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on surfactants. In this paper, SC of MBT was prepared with wet-grinding technology, and the effect of surfactants,
such asMorwet D425 (D425) andMorwet EFW(EFW) (two kinds of dispersant), on the Zeta potential and rheology
behavior ofMBT SCwere investigated. The results showed that the Zeta potential absolute value ofMBT SC increased
with the increasing content of D425, and it decreased with the increasing content of EFW at acidic solution
(pH=4.5). In the combination systemofD425 and EFW, Zeta potential ofMBT SCdecreasedfirst and then increased
with the increasing content of EFW. The relationship between shear rate (γ) and viscosity (η) was studied according
toHerschel–Bulkleymodel: η= η0+ k/γ, and the relationship between shear rate (γ) and shear force (τ)was inves-
tigated according to: τ= τ0 + Kγn. It was revealed that the mixed fluid belonged to Yield Pseudoplastic Fluid.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Suspension concentrate (SC) is a kind of slurry which is com-
posed of disperse phase, like solid or liquid which cannot be dis-
solved in water [1]. It is wildly used in drinks, medicines and
pesticides because of its simple preparation process, environmental-
ly friendly nature, and excellent performance suspension state per-
formance. Methylene bis(thiocyanate) (MBT) is pale yellow free-
flowing powder or crystals, and its melting point is about 101 °C.
As a broad-spectrum antibiotic, MBT can sanitize anaerobic bacteria,
aerobic bacteria, fungus, algae and other bacteria well. But its steril-
ization capability is limited in solid state because it can be dissolved
in hot water but not in cold water [2]. Powder or crystal can be
smashed into smaller size as dispersed phase to increase its
contacted area with deionized water. So transforming MBT powder
or crystal state into suspension concentration is very important to
raise MBT's performance and reduce the potential damage to the en-
vironment in the producing, storing and applying.

The particles suspended in SC can be easily gathered and deposit-
ed because a particle with small size has big superficial area and high
interfacial energy [3,4]. So surfactant is supposed to add in SC to
and Innovation Commission
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increase its stability. The main reason of dispersed phase steady sus-
pension in continuous phase is that surfactant molecular can be
gathered around particles that form a hydrated layer or electric dou-
ble layer. The formation of the layer depends on the types of surfac-
tant. And then the exclusion effect and steric effect were induced to
reduce the interfacial energy [5–7]. Meanwhile, surfactant molecular
embedded on the surface of solid particles, modifying the surface
characters of particles. Thus changed the viscosity, surface tension,
acting force between disperse phase particles, and rheology
behaviors of SC were changed. Tan et al. studied the influence of
poly-electrolyte on rheology behaviors of zirconia slurry. It was
found that rheology behavior of zirconia slurry can be improved
with high solid content and low viscosity by adding 0.8 wt%–
1.2 wt% surfactants [8]. Mei et al. investigated regular solid content
cordierite glass-ceramics slurry with different content surfactants
and found that low content surfactant slurry showed Bingham
model fluid behavior, middle content surfactant slurry showed New-
ton fluid behavior, while high content surfactant slurry showed
Casson model fluid behavior [9]. With the wild usage of SC in indus-
trial and civil field, the study on Zeta potential and rheology behavior
on SC affected by combined surfactants is still not enough.

Zeta potential of MBT SC was studied in this paper, and the effect of
some surfactants, such as Morwet D425, Morwet EFW with different
ratio, was investigated to find out the effect of surfactants on the
rheology behaviors of 10% MBT SC. The shear viscosity under different
shear rates was measured and effect principles of surfactants on rheol-
ogy behavior of MBT SC were studied.
ustry Press. All rights reserved.
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2. Experimental

2.1. Materials

MBT(≥98%)was purchased fromGuangdongXingning Fine Chemistry
Co., Ltd. Morwet D425 and Morwet EFW were purchased from Akzo
Nobel Co., Ltd. Xanthan gum(XG) was obtained from Zibo Hailan
Chemical Engineering Co., Ltd. Magnesium aluminum silicate was
received from Guangzhou New Rare-earth Metallurgy Chemical
Engineering Co., Ltd. Foamex 805 was purchased from Foshan Meihan
trading company. Glacial acetic acid was provided from Chengdu City
United Chemical Engineering Reagent Institute. All reagents were used
without further purified.
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 2. FTIR spectrum of D425, EFW and XG.
2.2. Preparation of SC

