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Applying a microfluidic device 
to improve the  Ca2+ separation 
performance of the liquid–liquid 
extraction process
Seyed Sajjad Jazayeri 1*, Afham Pourahmad 2, Amin Hassanvand 3, Mozhgan Mozhdeh 4 & 
Goodarz Tahmasbi 5

This study investigates the application of extraction solvent in a new microfluidic apparatus to 
separate calcium ions  (Ca2+). Indeed, a serpentine microfluidic device has been utilized to separate 
calcium ions. The flow regime map shows that it is possible to completely separate organic and 
aqueous phases using the serpentine microfluidic device. The suggested microfluidic device reaches 
the extraction efficiency of 24.59% at 4.2 s of the residence time. This research also employs the 
Box–Behnken design (BBD) strategy in the response surface methodology (RSM) for performing the 
modeling and optimization of the suggested extraction process using the recorded experimental data. 
Flow rate and pH of the aquatic phase as well as Dicyclohexano-18-crown-6 (DC18C6) concentration 
are those independent features engaged in the model derivation task. The optimum values of pH 6.34, 
the DC18C6 concentration of 0.015 M, and the flow rate = 20 µl/min have been achieved for the aquatic 
phase. The results indicated that the extraction efficiency of  Ca2+ is 63.6%, and microfluidic extraction 
is 24.59% in this optimum condition. It is also observed that the microfluidic extraction percentage 
and experimental efficiency achieved by the suggested serpentine microchannel are higher than the 
previous separation ranges reported in the literature.

Calcium ions  (Ca2+) and their enriched isotopes (48Ca, 46Ca, 44Ca, 43Ca, 42Ca, and 40Ca) are important compo-
nents with a wide range of applications in different processes, including reducing agents for extracting metallic 
substances, allying agents for the metal production, and nutritional and medical  studies1–3. Among various 
isotopes of calcium, 48Ca is extensively used in the absorption of calcium in the body and nutritional studies. 
In addition, other applications of this isotope contain tracking the migration of elements in plants and  soil4–6.

The molecular laser processes, gaseous diffusion, gas centrifuges, electromagnetic, fractional distillation, and 
thermal diffusion are the most well-known scenarios often applied to separate stable  isotopes7–11. Since electro-
magnetic and thermal diffusion are complicated and expensive scenarios to enrich 48Ca, the chemical exchange 
process appears as one of the important methods for separating the calcium  isotope12–16.

Liquid–liquid extraction (LLE) is a suitable technique to improve the separation  processes17–21. The organic 
solvent and the aquatic solution are often utilized as immiscible phases in this method. Because of toxic sub-
stances, flammability, and volatile organic compounds (VOCs), liquid–liquid extraction is the safe and reasonable 
method and it is also known as the environmentally friendly separation  technique22, 23. Furthermore, process 
safety and solvent cost are the greatest complications that must be considered when a large-scale production 
is  required24–26. Since the maximum value of the achievable separation parameter in the single-stage chemical 
exchange is ~ 1 ×  10–3, it is necessary to increase the number of stages to reach a higher separation efficiency. This 
increase in the number of stages requires a bigger space and increases the capital cost and the operating time. 
In addition, the conventional methods of handling the extraction-based separation have several drawbacks, for 
instance, high response time and energy consumption  level27, 28. In addition, this conventional method needs a 
mandatory extra stage to separate the phases (i.e., settling unit)29. To resolve these drawbacks, the microfluidic 
device can be used for accomplishing liquid–liquid extraction.
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Microfluidic devices and microchannels have extensively been engaged in the LLE of a broad range of 
 substances30–33. The most crucial advantage of these micro-scale devices compared with the conventional tech-
niques is their high surface-to-volume ratio, which leads to reducing the diffusion length and increasing the 
mass transfer rate through the interface of  phases34–38. Consequently, these micro-scale devices are suggested as 
an efficient technique for improving the separation performance of chemical and chemistry processes suffering 
from low throughput. In addition, these micro-size devices are highly safe, have a compact structure and well-
defined hydrodynamic behavior, and possess complete µSX that further approve their potential application in 
the separation  scenarios39–42.

