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A novel approach was proposed for the removal of methylene blue (MB), a soluble cationic dye, from
aqueous solution by calcium dodecyl sulfate (Ca(DS)2) enhanced precipitation which was based on the
solubilization of sodium dodecyl sulfate (SDS) on MB and Ca2+ effect on SDS micelles, and microbial floc-
culant GA1 (MBFGA1) flocculation. The independent and interactive effects of factors, such as SDS, Ca2+

and MBFGA1 dosages, on the MB removal and interaction between SDS and Ca2+ were investigated. The
response surface methodology (RSM), environmental scanning electron microscope (ESEM) and energy
dispersive spectrometer (EDS) analysis were employed to discuss the interaction mechanism between
SDS and Ca2+, and MB removal mechanism. The results showed that MB and SDS removal efficiency could
reach 98.63% and 88.97%, respectively, with pH (10), MB (50 mg/L), SDS (8 mM), Ca2+ (5 mM) and
MBFGA1 (4 mL/L). Under the optimal conditions, residual SDS and Ca2+ concentrations in the upper phase
were 0.88 mM and 1.27 mM, respectively, which reached the Ksp of Ca(DS)2. The concentration consump-
tion ratio between SDS and Ca2+ was 2.0. The interaction between SDS and Ca2+ was depended on the
SDS-Ca2+ concentration ratio in aqueous solution rather than the CMC of SDS. When Ca2+ concentration
was relatively sufficient, SDS micelles containing the solubilized MB (SDS-MB micelles) would disassem-
ble to generate MB loaded Ca(DS)2 particles (CDS-MB particles) which would be flocculated by MBFGA1.
Whereas, when SDS concentration was superfluous relatively, SDS micelles formed in the upper phase
would redissolve the CDS-MB particles in flocs.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Dyes and pigments are widely used in the textile and leather
dyeing, printing, pharmaceutical, and cosmetic industries [1,2].
Discharge of the dyes to the environment have aroused serious
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concerns all over the world due to the toxicity of dyeing effluents,
such as carcinogenic and mutagenic action to aquatic biota and
humans [1]. Furthermore, the dyes in surface water are aestheti-
cally displeasing, imped sunlight penetration and reduce the dis-
solved oxygen, which cause annoyance to the aquatic biosphere
[3]. Therefore, it is important to remove the dyes from wastewater
to an acceptable level before discharging into the natural
environment.

In recent years, several physical, chemical and biological meth-
ods, including adsorption [2,4,5], photo-catalytic degradation [6],
biodegradation [7], micellar-enhanced ultrafiltration (MEUF)
[1,8–10] and flocculation [11,12] have been developed to reduce
the pollution and hazards of dyes. Among these methods, floccula-
tion is considered as an attractive and favorable technique because
its low capital cost, short detention time and good removal effi-
ciency [3,13]. However, the main limitation of the conventional
flocculation technique is that it cannot remove soluble dyes like
methylene blue (MB) effectively as a main treatment [3]. Thus, it
is crucial to reduce the solubility of MB, a soluble cationic dye,
before employing flocculation technology.

Recently, sodium dodecyl sulfate (SDS), a widely used anionic
surfactant, has been employed to improve the MB removal effi-
ciency in the micellar enhanced ultrafiltration technique [1,9,10]
and the surfactant enhanced adsorption technique [14,15], which
owing to the micellar solubilization of SDS on MB molecules. That
is when SDS concentration is equal to or higher than its critical
micellar concentration (CMC), SDS monomers will assemble to
form micelles which are capable of solubilizing MB molecules
[1]. Furthermore, the interaction between SDS and calcium ion
has been studied in many literatures [16–18]. These researches
show that the interaction was depended on the CMC of SDS. Below
its CMC of 8 mM, SDS monomers will react with calcium ions to
generate precipitation, which is governed by the solubility product
of calcium dodecyl sulfate (CDS), whereas, above the CMC, the pre-
cipitated CDS will be redissolved gradually by SDS micelles [16,18].
Though the solubilization of SDS and the interaction of SDS with
calcium ion have both been researched widely, to our best knowl-
edge, there is no research to combine those two chemical proper-
ties of SDS to reduce the solubility of MB.

In this study, the solubilization effect of SDS on MB and the cal-
cium ion effect on SDS micelles containing the solubilized MB
(SDS-MB micelles) were combined, for the first time, to make MB
precipitate from aqueous solution in a form of suspended particles,
which then were flocculated by microbial flocculant GA1
(MBFGA1). MBFGA1, a kind of microbial flocculant, is produced
from Paenibacillus polymyxa GA1 with being eco-friendly, high
security and high efficiency for removing Kaolin suspension which
has been studied in our previous work [19–21]. The main objective
of this research had two aspects: the one was to investigate the
independent and interactive effects of factors, including SDS, cal-
cium ions and MBFGA1 dosages, on the MB removal efficiency
and the interaction between SDS and calcium ions, the other was
to explore the interaction mechanism between SDS and Ca2+, MB
removal mechanism and flocculation mechanism based on the
experimental results.

2. Materials and methods

2.1. Materials

The cationic dye, MB (DaMao Chemicals, China) was prepared
by dilution of 1 g/L stock solution. Fresh diluents were used in each
experiment. The anionic surfactant, SDS (Sinopharm Chemicals,
China) was prepared at the concentration of 100 g/L. The critical
micelle concentration (CMC) is 8 mM in distilled water [22]. CaCl2
(Sanpu Chemicals, China) was prepared at the concentration of
10 g/L to provide Ca2+ which was crucial during the MB removal
process. Microbial flocculant GA1 was harvested from the fermen-
tation liquid of Paenibacillus polymyxa GA1 with high flocculation
activity [19–21] and the fermentation liquid contained 15.56 g/L
effective components. Unless otherwise stated, all reagents used
were of analytically pure grade. The distilled water was used in
all experiments.