SC was prepared with wet-grinding technology. Firstly, XG and
magnesium aluminum silicate were dissolved in deionized water with
stirring. And then MBT, surfactant (D425, EFW) and Foamex 805 were
added in themixture. Finally, acetic acid was used to adjust the solution
pH value to 6. This mixturewas transferred to a dispersionmachine and
pre-dispersed at 400 r·min−1 speed for 1 h. It was then switched into a
sand mill (SFJ-400,Shandong Feicheng Jiabeir Apparatus Co., Ltd.)
grinded for 3 h using 1–1.5 mm zirconium silicate bead, and then puri-
fied by filtration [10]. Fig. 1 shows the preparation process of MBT SC.
Fig. 1. Scheme illustration of preparation of MBT SC.

Fig. 3.Model of stern electric double layer [11].
2.3. Characterization of MBT SC

pH value of MBT SC wasmeasured with pHmeter (PHB-3, Shanghai
San Xin Instrument and Meters Factory). Zeta potential of MBT SC was
measured with Zeta Potential Analyzer (Zetasizer 2000 Instrument,
Malvern) under 0.01mg·L−1. Basic groups of materials were character-
ized by Fourier Transform Infrared Spectrometer (Perkin-Elmer
spectrum-2000, KBr, 4000–400 cm−1). Rheology properties of MBT SC
were investigated by Rheometer (AR550, TA instruments) with parallel
plates system (D=40mm) and the shear viscosity η and shear stress τ
were tested under the scanning frequency between 0.1–400 s−1 in
room temperature (25 ± 0.5) °C.
3. Results and Discussions

3.1. FTIR analysis of main materials

Groups of surfactants are the key factor that affects the stability of
SC. D425 and EFWare condensation polymers of sodium alkyl naphtha-
lene sulfonate. Fig. 2 shows the FTIR spectra of D425, EFWandXG. In the
curve of D425, a peak at 3434 cm−1 represents the strong absorption of
–OH, the peaks at 1625 cm−1, 1504 cm−1 and 1445 cm−1 are corre-
sponding to naphthalene group, and the peaks at 1383 cm−1 and
1187 cm−1 present the absorptions of S_O. The FTIR spectrum of
EFW is quite similar with that of D425 except that EFW presents
a peak at 1728 cm−1, which is corresponding to the association of
carboxylate. For the spectrum of XG, it presents another two peaks at
3430 cm−1 and 1645 cm−1, respectively. The former is caused by –OH,
and the latter can be attributed to carbonyl group, implying that XG is
a polysaccharide.
3.2. Zeta potential

Fig. 3 is themodel of stern electric double layer. As shown in Fig. 3,
Zeta potential ζ is the potential difference between the stern layer
and shear layer when the relative movement happened between
solid phase and liquid phase [9]. The positive and negative values
of Zeta potential represents plus and minus of charges. It can accu-
rately reflect the electric behavior of solid particles for that a tiny
change of electric charge in stern layer can cause the fluctuating of
electric potential. In theory, for particles, bigger potential absolute
value means stronger repulsion force between them [12,13]. In
Fig. 4, as the ionic surfactant with same electric property added, elec-
tricity in stern layer and potential absolute value increase. Fig. 5
shows the change of Zeta potential in stern layer during 10 times
SC dilution at pH = 4.5. The electrical potential is negative because
surfactant is anionic surfactant. As shown in the image, the electrical
potential absolute value initially increases with the content of D425.
After then, as the content of D425 increases to 2%–4%, electrical po-
tential absolute value climbs to a platform on the curve, after 4%, it
increases rapidly again. The maximum ζa (absolute value) at 5% is
31.93 mV, and the minimum ζa at 1% is 22.77 mV. In acidic environ-
ment, electricity in stern layer increases with the accumulation of
D425 in stern layer.

By contrast, in acidic environment, when only EFW dissolved in SC,
electrical potential ζa decreases with the increase of EFW. The relation-
ship between content of EFWand ζa is almost linear. Themaximum ζa at
1% is 33.01 mV, and the minimum ζa at 5% is 20.69 mV.
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In contrast with D425, there are other groups in EFW, like –COO−,
et al. When the content of EFW increases, −COO− would therefore in-
crease. In acidic environment, protonation of –COO− is in a high level
and hydrophobicity of –COOH is higher than –COO− and –SO3

2− that re-
duced the content of –SO3

2−. Normally, the stability decreaseswhen ζa in-
creases, but here, the stability is steadybecause of steric hindrance of EFW
on the surface of particles.