Some researchers have investigated the application of the microfluidic device for separation  purposes43–51. 
Helle et al. applied microfluidic devices to extract uranium (VI) with  Aliquat® 336 from HCl  media52. After 
complete analyzing the effect of involved parameters, it was observed that both the batch and micro-size devices 
have almost the same performance. The authors have also conducted some mathematical analyses on coupling 
extraction and stripping micro-size units in a continuous mode.

Logtenberg et al. suggested a surface modification procedure to control two-phase flow in a polymeric micro-
scale  device53. This method not only adjusts both sides of the channel, but it also could easily control the behavior 
of two immiscible phases by the flow rate. The extraction of 2-butanol from the toluene/water/2-butanol system 
at different operating conditions has been investigated by Jovanovic et al.54. The experimental setup flows the 
water/toluene stream in extended capillary micro-scale reactors. The authors mainly focused on investigating 
the capillary length on the flow map in the micro-size reactor. The authors stated that the capillary length has a 
slight effect on the slug as well as bubbly flow regimes. Raimondi et al. introduced a mechanism to explain the 
mass transfer behavior of the liquid–liquid in the square microchannels with the slug flow  regime55.

Marsousi et al. investigated the possibility of utilizing ionic liquids for enhancing the calcium extraction 
performance of spiral and Y-shape microfluid  devices23. The results approved that the spiral micro-scale chan-
nel is a better candidate for calcium extraction when the ionic liquid and water flow rates are at their highest 
possible value. The same calcium recovery factor (i.e., 52%) has been achieved in the experimental and equilib-
rium conditions for these highest flow rates. An efficient technique for the separation of substances with a low 
separation tendency (like  Ca2+ ion) has been introduced by Abdollahi et al.56. The Box–Behnken design (BBD) 
strategy of the response surface methodology (RSM) is applied to accomplish both the modeling and optimiza-
tion tasks. The flow rate of the aquatic phase and its pH and DC18C6 (Dicyclohexano-18-crown-6) content are 
those independent features engaged in the modeling/optimization stage. The authors reported 5.1, 0.014 M, and 
20 µl/min as the optimum values of the pH, DC18C6 concentration, and flow rate, respectively. The extraction 
efficiency of 62.28% has been achieved for the  Ca2+ separation in this optimum condition. Heydarzadeh et al. 
investigate the salt-assisted LLE in a microchannel  system57. They could increase the contact surface area between 
target analytes and the extracting phase during the sample and extracting phase transfer in the microchannel. 
Tang et al. experimentally studied the flow patterns and mass transfer characteristics of immiscible fluids based 
on droplet flow in a vertical  microchannel58. An opposite-flowing T-shaped microchannel has been proposed 
to form favorable monodispersed droplet flow in a wide range of volume flow rate ratios. Singh et al. compare 
the performance of microchannels and conventional stage-wise extractors for LLE by using a standard phase 
 system59. Three different microchannels—a T-junction microchannel, a serpentine microchannel, and a split-
and-recombine microchannel—have been used in the experiments. Conventional extractors are represented by 
a mixer settler and an annular centrifugal extractor.

In two different studies, Jahromi et al. analyzed the LLE performance in Y-shaped micro-scale  junctions60, 

61. The first one introduced a mathematical approach that was derived via the interfacial pressure  balance60. The 
results showed that the flow rate of the organic phase in the tube outlet should be adjusted in a value between 
the range suggested by the mathematical approach. Another research by Jahromi et al. proposed an efficient 
scenario for separating the calcium ions, i.e., continuous micro-solvent extraction  reaction61. The RSM has also 
been applied to investigate the effect of main process parameters on the  Ca2+ separation and find the optimized 
behavior of the process. The authors claimed that the reagent concentration is a significant factor that governs the 
separation efficiency. Indeed, increasing the calcium chloride concentration results in decreasing the separation 
efficiency. In addition, the existence of a small amount of DC18C6 and picric acid in the organic phase facilitates 
the extraction reaction. It has also been reported that the  Ca+2 separation level intensifies by increasing contact 
time as well as flow rates.