2.2. MB removal experiment

1000 mL of MB solution was prepared at the concentration of
50 mg/L (Fig. S1). Then the pH of the MB solution was adjusted
to 10 (Fig. S2) by NaOH and HCl, which was discussed specifically
in the Supplementary Material. Subsequently, pre-determined
amounts of SDS, CaCl2 and MBFGA1 were added into the
1000 mL MB solution in 1000 mL beaker in turn. Then the beaker
containing the mixture was fixed on the floc-tester (ET-720. Lovi-
bond. Germany). After that, the mixture was stirred with 5 min
rapid mixing at 200 rpm, followed by 30 min slow mixing at
40 rpm and 1 h settlement period. Water samples were collected
at a depth of 2 cm in the upper phase for the zeta potential mea-
surement and the concentration determination of MB, SDS and
Ca2+.

2.3. Analysis and calculations

The zeta potential and MB concentration were directly mea-
sured by Zetasizer (Nano-ZS90, Malvern, England) and UV spec-
trophotometer (UV-2550, SHIMADZU, Japan) at 665 nm,
respectively. However, the water samples should be filtered
through 0.45 lm filter membrane before the concentration mea-
surements of SDS and Ca2+ were taken. The SDS concentration
was analyzed by a double phase titration following ISO-2271-
1989 using benzethonium chloride (J&K Chemicals, China) as stan-
dard and an indicator consisting in a mixture of ethidium bromide
and acid blue 1 (Aladdin Industrial Corporation, China). The ethid-
ium bromide was HPLC pure. Chloroform (Sinopharm Chemicals,
China) was used to provide the double phase. The Ca2+ concentra-
tion was analyzed by EDTA (Sinopharm Chemicals, China) titrimet-
ric method following ISO-6058-1984. All experiments were
performed in triplicates for the mean calculation and the results
were reproducible within 5%.

The removal efficiency (RE) of MB, SDS and Ca2+ all followed the
equation:

REð%Þ ¼ ðC0 � CeÞ=C0 � 100 ð1Þ
where C0 denotes the initial concentration (dosage) of MB, SDS and
Ca2+; Ce denotes the final concentration in the upper phase of MB,
SDS and Ca2+.

We defined the concentration consumption of SDS or Ca2+ as:

Q ¼ C1 � C2 ð2Þ
where C1 is the initial dosage of SDS or Ca2+ (mM); C2 is the final
concentration in the upper phase of SDS or Ca2+ (mM).

The concentration consumption ratio (CT) between SDS and
Ca2+ was defined as:

CT ¼ Qs=Qc ð3Þ
where QS and QC are the concentration consumptions of SDS and
Ca2+ (mM), respectively, which follows the Eq. (2).

Generally, at low SDS concentration, Ca2+ could react with SDS
monomers as follows:

Ca2þ þ DS� $ CaðDSÞ2 ð4Þ
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The solubility product Ksp of Ca(DS)2 at room temperature was
calculated as [16]:

Ksp ¼ ½Ca2þ�½DS��2 ¼ ð8:2� 1:9Þ � 10�10 m3 ð5Þ
2.4. RSM experimental design

The central composite design (CCD), a standard RSM, was
selected for the optimization of the factors which made sense on
the MB removal. In the experimental design model, the dosages
of SDS (x1), Ca2+ (x2) and MBFGA1 (x3) were taken as factors. All
factors were controlled at five levels. The response variable (y) that
represented the MB removal efficiency was fitted by a second-
order model in the form of quadratic polynomial equation:

y ¼ b0 þ
Xm

i¼1

bixi þ
Xm

i<j

bijxixj þ
Xm

i¼1

biix
2
i ð6Þ

where xi and xj are independent variables which determine y, b0, bi

and bii are the offset term the i linear coefficient and the quadratic
coefficient, respectively. bij is the term that reflects the interaction
between xi and xj [23]. The actual design ran by the statistic soft-
ware, Design-Expert 8.0.6 (Stat-Ease Inc., USA), is presented in
Table 1.

2.5. Environmental scanning electron microscope (ESEM) analysis

When MB concentration, the dosages of Ca2+ and MBFGA1 were
fixed at 50 mg/L, 5 mM and 4 mL/L, respectively, the corresponding
flocs formed under different SDS concentrations of 8, 16, and
24 mM, were collected. After vacuum freeze-drying, the flocs were
used for environmental scanning electron microscope analysis and
energy dispersive spectrometer analysis.

The surface morphologies of samples were studied using an
environmental scanning electron microscope (Quanta 200 FEG,
FEI, USA) in low vacuum mode at an acceleration potential of
20 kV. Furthermore, microanalyses of the samples were carried
out with an energy dispersive spectrometer (EDS) equipped on
the Quanta 200.

3. Results and discussion

3.1. Effects of SDS dosage

3.1.1. Influence of SDS dosage on the MB removal
The MB concentration and MBFGA1 dosage were fixed at 50 mg/

L and 4 mL/L, respectively. The variation of the MB removal effi-
ciency with SDS dosage under different Ca2+ dosages was shown
in Fig. 1(a). It was clear that when Ca2+ dosage was 5 mM, with
SDS dosage increasing from 1.4 to 8 mM, the MB removal efficiency
increased sharply from 50.08% to 98.63%, followed by decreasing
linearly (approximately) to 30.08% with a SDS dosage of
12.6 mM, then decreased slowly to 0% at the SDS dosage of 48 mM.

From the figure, when the SDS dosage was lower than 8 mM,
although it was usually considered that surfactant monomers did
not form micelles, the MB removal efficiency was not low and
increased quickly as SDS dosage increased. This phenomenon
Table 1
Coded levels for three variables framed by CCD.

Factors Codes Coded levels

�1.68 �1 0 1 1.68

SDS (mM) x1 1.27 4 8 12 14.73
Ca2+ (mM) x2 1.64 3 5 7 8.36
MBFGA1 (ml/L) x3 0.64 2 4 6 7.36
was attributed to the following three causes. The first reason was
that the SDS molecules could form small premicelles below the
CMC, which could result in the weak solubilization effect [10,24]
and provide MB with a micellar-like environment [25]. However,
when the SDS concentration exceeded one CMC value, the solubi-
lization effect was in process obviously [26]. Secondly, MB could
decrease the CMC of SDS slightly and make the formation of SDS
micelles easier, probably because the MB molecules dissociated
into cationic ions that could insert into the head groups of SDS
leading to the reduction of electrostatic repulsive force between
head groups of SDS micelles [1]. The third cause was the precipita-
tion reaction of SDS with MB below the CMC [1,27].

