and in order to facilitate the calculation of the optimal con-
ditions, a new approach has been developed, tested, and present-
ed by Eq. 6. Same results were obtained by using the new equa-
tion and the matrix. This study was the first using Doehlert ex-
perimental plan to optimize the removal of cations from water,
using an upgraded phenoxycalix[4]pyrrole compound. It could
open the door to other experimental strategies that could be en-
gaged for the optimization of experimental parameters for the
removal of materials (organic or inorganic) from aqueous media.
These experimental conditions will be applied to test the removal
of Ra-226 from solutions and results will be reported in due
course.
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