This current research comprehensively investigates the application of a single-stage serpentine microfluidic 
device for  Ca2+ separation via a micro-solvent extraction scenario. The key features of this separation scenario 
(i.e., microfluidic extraction percentage and extraction efficiency) at different operating conditions of a micro-size 
instrument are investigated. The effect of pH and flow rate of the aquatic phase and the DC18C6 concentration 
in the organic phase on the performance of the extraction process is also examined systematically. A great deal 
of effort is also made to optimize the process characteristics in such a way that it provides full-phase separation. 
The BBD mode of the RSM is applied to solve the optimization problem and find the optimum conditions. The 
results justified that the proposed serpentine micro-size channel has a higher microfluidic extraction percentage 
and experimental efficiency than those suggested in the literature.

Materials and methods
Materials. To achieve experimental investigations, picric acid, 98.0% pure DC18C6, sodium hydroxide 
(NaOH), and 99.9% pure  CaCl2 (anhydrous Calcium chloride) beads with a mesh size of lower than 10 were 
purchased (Sigma Aldrich, Germany). The aquatic solution was made by mixing 0.01 M picric acid, deionized 
water, and 0.005 M  CaCl2. On the other hand, the organic phase was prepared by mixing three different concen-
trations of DC18C6 (0.005, 0.01, and 0.015 M) with the organic solvent. Also, the aqueous phase was adjusted to 



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:21984  | https://doi.org/10.1038/s41598-022-26529-9

www.nature.com/scientificreports/

the favorite values (8, 5.5, and 3) by adding NaOH to the initial pH. For the organic phase, we used an anhydrous 
N-butyl acetate with a purity of more than 99%, based on the previous  experiment56.

The  Ca+2 molar concentration in the aquatic phase is determined by analyzing 1 cc of the aqueous phase by 
Vista-Pro Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) apparatus.

Equilibrium behavior of the LLE. The equilibrium behavior of the extraction samples is monitored in the 
volumetric flask. For 120 min, the same proportion of each phase was taken and magnetically mixed at an angu-
lar speed of 600 rounds per minute (rpm). This 120 min of mixing is done to ensure that the process experiences 
the equilibrium state. After that, two immiscible phases of a uniform, well-mixed dispersion were attained. Here, 
the convection mechanism dominates the mass transfer behavior of the organic/aquatic phase.

Utilizing the small angular speed for separating n-butyl acetate and water-dominated phases results in sus-
pending small droplets of the organic phase in the aquatic phase which adversely affects the concentration 
measurement by the ICP apparatus. Therefore, this study employs a laboratory centrifugal device (for the mixture 
centrifugation with an angular speed of 3000 rpm for 5 min) to separate organic and aquatic phases. After-
ward, the aquatic falcon phase was gathered by a syringe and caused to flow into sample vessels to measure the 
concentration.

LLE in the micro-size device. Figure 1 presents our laboratory-scale microfluidic solvent extraction setup. 
This setup can be used to conduct the LLE experiments in a parallel flow mode in the microchannel serpentine 
apparatus (serpentine chip of 6 cm in length). The microfluidic chip was prepared with four gaskets and two 
grooved aluminum plates and connectors. Two high-precision programmable syringe pumps that inject organic 
and aquatic phases into the serpentine chip are responsible for the connection adjustment in a micro and macro 
interval. A connected Canon EOS 700D camera to a personal computer, light source, and microscope has been 
applied to simultaneously capture and save videos and images. Then, it is possible to continuously monitor the 
flow pattern at the outlet of the serpentine chip.

This research study uses the mechanical micromachining process to fabricate glass microchips through a 
computer numerical control device. The wide, height, and length of the microfluidic chip are 500 µm, 90 µm, 
and 6 cm, respectively.

Modeling stage. Microfluidic extraction percentage. The separated value of  Ca+2 in the microfluidic ap-
paratus which is also known as the microfluidic extraction percentage and the yield of extraction is defined by 
Eq. (1).

where, the  Ca+2 molar concentration in the inlet and the outlet aquatic streams of the serpentine microchannel 
abbreviated by the [C]aq,i and [C]aq,o , respectively.