From Fig. 1(a), when Ca2+ dosage was 5 mM, the highest MB
removal efficiency of 98.63% was achieved when SDS dosage was
at its CMC of 8 mM. It was probably that at the CMC value, the
SDS micelles had been formed absolutely which could solubilize
the majority of MB molecules. Based on the former research results
that Ca2+ could react with SDS monomers to generate CDS precip-
itation [16–18], we could speculate that in the system, the SDS
micelles containing the solubilized MB kept dynamic equilibrium
with the SDS monomers adsorbed MB (SDS-MB monomers) [17],
the Ca2+ would gradually react with the SDS-MBmonomers to gen-
erate MB loaded calcium dodecyl sulfate (CDS) particles (CDS-MB
particles). The suspended CDS-MB particles would be flocculated
by MBFGA1 finally. Therefore, it could be concluded that the
5 mM Ca2+ dosage was sufficient compared to the 8 mM SDS
dosage, and the 8 mM SDS dosage was the point that the reaction
between SDS-MB monomers and Ca2+ could proceed completely.
Consequently, at 8 mM SDS dosage, the majority of MB molecules
were removed in the form of CDS-MB particles.

When Ca2+ dosage was 5 mM, with the SDS dosage increasing
from 8 to 12.6 mM, the MB removal efficiency decreased from
98.63% to 30.08% almost in a linear pattern, furthermore, the cor-
responding experimental phenomenon was that the amount of
flocs in the beaker bottom gradually decreased and its color turned
from blue to white. Therefore, we could speculate that when SDS
dosage was higher than 8 mM, it was superfluous compared to
the 5 mM Ca2+ dosage, and SDS micelles had been formed in the
upper liquid phase. With the SDS dosage ranging from 8 to
12.6 mM, the most of MB adsorbed on the CDS particles would
be solubilized by the SDS micelles in the upper liquid phase, which
resulted in the resolubilization phenomenon of MB.

With continued increment of the SDS dosage from 12.6 to
48 mM, the MB removal efficiency decreased gradually to 0%, the
white flocs kept reducing and disappeared at 48 mM SDS dosage.
In addition, it was observed from Fig. 1(b) that when Ca2+ dosage
was 5 mM, the Ca2+ concentration in the upper phase descended
to the lowest value firstly, and then ascended. The minimum was
obtained at 12.6 mM SDS dosage. Hence, based on the points stated
above, it could be concluded that as SDS dosage increased from
12.6 to 48 mM, the SDS micelles in the upper liquid phase would
adsorb the Ca2+ in CDS-MB particles leading to the dissolution of
CDS-MB particles gradually [16,18]. As a result, the CDS-MB parti-
cles were dissolved completely and a clear blue solution appeared
at 48 mM SDS dosage. The redissolution of Ca2+ would be discussed
in detail in Section 3.1.2.

It could be seen from Fig. 1(a) that with the Ca2+ dosages being
7 mM and 9 mM, the variation trends of MB removal efficiencies
were mostly similar to that at 5 mM Ca2+ dosage. That was as the
SDS dosages increased from 1.4 to 80 mM, the MB removal effi-
ciencies ascended to the maximum, and then decreased to 0%.
When the Ca2+ dosages were 7 mM and 9 mM, the highest removal
efficiencies of 98.82% and 99.10% were achieved at 12.6 mM and
16 mM SDS dosages, respectively. This phenomenon indicated that
7 mM and 9 mM Ca2+ dosages were sufficient compared to the
12.6 mM and 16 mM SDS dosages, hence, we could conclude that



Fig. 1. Effects of SDS dosage on the (a) MB removal efficiency, (b) Ca2+ concentration in the upper phase, (c) SDS concentration in the upper phase and SDS removal efficiency
at different Ca2+ dosages of 5, 7, and 9 mM; (d) SDS and Ca2+ concentration consumption and SDS-to-Ca2+ concentration consumption ratio at 5 mM Ca2+ dosage. The MB
concentration and MBFGA1 dosage were 50 mg/L and 4 mL/L, respectively.
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as long as Ca2+ concentration was sufficient relatively in the sys-
tem, under the effect of Ca2+, the SDS-MB micelles would disas-
semble gradually to generate CDS-MB particles even if the SDS
concentration was above the CMC. This conclusion advanced the
former research results [17,18,28,29], in which above the CMC of
SDS, the formed SDS micelles would redissolve the precipitated
CDS. Furthermore, it could be found from the figure that with
Ca2+ dosage being 7 mM and 9 mM, at 8 mM SDS dosage, the MB
removal rates were both very high, which could reach 97.33%
and 95.26%, respectively. This was probably attributed to that at
the CMC value, the formed SDS micelles were capable of solubiliz-
ing the majority of MB molecules in the system, hence, under the
effect of Ca2+ and MBFGA1, the most of MB molecules were
removed in the form of CDS-MB particles. As a result, under
7 mM Ca2+ dosage, with SDS dosage varying from 8 mM to
12.6 mM, the MB removal efficiency increased from 97.33% to
98.82%, the increment was small; similarly, under 9 mM Ca2+

dosage, with SDS dosage varying from 8 mM to 16 mM, the MB
removal efficiency also increased very slightly from 95.26% to
99.10%.