Fig. 6 shows the effect of D425 content in D425 and EFW complex on
ζ of SC (EFWwt% + D425 wt%= 3%). ζa initially increases with D425g,
and after D425 wt% N 2%, it turns to drop. The maximum of ζa is
Fig. 6. Effect of EFW and D425 complex on Zeta potential of SC. Values are means ±SD
(n = 3).
29.79 mV at the point of D425 wt%= 2. When D425 is the only surfac-
tant in SC, particles' surface was covered with –SO3

2− (Fig. 4a). And the
absorbing tends to be monolayer adsorption because of the repulsive
force induced by the same electric property. After the content of EFW
increased,−COOH is gathering on the particles' surface (Fig. 4b). Mean-
while,−SO3

2−was absorbed on the surface too.That is why ζa increased.
But when D425 wt% N 2, −COOH starts to replace the –SO3

2−, then it
directly affects the tendency of ζa to drop as it is shown in Figs. 6 and 4c.

3.3. Influence of D425 on shear viscosity of MBT SC

Fig. 7(a) shows the changes of MBT SC's shear viscosity in different
contents of D425. Under low shear rate, SC-D shows shear thinning be-
havior. That is because XG is polysaccharide which has a lot of –OH and
–COOH that can form hydrogen bond with H2O in SC. So the force be-
tweenmolecules was enhanced [14]. H2O andMBT particles were locked
in the network built by hydrogen bond and XGmolecular and the viscos-
ity was increased in static state. Shear rate changed between 4–30 s−1,
shear force destroyed the hydrogen bond, so viscosity descended rapidly.
And when shear rate is greater than 30 s−1, there is a platform on the
curve of viscosity, that means the viscosity is stable after 30 s−1.

Fig. 7(b) shows the changes of shear stress in SC caused by D425. At
the same shear rate, when D425 increases, shear stress reduces first and
then increases. The peak is at 3%. MBT particles were surrounded by
D425, so the effect on viscosity is produced by the electrostatic repul-
sion between particles caused by –SO3

2−, and hydrogen bonds of D425
and XG. In the case of the increasing of D425 (b 3wt%), –SO3

2− on the
surface of MBT particles is gathering too, so that electrostatic repulsion
adds. The result is that electrostatic repulsion is stronger than
hydrogen bonds of D425 and XG, and shear stress reduces as well. On
the contrary, with the increasing of D425 (b 3wt%), hydrogen bonds in
SC increases rapidly. And the particles were surrounded by –COOH. All
the particles were locked in network system built by hydrogen bonds.
That causes the shear stress increase [15].

As showed in Fig. 7(a), (b), rheology behavior curve of MBT SC with
D425 is according to Herschel–Bukley model [16]. Fig. 7a shows the re-
lationship between shear rate and viscosity. According to Eq. (1):

η ¼ η0 þ k=γ ð1Þ

where η, and η0 are viscosities (Pa·s), k is a constant, and γ is shear rate
(s−1).

Fitting data and variance are showed in Table 1.
Fig. 7b shows the relationship between shear rate and shear force.

According to Eq. (2):

τ ¼ τ0 þ Kγn ð2Þ

where τ is shear force, Pa; τ0 is yield stress, Pa; K is viscosity coefficient
N·sn·m−2; γ is shear rate; and n is a special constant of fluid.
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Fig. 7. Relationship of shear rate-viscosity (a) and the relationship of shear rate–shear stress (b) of SC-D (D425 in SC).