(1)%E = 100×
[C]aq,i − [C]aq,o

[C]aq,i
,

Figure 1.  Schematic diagram of the laboratory-scale micro-size device.
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Extraction efficiency. The extraction efficiency is a significant parameter that exhibits the performance of a 
micro-size separation apparatus in comparison with the equilibrium condition. The mathematical form of the 
extraction efficiency is given by Eq. (2).

where [C]∗aq indicates the  Ca+2 molar concentration of the entry aquatic phase at the equilibrium condition.

Optimizing the process. In the extraction efficiency, many parameters are impressive of  Ca+2 with a 
micro-size separation apparatus. The RSM provides a user-friendly environment to monitor the effect of sev-
eral variables of many responses (i.e., multi-input and multi-output problems). This technique includes a set of 
mathematical and statistical equations that help develop a reliable model from the experimental data. This tech-
nique is also able to reduce the number of experiments and solve the optimization problem of a multi-variable 
 system62–65. This research uses a three-level BBD design of the RSM to determine the best conditions for doing 
experiments, derive models to relate responses to the independent features and find the optimum condition of 
the separation process. Equation (3) presents the general form of the second-order polynomial equation for cor-
relating a response (Y) to independent variables  (Xi)66–68:

The adjustable coefficients of this quadratic model are β0 , βi , βii , and βij . The k and ε symbols stand for the 
number of independent features and the model error, respectively. This study relies on the results of the analysis 
of variance (ANOVA) to appraise the accuracy of suggested regressive models. In addition, the P-value and 
F-test can be used to rank the importance of each independent feature or the combination of features on the 
considered response.

Here, the aquatic phase pH and flow rate (Q) and the DC18C6 concentration in the organic phase (C) were 
carefully chosen as independent variables for experimental and modeling investigating the separation perfor-
mance of the microfluidic tool. The impact of these influential factors on the microfluidic extraction percentage 
(%E) and extraction efficiency (%Eeff ) of the serpentine microfluidic system as the anticipated responses are 
assessed both experimentally and numerically.

Table 1 introduced the range of these independent variables as well as coded the variable levels. Table 2 sum-
marizes the information of the 17 tests suggested by the DOE (design of experiment) to experimentally check 
in the micro-size extraction device. Moreover, five replicated tests were appended to the experiments to reduce 
the effect of random errors.

Results and discussions
Selecting the working solvent. Similar to the previous  research56, we also used n-butyl acetate as the 
working fluid in the current research. This selection helps us to compare the extraction performance of the pro-
posed micro-size separation device with those reported in the literature.

Flow regime map. Two main flow patterns which often appeared in micro-size separation apparatus are 
slug and parallel regimes. Since the latter mode could handle a higher flow rate of the aquatic/organic phase, in 
this study we use the parallel flow regime to analyze mass transfer and hydrodynamics of the proposed micro-
fluidic setup. In these situations, viscous forces dominate those related to the interfacial surface  tension43, 56. 
Figure 2 shows the flow map of the serpentine microfluidic device. As can be seen from the figure, in the high 
flow rate of the organic and the aqueous phases, the flow map is parallel.

RSM package. Although it is possible to apply the BBD strategy in many commercial packages, this research 
employs Design-Expert software (Version 13). This software efficiently derives the model, examines the experi-
mental records, and finds optimum conditions of the considered process.

Model construction. This section uses the RSM to perform advanced regression analysis on the experimental 
data obtained from the serpentine microfluidic system. Indeed, numerous mathematical models were derived 
by adjusting their coefficients and the observed p-values were checked. Comparing the accuracy of the derived 

(2)%Eeff = 100×
[C]aq,o − [C]aq,i

[C]∗aq − [C]aq,i
,

(3)Y = β0 +

k∑

i=1

βiXi +

k∑

i=1

βiiX
2
i +

k−1∑

i=1

k∑

j=2

βijXiXj + ε.

Table 1.  The complete information on the design of the experiment.

Feature name Indicator

Features’ level

High bound (+ 1) Center (0) Low bound (− 1)

Q (µl/min) A 50 35 20

C (mol/l) B 0.015 0.01 5 ×  10–3

pH C 8 5.5 3
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models clarifies that the quadratic one is the most reliable approach for estimating both %E and %Eeff
56, 69. Equa-

tions (4) and (5) express the derived quadratic approaches for predicting the %E and %Eeff, respectively.