3.1.2. Influence of SDS dosage on the interaction between SDS and Ca2+

The concentrations of MB and MBFGA1 were fixed at 50 mg/L
and 4 mL/L, respectively. Under different Ca2+ dosages, the effects
of SDS dosage on the Ca2+ concentration, SDS concentration in
the upper liquid phase and the SDS removal efficiency were shown
in Fig. 1(b) and (c). In Fig. 1(b), with the increment of SDS dosage,
the Ca2+ concentration in the upper phase decreased to the mini-
mum, followed by increasing significantly, and then reached a pla-
teau. Obviously, the bottoms of the curves were the points that the
redissolution of Ca2+ occurred as mentioned in Section 3.1.1. Tak-
ing the 5 mM Ca2+ dosage as an example, the point was at
12.6 mM SDS dosage. Actually, the redissolution of Ca2+ was prob-
able due to the binding of Ca2+ in CDS particles onto the micelles
formed in the upper liquid phase [28]. As the adsorption capacity
of Ca2+ onto the micelles was higher than that of the Na+, there
existed ion-exchange phenomenon between Ca2+ and Na+

[16,17]. As a result, with the SDS dosage increasing from 12.6 to
48 mM, the SDS micelles in the upper liquid phase would adsorb
the Ca2+ in CDS particles, resulting in the gradual dissolution of
the CDS particles and the formation of SDS micelles containing
the adsorbed Ca2+ in the upper liquid phase. Hence, the precipi-
tated CDS particles acted as a reservoir for the supply of the Ca2+

to the micelles [17]. At 48 mM SDS dosage, the complete redissolu-
tion of Ca2+ occurred and the Ca2+ concentration in the upper phase
resumed to the initial dosage. With the continuous increment of
SDS dosage, the Ca2+ concentration in the upper phase kept
constant.

As Fig. 1(c) illustrated, with the SDS dosage ranging from 1.4 to
80 mM, the SDS removal efficiency ascended to the maximum, and
then descended to 0%. With Ca2+ dosages varying to be 5, 7 and
9 mM, the highest SDS removal efficiencies were achieved at 8,
12.6 and 16 mM SDS dosages, respectively. Correspondingly, at
these critical points, the growth rates of the SDS concentrations



Table 2
Three dividing points of the reaction process under different Ca2+ dosages.

Ca2+ dosage (mM) SDS dosage (mM)

Point 1 Point 2 Point 3

5 8 12.6 48
7 12.6 20 64
9 16 24 72
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in the upper phase varied from slow to fast. Using the 5 mM Ca2+

dosage for example, this could be explained that when SDS dosage
was below 8 mM, the reaction between SDS-MB monomers and
Ca2+ prevailed in the system, so with the increment of the SDS
dosage, the SDS removal efficiency kept ascending, and the SDS
concentration in the upper phase increased very gently. However,
at 8 mM SDS dosage, the resolubilization of MB by the SDS micelles
in the upper liquid phase started to happen as elaborated in Sec-
tion 3.1.1, which led to the decrease of the SDS removal efficiency
and the steeper increment speed of the SDS concentration in the
upper phase. In addition, it was noteworthy that the best SDS
removal efficiency was about 90% at 8 mM SDS dosage, which indi-
cated that the secondary pollution was very low.

When the Ca2+ dosage was fixed at 5 mM, the concentration
consumptions of SDS and Ca2+ were plotted intuitively as columns
in Fig. 1(d), meanwhile the concentration consumption ratio
Fig. 2. Effects of Ca2+ dosage on the (a) MB removal efficiency, (b) SDS concentration in th
at different SDS dosages of 6, 8, 12, and 16 mM; (d) SDS and Ca2+ concentration consump
concentration and MBFGA1 dosage were 50 mg/L and 4 mL/L, respectively.
between SDS and Ca2+ was plotted as a line. From the figure, it
was clear that the concentration consumption ratio between SDS
and Ca2+ increased firstly, and then kept almost constant at a value
of 2.0, which confirmed the viewpoint presented above that the
reaction product between SDS monomers and Ca2+ was the cal-
cium dodecyl sulfate Ca(DS)2. Besides, when the SDS dosage was
below 4.2 mM, the SDS-to-Ca2+ concentration consumption ratio
was less than 2.0, probably because the formed Ca(DS)2-MB parti-
cles would adsorb the redundant Ca2+ in the upper phase.

In a word, based on the analysis in Section 3.1, as the SDS
dosage increased, the reaction process in the system could be
divided by three points denoted 1, 2 and 3. At point 1, the highest
MB and SDS removal efficiencies could be achieved, and the resol-
ubilization of MB adsorbed on the Ca(DS)2 particles occurred. The
point 2 represented the beginning of the redissolution of Ca2+ in
the Ca(DS)2-MB particles. At point 3, the Ca(DS)2-MB particles in
flocs were dissolved completely and the clear blue solution
appeared. Under different Ca2+ dosages of 5, 7, 9 mM, the three
dividing points were shown in Table 2.
3.2. Effects of Ca2+ dosage

3.2.1. Influence of Ca2+ dosage on the MB removal
The concentrations of MB and MBFGA1 were 50 mg/L and 4 mL/

L, respectively. In Fig. 2(a), as the SDS dosages varied to be 8, 12
e upper phase, (c) Ca2+ concentration in the upper phase and Ca2+ removal efficiency
tion and SDS-to-Ca2+ concentration consumption ratio at 8 mM SDS dosage. The MB
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and 16 mM, the variation trends of MB removal efficiencies with
Ca2+ dosage were in similar pattern. That was the MB removal effi-
ciencies ascended significantly, and then reached a platform with
Ca2+ dosage increasing from 2.5 to 11 mM. When the Ca2+ dosage
was low, the Ca2+ would be adsorbed onto the SDS-MB micelles
in the solution because the micelles had a number of binding sites
for Ca2+ [28], and the association of the micelles with Ca2+ was
preferential over the association with Na+ [16,17]. With the Ca2+

dosage increasing, the Ca2+ would start to react with the SDS-MB
monomers gradually to generate Ca(DS)2-MB particles. As the
Ca2+ dosage continued to rise, under the effect of Ca2+, SDS-MB
micelles would disassemble gradually into the SDS-MB monomers
and the CDS-MB particles formed continually. Finally, the CDS-MB
particles were flocculated by MBFGA1, and the MB removal effi-
ciency reached the maximum of 98.63%, 98.82% and 99.10% at 5,
7 and 9 mM Ca2+ dosages under SDS dosages of 8, 12 and 16 mM,
respectively. This was in accordance with the results shown in
Fig. 1(a).

However, from Fig. 2(a), when SDS dosage was 6 mM, the vari-
ation trend of MB removal efficiency with Ca2+ dosage was differ-
ent from the other three curves. As Ca2+ dosage increased from 2.5
to 11 mM, the MB removal efficiency ascended firstly, and then
descended. The highest removal rate reached 89% at 4 mM Ca2+

dosage. This phenomenon was probably attributed to that when
SDS concentration was 6 mM, though it was lower than the CMC
Fig. 3. Effects of MBFGA1 dosage on the (a) MB removal efficiency, (b) SDS and Ca2+ conc
to-Ca2+ concentration consumption ratio. The MB concentration, SDS and Ca2+ dosage w
of SDS, the SDS molecules could form small premicelles which
were able to provide MB with a micelle-like environment and sol-
ubilize a portion of MB molecules in the system [10,24,25]. There-
fore, with the Ca2+ dosage increasing, the SDS-MB premicelles
would disassemble gradually into the SDS-MB monomers, and
the CDS-MB particles formed continually. However, it was worth
noting that in the SDS premicelles, the interaction between SDS
and MB was mainly electrostatic attraction, the hydrophobic inter-
action was weak, which was probably due to the normal micelles
have not been formed [24,25,30]. In addition, excessive Ca2+ may
weaken the electrostatic interaction between SDS and MB, and
thus reducing the amount of MB associated with SDS in the premi-
cellar region. Therefore, above the 4 mM, further increase of Ca2+

dosage led to the decrease of MB removal efficiency.

3.2.2. Influence of Ca2+ dosage on the interaction between SDS and
Ca2+

Under different SDS dosages of 6, 8, 12 and 16 mM, the effects of
Ca2+ dosage on the Ca2+ concentration, SDS concentration in the
upper liquid phase and the Ca2+ removal efficiency were illustrated
in Fig. 2(b) and (c). From Fig. 2(b), as Ca2+ dosage varied from 2.5 to
11 mM, the SDS concentration in the upper phase decreased grad-
ually, and remained constant eventually. This variation trend was
due to the reaction between Ca2+ and SDS-MB monomers as stated
in Section 3.2.1. However, taking 8 mM SDS dosage to elaborate,
entration in the upper phase, (c) SDS and Ca2+ concentration consumption and SDS-
ere 50 mg/L, 8 mM and 5 mM, respectively.



Table 4
CCD design and response values.

Run Factors Response

x1 (mM) x2 (mM) x3 (mL/L) MB removal efficiency (%)

1 8 5 4 98.31
2 8 5 0.64 60
3 4 7 6 90
4 8 1.64 4 41.99
5 8 5 4 98.33
6 8 5 4 98.74
7 12 7 6 92
8 4 3 2 47.40
9 8 8.36 4 90

10 12 3 6 27
11 12 7 2 98
12 4 7 2 44
13 14.73 5 4 25
14 8 5 4 98.01
15 1.27 5 4 60
16 8 5 7.36 70
17 8 5 4 98.04
18 8 5 4 98.53
19 12 3 2 29
20 4 3 6 43.66

Table 5
Analysis of variance (ANOVA) for the quadratic model.

Source Sum of
squares

Degrees of
freedom

Mean
square

F-value P-value
Prob > F

Model 14127.09 9 1569.68 13.39 0.0002
X1 105.29 1 105.29 0.90 0.3656
X2 4862.03 1 4862.03 41.47 <0.0001
X3 191.01 1 191.01 1.63 0.2307
X1X2 1036.41 1 1036.41 8.84 0.0140
X1X3 315.71 1 315.71 2.69 0.1318
X2X3 261.56 1 261.56 2.23 0.1661
X1
2 5201.10 1 5201.10 44.36 <0.0001

X2
2 1646.96 1 1646.96 14.05 0.0038

X3
2 1757.28 1 1757.28 14.99 0.0031

Residual 1172.38 10 117.24 – –
Lack of

fit
1171.98 5 234.40 2997.05 <0.0001

Pure
error

0.39 5 0.078 – –

Standard Deviation = 10.83, R2 = 0.9234, Radj
2 = 0.8544.
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after the best MB removal rate was achieved at 5 mM Ca2+ dosage,
the SDS concentration in the upper phase continued to descend
with the Ca2+ dosage increasing. This was possibly because there
was a small amount of SDS residual in the upper liquid phase,
which would continue to react with Ca2+ after the SDS-MB micelles
were consumed completely by Ca2+. In addition, it was noteworthy
that at 6 mM SDS dosage, while the interaction between SDS and
MB was lowered by the excessive Ca2+ dosage, there was no influ-
ence on the reaction between SDS and Ca2+.

In Fig. 2(c), the Ca2+ concentration in the upper phase ascended
with Ca2+ dosage, varying from slightly to quickly. Correspond-
ingly, the variation of Ca2+ removal efficiency changed from ascent
to descent. When the SDS dosages were 8, 12 and 16 mM, the crit-
ical points were all at 3 mM Ca2+ dosage. Taking the 8 mM SDS
dosage to explain, below the 3 mM, a portion of Ca2+ were bonded
to the SDS-MB micelles in the upper phase while a small quantity
of Ca(DS)2-MB particles had been generated. Based on the experi-
mental phenomenon, the SDS-MB micelles containing the
adsorbed Ca2+ formed very finely dispersed sols in the upper phase
[31]. As mentioned in Section 2.3, the water samples should be fil-
tered through 0.45 lm filter membrane before the concentration
measurements of SDS and Ca2+ were taken, hence, the dispersed
sols would be filtered out and in turn the remnant calcium ions
in the filtrate were measured. Therefore, when Ca2+ dosage was
lower than 3 mM, the growth rate of the Ca2+ concentration in
the upper phase was low and the Ca2+ removal efficiency increased
gradually. As Ca2+ dosage ascended from 3 to 9 mM, the main
behavior of Ca2+ was reacting with SDS-MB monomers (or SDS
monomers) to form Ca(DS)2-MB particles (or Ca(DS)2 particles)
and the sols dispersed in the upper phase disappeared, hence filtra-
tion had no influence on the Ca2+ concentration in the upper phase.
Therefore, the growth rate of Ca2+ concentration in the upper phase
changed from low to high and the Ca2+ removal efficiency changed
to descend. With the continuous increment of Ca2+ dosage to
11 mM, the Ca2+ concentration in the upper phase increased more
sharply, and the concentration consumptions of Ca2+ and SDS kept
constant as shown in Fig. 2(d). This indicated that the reaction
between SDS and Ca2+ had been proceeded completely at 9 mM
Ca2+ dosage, which was consistent with the results presented in
Fig. 2(b). However, from Fig. 2(c), it could be found that when
SDS dosage was 6 mM, the critical point was at 2 mM Ca2+ dosage,
which was smaller than that at the other three SDS dosages. This
was possibly attributed to that the premicelles formed at 6 mM
SDS dosage had lower adsorption capacity for Ca2+ than the normal
micelles, hence, the sols disappeared at lower Ca2+ dosage, accord-
ingly, the critical point was smaller.