It should be noted that those terms that possess a high p-value (p > > 0.05) were omitted from these final 
models. Indeed, the interaction terms of  C2 and C × pH have been identified as unimportant factors and their 
associated terms have been removed from both %E and %Eeff models.

Table 3 introduces the numerical values of different factors required for appraising the models’ accuracy 
and evaluating features’ importance. The accuracy of developed models for estimating the %E and %Eeff can 
be checked using the numerical values of SSE (sum of squared errors) and MSE (mean squared errors) values. 
Furthermore, the p- and F-value indicate the importance of a distinct independent feature or the combination 
of different features for estimating a response (either %E or %Eeff).

Both the constructed models have a small p-value (p << 0.05) that the importance of their terms could be 
guaranteed. In addition, the F-value of %E and %Eeff models (i.e., 52.96 and 40.76) confirm that the models’ 
predictions are in complete agreement with the experimental records. The F-values also justify that the effect of 
all involved terms on responses is real. Moreover, the adjusted  R2 of the %E and %Eeff, models (i.e., 0.9763 and 
0.9694) state that the modeling results have excellent compatibility with the experimental records.

(4)%E = 14.95−4.15 Q + 1.38 C + 4.27 pH−1.55 Q × C + 1.1 Q × pH + 2.01 Q2
−4.29 pH2,

(5)%Eeff = 38.98−13.91 Q +3.50 C +5.69 pH−5.40 Q×C +7.61 Q×pH +4.07 Q2
−5.76 pH2.

Table 2.  The obtained values for the %E and %Eeff via the micro-size device.

Run number
Factor A
Q (µl/min)

Factor B
C (mol/l)

Factor C
pH (−) First response E (%) Second response  Eeff (%)

1 35 0.01 5.5 13.92 37.46

2 35 0.005 3 6.16 23.05

3 35 0.01 5.5 15.23 38.19

4 50 0.01 8 13.69 34.91

5 35 0.01 5.5 15.38 40.02

6 35 0.01 5.5 15.51 39.98

7 50 0.015 5.5 13.85 30.09

8 35 0.005 8 14.16 37

9 20 0.01 3 13.97 55.31

10 20 0.01 8 20.43 52.61

11 35 0.015 3 6.64 32.68

12 35 0.01 5.5 14.92 40.13

13 20 0.005 5.5 16.85 44.76

14 50 0.005 5.5 12.32 32.84

15 50 0.01 3 2.81 7.19

16 35 0.015 8 15.43 39.24

17 20 0.015 5.5 24.59 63.6

Figure 2.  Flow regime map for the serpentine microfluidic (org and aq subscripts are aquatic and organic 
phases).
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pH impact on the extraction performance. pH is one of the important parameters that influence the extraction 
performance of micro-size separation devices. Therefore, this section investigated the effect of the initial pH 
of the aquatic phase (3 < pH < 8) on the %E and %Eeff. Figure 3a,b illustrate the pH effect on the %E and %Eeff, 
respectively. It should be mentioned that this analysis is done using the constant values of 35 µl/min and 0.01 M 
for the Q and C variables, respectively. The red dot is the design point and the square dot is the endpoint. The 

Table 3.  The results of models’ accuracy and features importance checking.

Source

SSE MSE F-value p-value

%E %Eeff %E %Eeff %E %Eeff %E %Eeff

Model 403.95 2451.47 57.71 350.21 52.96 40.76  < 0.0001  < 0.0001

Q 137.53 1547.07 137.53 1547.07 126.22 180.06  < 0.0001  < 0.0001

C 15.18 97.72 15.18 97.72 13.93 11.37 0.0047 0.0082

pH 145.61 259.12 145.61 259.12 133.63 30.16  < 0.0001 0.0004

Q × C 9.64 116.53 9.64 116.53 8.85 13.56 0.0156 0.0051

Q × pH 4.88 231.34 4.88 231.34 4.48 26.93 0.0633 0.0006

Q2 17.11 69.85 17.11 69.85 15.71 8.13 0.0033 0.0191

pH2 77.77 140.22 77.77 140.22 71.37 16.32  < 0.0001 0.0029

Figure 3.  The dependency of the microfluidic extraction percentage (a) and extraction efficiency, (b) on initial 
pH (● design points ■ endpoints).
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term “design points” refers to the non-center points in a block. The levels of the factors are coded so that the cube 
blocks contain design points with coordinate values all equal to ± 1, and center points at (0,0,0)70.