When the SDS dosage was fixed at 8 mM, the variations of the
concentration consumptions of SDS and Ca2+, and SDS-to-Ca2+ con-
sumption ratio with Ca2+ dosage were displayed in Fig. 2(d). It was
clear that the SDS-to-Ca2+ consumption ratio was more than 2.0
when Ca2+ dosage was below 3 mM. This phenomenon was possi-
bly due to the dispersed sols in the upper phase which was mainly
comprised of SDS-MB micelles containing the adsorbed Ca2+ (SDS-
MB/Ca2+ micelles). In the SDS-MB/Ca2+ micelles, the concentration
ratio between SDS and Ca2+ was more than 2.0, hence the SDS-to-
Ca2+ consumption ratio in the system was above 2.0 as the sols
Table 3
Various methods used for the removal of MB and SDS.

Method MB concentration (mg/L) MB removal efficiency (%) Removal ca

This work 50 98.63 49.32
MEUF 6 99.3 5.96
MEUF 5 94.33 4.72
Adsorption 5 91 4.55
Adsorption 50 85.2 42.6
were filtrated. When Ca2+ dosage was above 3 mM, the sols disap-
peared and the reaction to generate Ca(DS)2 prevailed in the sys-
tem, so the SDS-to-Ca2+ consumption ratio turned to 2.0.
3.3. Effects of MBFGA1 dosage

Based on the analysis in Sections 3.1 and 3.2, it could be con-
cluded that in the MB removal process, the major role that
MBFGA1 played was to flocculate the CDS-MB particles. Therefore,
when investigating the effects of MBFGA1, it was important to
make the majority of MB molecules precipitate from the aqueous
solution by adsorbing onto the CDS particles. So, considering the
effect and the economy in the MB removal process, the 8 mM
pacity (mg/L) SDS concentration (mM) SDS removal efficiency (%) Refs.

8 88.97
8 63.48 [1]

40 Unstudied [8]
1 Unstudied [4]
1 Unstudied [5]



Table 6
Significance of quadratic model coefficient.

Factor Regression
coefficients

Degrees of
freedom

Standard
error

Prob > F

Intercept 98.21 1 4.42 –
X1 �2.78 1 2.93 0.3656
X2 18.87 1 2.93 <0.0001
X3 3.74 1 2.93 0.2307
X1X2 11.38 1 3.83 0.0140
X1X3 �6.28 1 3.83 0.1318
X2X3 5.72 1 3.83 0.1661
X1
2 �19.00 1 2.85 <0.0001

X2
2 �10.69 1 2.85 0.0038

X3
2 �11.04 1 2.85 0.0031
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SDS dosage and 5 mM Ca2+ dosage were adopted as the research
dosage in this Section.
3.3.1. Influence of MBFGA1 dosage on flocculation behavior
The effect of MBFGA1 dosage on the flocculation of Ca(DS)2-MB

particles was investigated when the MB concentration, the dosages
of SDS and Ca2+ were fixed at 50 mg/L, 8 mM and 5 mM, respec-
tively. Fig. 3(a) showed the evolutions of MB removal efficiency
and zeta potential of the supernatant with MBFGA1 dosage ranging
from 1 to 10 mL. As could be seen from Fig. 3(a), the MB removal
Fig. 4. Surface graphs of MB removal efficiency showing the effect of variables: (a) SDS
MBFGA1 dosage.
efficiency increased at the beginning and then decreased with
increasing addition of MBFGA1. The maximum removal efficiency
reached about 99% when 4 mL MBFGA1 was added. This demon-
strated that a higher MBFGA1 dosage could adsorb more CDS-MB
particles to form lager flocs. However, above the 4 mL, further
increase of MBFGA1 led to the well-known re-stabilization phe-
nomenon [19,32]. It was attributed to that there were more nega-
tive charges in the excessive MBFGA1 solution, which caused the
stronger charge repulsion and inhibited small flocs to grow into
big ones.

On the other hand, as shown in Fig. 3(a), the zeta potential
always decreased with the increase of MBFGA1 dosage and was
less than zero at any dosage, which was due to the negative zeta
potential of MBFGA1 [19,33] and CDS-MB particles. In addition, it
could be seen that the best MB removal efficiency was achieved
at a zeta potential of about �20 mv, which meant that adsorption
bridging through repulsive obstacle played a major role during the
flocculation process [19,32]. In the process, MBFGA1 acted as a
bridging reagent of many small aggregates adsorbed CDS-MB par-
ticles. These aggregates could form larger flocs by the bridging
mechanism, and precipitate as evidenced in the jar tests. Mean-
while, many CDS-MB particles could be adsorbed onto a long
molecular chain of MBFGA1, and the particles adsorbed on the
chain could be adsorbed simultaneously by other MBFGA1 chains.
Thus, the three-dimensional flocs formed with a better settling
dosage and Ca2+ dosage (b) SDS dosage and MBFGA1 dosage (c) Ca2+ dosage and
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capacity [32]. Furthermore, the calcium ions in the CDS-MB parti-
cles could probably promote the flocculation by reducing the elec-
trostatic repulsion between anionic polymers and negatively-
charged colloidal particles, and making MBFGA1 attract more
CDS-MB particles around its surface [19,23]. The calcium ions
had also been reported to develop bridges between anionic poly-
mers and negatively-charged colloidal particles, thereby enhancing
particle flocculation [34].

3.3.2. Influence of MBFGA1 dosage on the interaction between SDS and
Ca2+

The effect of MBFGA1 dosage on the interaction between SDS
and Ca2+ was illustrated in Fig. 3(b) and (c) when MB concentra-
tion, the dosages of SDS and Ca2+ were fixed at 50 mg/L, 8 mM
and 5 mM, respectively. As shown in Fig. 3(b), the variation trends
of the concentrations of SDS and Ca2+ in the upper phase with
MBFGA1 dosage were in similar pattern. The two curves were like
the upward parabolas and the lowest values were both achieved at
MBFGA1 dosage of 5 mL. Nevertheless, as mentioned in Section 2.3,
the water samples should be filtered through 0.45 lm filter mem-
brane before the concentration measurements of SDS and Ca2+

were taken. It was worth noting that the formed CDS-MB particles
could be filtered out completely even if MBFGA1 was not added.
The reason why the concentrations of SDS and Ca2+ in the upper
phase varied with MBFGA1 dosage was possible that MBFGA1
could adsorb Ca2+ residual in the supernatant [19,23] after the
most of CDS-MB particles had been generated, leading to the
Ca2+ concentration polarization phenomenon on the MBFGA1.
When reached to a certain value, the Ca2+ aggregated on the
Fig. 5. ESEM images of flocs formed under different SDS dosages: (a) 8 mM, 1500� (b) 1
were 50 mg/L, 5 mM and 4 mL/L, respectively.
MBFGA1 would then react with SDS monomers residual in the
supernatant to form Ca(DS)2. These Ca(DS)2 particles was also
binded to the adsorption sites of MBFGA1 and thereby being floc-
culated by the adsorption bridging mechanism. In conclusion, dur-
ing the process, the added MBFGA1 could not only flocculate the
previously generated CDS-MB particles, but also facilitate the reac-
tion between SDS and Ca2+ remnant in the supernatant because of
concentration polarization effect, which in turn improved the SDS
removal efficiency and led to the lower secondary pollution.

In Fig. 3(c), with GA1 dosage increasing from 1 to 10 mL, the
SDS-to-Ca2+ consumption ratio decreased firstly from 2.0 to 1.8
at 5 mL MBFGA1 dosage, and then returned to 2.0. The variation
trend of the SDS-to-Ca2+ consumption ratio was similar to the
curves in Fig. 3(b). Obviously, the SDS-to-Ca2+ consumption ratio
was also influenced by the concentration polarization effect of
MBFGA1. The reason why the ratio was less than 2.0 in the process
was possible that the calcium ions adsorbed on the MBFGA1 were
excessive and could not completely enter into the reaction with
SDS monomers in the supernatant.

All in all, according to the analysis in Sections 3.1–3.3, consider-
ing the MB removal efficiency, secondary pollution, and economy
in the reaction process, the optimal conditions were SDS 8 mM,
Ca2+ 5 mM and MBFGA1 4 mL/L, respectively, which were also
determined as the central value of the central composite design
in Section 3.4. Table 3 showed the removal efficiency of MB and
SDS under the optimal conditions compared with other methods
studied previously. From Table 3, it could be seen that the MB
removal capacity and the SDS removal efficiency were both high
using the approach proposed in this study, which indicated that
6 mM, 1500� (c) 24 mM, 1500�. The MB concentration, Ca2+ and MBFGA1 dosage
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this approach was high efficient, eco-friendly and widely
applicable.

3.4. Response surface methodology of reaction factors

To further explore the interactive effects of independent vari-
ables on the MB removal efficiency, CCD was employed. The
response variables of MB removal efficiency acquired from 20
groups of experiments were shown in Table 4. According to the
experimental results, the best second-order polynomial equation
in terms of coded factors was obtained as follows:

Y ¼ þ98:21� 2:78x1 þ 18:87x2 þ 3:74x3 þ 11:38x1x2

� 6:28x1x3 þ 5:72x2x3 � 19:00x21 � 10:69x22 � 11:04x23 ð7Þ
The statistical testing of this model was performed with the

Fish’s statistical method for analysis of variance (ANOVA). The
result of ANOVA, shown in Table 5, indicated that the second-
order equation fitted well. Because model value of
‘Prob > F’ = 0.0002 was less than 0.05, the total determination coef-
ficient R2 reached 0.9234, and the adjusted R2 values were 0.8544.
Among them, R2 indicated the percentage of experimental data
that were compatible with the model, Radj

2 indicated the fraction
of variation of the response explained by the model.
Fig. 6. EDS spectras of flocs formed under different SDS dosages: (a) 8 mM (b) 16 mM (c
4 mL/L, respectively.
The significance testing for the coefficient of the Eq. (7) was
listed in Table 6. Values of ‘Prob > F’ less than 0.05 indicated model
terms were significant. In the linear terms, the Ca2+ dosage was sig-
nificant. Undoubtedly, when Ca2+ dosage was inadequate, the reac-
tion between SDS-MB monomers and Ca2+ could not proceed
thoroughly, accordingly, the MB removal efficiency was low. Only
when Ca2+ dosage was sufficient relatively, the majority of MB
molecules could precipitate from the aqueous solution by adsorb-
ing onto the CDS particles, hence, MB could be removed effectively.
Therefore, the Ca2+ dosage played an important role in the MB
removal process. Among the higher order effects, the quadratic
terms of SDS dosage, Ca2+ dosage and MBFGA1 dosage were all sig-
nificant. The interaction terms were presented in Fig. 4. Fig. 4(a)
showed the change of MB removal efficiency with the dosage of
SDS and Ca2+ varying, while the dosage of MBFGA1 was kept at
central level. The figure indicated that the interactive effects
between SDS and Ca2+ on MB removal efficiency were significant.
At a low level of Ca2+, only a small quantity of SDS dosage were
needed to remove MB significantly, excessive SDS dosage could
even reduce the MB removal efficiency. However, when Ca2+

dosage was high, more quantity SDS dosages should be added to
reach the highest MB removal efficiency. This conclusion was very
consistent with the viewpoint put forward in Section 3.1 and ver-
) 24 mM. The MB concentration, Ca2+ and MBFGA1 dosage were 50 mg/L, 5 mM and
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ified the analysis about the interaction between SDS and Ca2+ in
Section 3.1. Fig. 4(b) and (c) both indicated that MBFGA1 had obvi-
ous quadratic effect on the MB removal efficiency in reaction pro-
cess when another factor was at central level.