Figure 3a,b indicate that increasing the basic strength of the aquatic solution (the pH increase) decreases 
the slope of both %E-pH and %Eeff-pH profiles. Accordingly, the distribution ratio decreases with increasing 
pH. Afterward, with increasing pH, the picrate anion affinity with the aquatic phase becomes higher than the 
organic phase. It can be concluded that the interface phenomenon reduces the amount of picrate anion. Since the 
reaction of extraction occurs in the interface, reducing the concentration of picrate anion results in decreasing 
the extraction rate. In summary, it can be said that the aquatic phase acidity has a high impact on the extraction 
performance of the studied microfluidic device.

Dependency of extraction performance on the DC18C6 dosage. The DC18C6 concentration is a significant vari-
able for either experimental or modeling analyses of the microfluidic extraction percentage and extraction effi-
ciency. In the experimental stage, the DC18C6 concentration was changed from 5 ×  10–3 to 0.015 M. The effect 
of the DC18C6 concentration on the %E and %Eeff is depicted in Fig. 4a,b, respectively. These figures have been 
plotted using the pH 5.5 and aquatic phase flow rate = 35 µl/min It can be seen that increasing the DC18C6 
concentration almost linearly increases both %Eeff and %E. This could be related to DC18C6’s molecules that 
possibly form the complex with  Ca+2. Equations (6) to (8) introduce the extraction/reaction mechanism of alka-
line earth  metals71:

(6)Lo +M+2
+ 2A− 1

⇐⇒ MLA2,o,

(7)Lo +M+2
+ 2A− 1

⇐⇒ A−
o +MLA

+

0 ,

(8)Lo +M+2
+ 2A− 1

⇐⇒ ML+2
2 + 2A−2

o ,

Figure 4.  The effect of DC18C6 molarity on the microfluidic extraction percentage (a) and extraction efficiency 
(b) (● design points ■ endpoints).
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here picrate anion, DC18C6 (ligand), and the metal ion have been abbreviated with the A− , L , and M+2 symbols, 
respectively. The utilized subscript (i.e., o) denotes the organic phase. It can be concluded from the above reac-
tions, the existing species interact with each other at the interface to form hydrophobic complexes.

The influence of DC18C6 concentration on %E is also experimentally studied from 5 ×  10–3 to 0.015 and M 
(see Fig. 4a). This figure indicates that the DC18C6 concentration produces no notable change in the achieved 
values of %E in the proposed micro-size separation device.

The flow rate effect on the extraction performance. Aquatic phase flow rate is another parameter that affects 
the achievable %E and %Eeff by the micro-size separation setup. Figure 5a,b display the profile of both %E and 
%Eeff versus the aquatic flow rate (at pH 5.5 and DC18C6 concentration = 0.01 M), respectively. These figures 
clearly indicate that increasing the flow rate gradually reduces the %Eeff and the %E. The small contact period 
between the involved phases and the low residence time of streams in the separation device is responsible for 
this observation.

The coupling effect of pH and flow rate on the extraction performance. Figure 6A and 6b illustrate the pairing 
effect of the pH and flow rate on the extraction efficiency and microfluidic extraction percentage (at C = 0.01 M), 
respectively. The previously reported p-value = 0.0006 (see Table 3) shows that the coupling term that combined 
pH and flow rate is an important factor for determining extraction efficiency. It can also be concluded from 
Fig. 6a, the pH affects the achievable %Eeff at the constant flow rate (Q). In addition, the pH effect on the observed 
%Eeff at high flow rates is stronger than its effect at the lower ones. Moreover, these two three-dimensional graphs 
show that the optimal value of %Eeff occurs at pH = 5, while the %E reaches its maximum value at pH 6.5.