According to the target value of 100%MB removal efficiency, the
optimum conditions calculated from the regression equations were
SDS 8.2 mM, Ca2+ 5.3 mM, and MBFGA1 4.5 mL/L, respectively. The
removal efficiency of verification test operated under the optimum
conditions was greater than 99%. However, considering the econ-
omy in the reaction process, the conditions of SDS 8 mM, Ca2+

5 mM, and MBFGA1 4 mL/L were still regarded as the optimal
conditions.
3.5. Environmental scanning electron microscope analysis

When MB concentration, the dosage of Ca2+ and MBFGA1 were
fixed at 50 mg/L, 5 mM and 4 mL/L, respectively, under different
SDS dosages of 8, 16, 24 mM, the corresponding ESEMmicrographs
of formed flocs were displayed in Fig. 5. Fig. 5(a) showed the flocs
formed at the optimal conditions had loose and strip structure, and
smooth surface morphology. With the SDS dosage increasing, the
generated flocs, as shown in Fig. 5(b), became compact and mas-
sive texture, and tough surface morphology. When the SDS dosage
Fig. 7. Schematic diagrams: (a) equilibrium in the reaction process and SDS micelle
ascended to 24 mM, the flocs presented in Fig. 5(c) had denser and
larger blocky structure, which indicated that with the redissolution
of CDS-MB particles, the combination force between SDS and Ca2+

in flocs became stronger.
Energy dispersive spectrometer (EDS) was used to analyze the

elemental composition of the flocs formed under three different
conditions as stated above. Obviously, the signal value of Ca peak
weakened gradually as the SDS dosage increased in Fig. 6, probably
resulting from the redissolution of Ca2+. Thus, EDS analysis gave
puissant supports to previous experimental results.
3.6. Interaction mechanism between SDS and Ca2+ and MB removal
mechanism

Based on the above results and discussion, the interaction
mechanism between SDS and Ca2+ and MB removal mechanism
were schematically described in Fig. 7.
3.6.1. Interaction mechanism between SDS and Ca2+

When SDS concentration was equal to or higher than its CMC,
the SDS monomers would assemble to form micelles which could
solubilize MB molecules [1]. Hence, the formed SDS micelles con-
taining the solubilized MB (SDS-MB micelles) kept dynamic equi-
containing the redissolved MB and Ca2+ (b) suggested MB removal mechanism.
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librium with the SDS monomers adsorbed MB (SDS-MB mono-
mers) [17]. Meanwhile, the Ca2+ in the system would react with
the SDS-MB monomers to generate MB loaded calcium dodecyl
sulfate (CDS) particles (CDS-MB particles) [16–18]. Therefore, in
the system, SDS-MBmicelles, SDS-MBmonomers and CDS-MB par-
ticles coexisted and maintained dynamic equilibrium as displayed
in Fig. 7(a) [17].

When Ca2+ concentration was relatively sufficient compared to
the SDS concentration in the system, the equilibrium in Fig. 7(a)
would be shifted toward the right, resulting in the gradual disas-
sembly of SDS-MB micelles and the formation of CDS-MB particles.
However, when SDS concentration was relatively excessive and
SDS micelles had been formed in the upper liquid phase at levels
equal to or higher than 1 CMC, the equilibrium in Fig. 7(a) would
be shifted toward the left, which was due to the association of
SDS micelles in the upper liquid phase with MB and Ca2+ in the
CDS-MB particles [16,18]. As a result, the precipitated CDS-MB par-
ticles in flocs dissolved, and SDS micelles containing the redis-
solved MB and Ca2+ in the upper liquid phase formed gradually
as presented in Fig. 7(a).

Based on the analysis stated above, it could be concluded that
the interaction between SDS and Ca2+ was depended heavily on
the SDS-Ca2+ concentration ratio in aqueous solution, rather than
the CMC of SDS. This conclusion advanced the former research
results [17,18,28,29], which showed that the interaction between
SDS and Ca2+ was only related to the CMC of SDS.

3.6.2. MB removal mechanism
When Ca2+ concentration was relatively sufficient in the sys-

tem, the equilibrium in Fig. 7(a) would be shifted toward the right,
and CDS-MB particles formed continually due to the reaction
between SDS-MB monomers and Ca2+. Therefore, MB precipitated
from aqueous solution by adsorbing onto the CDS particles. Finally,
the suspended CDS particles adsorbed MB were flocculated by
MBFGA1. Clearly, the highest MB removal efficiency was achieved
when the reaction between SDS monomers and Ca2+ had been pro-
ceeded thoroughly. The schematic diagram of the MB removal pro-
cess was shown in Fig. 7(b).

4. Conclusions

A novel approach was proposed for the removal of MB from
aqueous solution by Ca(DS)2 enhanced precipitation and MBFGA1
flocculation. In this approach, the solubility of MB was innovatively
reduced by the combination of the solubilization effect of SDS on
MB and the calcium ion effect on SDS-MB micelles. Under the opti-
mal conditions of pH (10), MB (50 mg/L), SDS (8 mM), Ca2+ (5 mM)
and MBFGA1 (4 mL/L), the removal efficiency of MB and SDS could
achieve 98.63% and 88.97%, respectively, which indicated that this
approach was simple, high efficient, eco-friendly and cost-
effective. The research results also showed that the interaction
between SDS and Ca2+ was closely related to the SDS-Ca2+ concen-
tration ratio in aqueous solution rather than the CMC of SDS, which
advanced the former viewpoints and was of instructive signifi-
cance to the other organic pollutants removal by this method in
the future. In conclusion, the approach proposed in this study
was promising for the real MB wastewater purification due to its
efficiency and economic feasibility, in addition, it could be
extended to other surfactants and organic pollutants even heavy
metals in theory, which need more studies in the future to broaden
its applications.
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