The coupling effect of flow rate and DC18C6 dosage on the extraction performance. The influence of a term that 
combines DC18C6 concentration in the organic phase and aquatic flow rate on the separation performance (%E 
and the %Eeff) of the proposed micro-scale setup is illustrated in Fig. 7a,b (pH 5.5). As it was also previously 
observed, both %E and %Eeff decrease when the aquatic phase flow rate increases. A short phase contact period 
as well as a relatively long diffusion length are responsible for the reducing trends of the extraction performance 

Figure 5.  The variation of the microfluidic extraction percentage (a) and extraction efficiency (b) by aquatic 
phase flow rate (c and f) (● design points ■ endpoints).
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factors. These figures also state that the increasing rate of the microfluidic extraction percentage as well as extrac-
tion efficiency at high DC18C6 concentrations is faster than the observed rates at low DC18C6 concentrations. 
Moreover, increasing the extractor dosage (i.e., DC18C6) in the interface results in achieving better extraction 
performances via the micro-size setup. Although the maximum values of both %E and %Eeff appear at the maxi-
mum DC18C6 dosage, the concentration range of 0.01 to 0.015 M provides appropriate extraction when only 
the %Eeff is the desired response.

Determining optimal conditions. Solving the optimization problem associated with the micro-size setup opera-
tion helps find those conditions in which both %E and %Eeff have the highest possible values. Since these two 
extraction factors have an adverse-linear relationship with the aquatic phase flow rate (Fig. 5a,b), the smallest 
possible flow rates are the optimum condition. Therefore, the optimum value of 20 µl/min is suggested for the 
Q variable.

Figure 6.  Three-dimensional graphs showing the couple effect pH and Q on (a) %Eeff and (b) %E (● design 
points lower than the predicted value, ● design points higher than predicted value).
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The numerical technique available in the utilized software helps optimize the other two independent features. 
The optimal values of 0.015 M and 6.34 are calculated for the DC18C6 dosage and pH of the aquatic phase, 
respectively. The extraction efficiency and microfluidic extraction at this optimized condition are 63.60% and 
24.59%, respectively.

This section also applies the desirability function (DF) to simultaneously optimize the two involved response 
factors in our study. The numerical value of the DF can vary from 0 (completely unfavorable) to 1 (completely 
favorable). The achieved value of 0.991 for the DF approves that the optimum point has correctly been identified. 
A new experiment that is done at this optimum condition (also known as the confirmation test) provides 63.60 
and 24.59 for the %Eeff and the %E, respectively.

Comparison with the literature. This section compares the extraction efficiency of the constructed micro-size 
device in the current study and those suggested by Abdullahi et al.56. Under the same operating conditions, the 
microfluidic extraction percentage as well as extraction efficiency of our setup is better than those reported in 

Figure 7.  Three-dimensional graphs showing the coupling effect of C and Q on (a) %Eeff and (b) %E (● design 
points lower than the predicted value, ● design points higher than predicted value).
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the  literature56. Indeed, the achievable %E and %Eeff values by the serpentine microfluidic system are higher than 
those obtained by the Y-shape microfluidic  system56.

Conclusions
This research study proposes a systematic micro-size device for efficiently extracting calcium ions from the 
aquatic medium. Our suggested method can also be applied to extract other elements like alkaline and alkaline 
earth metals. The microfluidic extraction of 24.59% has been achieved by using this method at a residence time 
of 4.2 s. Moreover, liquid–liquid extraction with the traditional method needs at least 3 min for obtaining the 
same amount of extraction. Both modeling and optimization stages have been accomplished by applying the BBD 
method to the experimental records. Three independent variables, i.e., pH and flow rate of the aquatic phase and 
DC18C6 dosage in the organic phase are incorporated in the modeling and optimization of the %E and %Eeff 
response factors. The optimum value of pH and flow rate of the aquatic phase are 6.25 and 20 µl/min, respectively. 
Furthermore, the optimized value of DC18C6 dosage in the organic phase is 0.015 M. Based on the findings, 
the extraction efficiency = 63.60% has also been achieved for the  Ca2+ separation at this optimum condition.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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