Table 1
The fitting data of SC-D about the property of shear rate-viscosity

D425/wt% η0/Pa·s k/Pa R R2

1 0.0517 4.2674 0.9923 0.9847
2 0.0285 2.0340 0.9823 0.9649
3 0.0131 3.2854 0.9946 0.9891
4 0.0365 3.0111 0.9949 0.9899
5 0.0384 3.4341 0.9969 0.9939

Table 2
The fitting data of SC-D about the property of shear rate–shear stress

D425/wt% τ0/Pa K/N·sn·m−2 n R R2

1 3.3766 0.4561 0.5910 0.9991 0.9982
2 1.4185 0.4202 0.4888 0.9934 0.9869
3 3.3437 0.0627 0.6715 0.9740 0.9486
4 2.2442 0.2828 0.6251 0.9981 0.9962
5 2.4696 0.2832 0.6418 0.9981 0.9962 Table 3

Fitting data of SC-E about the property of shear rate-viscosity

EFW/wt% η0/Pa·s k/Pa R R2

1 0.0559 5.0835 0.9950 0.9900
2 0.0576 2.6367 0.9723 0.9454
3 0.0443 3.2249 0.9854 0.9710
4 0.0430 2.7648 0.9809 0.9622
5 0.0568 5.5987 0.9930 0.9861
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As shown in Tables 1 and 2, the curve fits Herschel–Bulkley model
well. According to the above analysis, viscosity of yield stress decreases
first and then increases with the increase of D425. In Eq. (2), n presents
fluid type, n b 1, viscosity reduced when fluid was sheared, so SC-D is
yield pseudo-plastic fluid.
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3.4. Influence of EFW on shear viscosity of MBT SC

Fig. 8(a) shows the effect of EFW on shear viscosity. Similar to
D425, shear viscosity of SC-E (EFW in SC) extremely reduces when
the shear rate increases, and it is very close to a constant.
Fig. 8(b) presents the relationship between shear rate and shear
stress in different contents of EFW. Compared with D425, at the
same shear rate, when EFW increases, shear stress reduces before
4%, and increases after 4%. While the changing point of shear stress
of SC-D when D425 is 3%. Because of –COO− in EFW, in acidity envi-
ronment, −COOH is produced and absorbed on solid particles. Elec-
trical groups are excluded from the surface of solid particles. So that
the repulsion between particles increases slowly, and viscosity at
same shear rate increases until the content of EFW reaches 4%.
When EFW is after 4%, the hydrogen bond between molecules are
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Table 4
Fitting data of SC-E about the property of shear rate–shear stress

EFW/wt% τ0/Pa K/N·sn·m−2 n R R2

1 2.7556 0.8390 0.5185 0.9993 0.9985
2 1.8606 0.7015 0.5145 0.9985 0.9970
3 2.2625 0.5932 0.5102 0.9976 0.9952
4 2.2334 0.4739 0.5325 0.9976 0.9952
5 3.5119 0.9141 0.4926 0.9991 0.9982

Table 5
Fitting data of SC-E-D (EFW and D425 in SC) about the property of shear rate-viscosity

D425/EFW η0/Pa·s k/Pa R R2

0:3 0.0530 6.8762 0.9959 0.9919
1:2 0.0462 7.0644 0.9981 0.9962
1.5:1.5 0.0463 6.7483 0.9974 0.9948
2:1 0.0348 3.8313 0.9991 0.9982
3:0 0.0671 8.1184 0.9943 0.9886

Table 6
Fitting data of SC-E-D about the property of shear rate–shear stress

D425/EFW τ0/Pa K/N·sn·m−2 n R R2

0:3 4.6600 0.9777 0.4746 0.9989 0.9978
1:2 5.1912 0.6531 0.5294 0.9985 0.9970
1.5:1.5 4.9377 0.6897 0.5164 0.9982 0.9965
2:1 3.0517 0.2731 0.6014 0.9973 0.9946
3:0 4.5179 1.7147 0.4209 0.9996 0.9992
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stronger than electrostatic repulsion between particles, and shear
stress increases rapidly. According to Herschel–Bulkley model,
Fig. 8(a) shows the relationship of shear rate with viscosity and
shear stress of SC-E.

Tables 3 and 4 show, the curve of SC-E fluid fits Herschel–Bulkley
model well. And it appears nonlinear shear thinning behavior. And
n b 1, so SC-E is Yield Pseudoplastic Fluid.

3.5. Influence of combination of EFWandD425 on shear viscosity ofMBT SC

Fig. 9(a) shows the combination of EFW andD425 has the same rhe-
ology behavior as single EFW or D425, they all belong to Yield
Pseudoplastic Fluid. At the same shear rate, when m (the rate of EFW:
D425) increases, viscosity of SC decreases first and then increases.
When m = 2, viscosity is minimum at the same shear rate.
Fig. 4(a) and (b) shows Zeta potential between particles increases and
steric repulsion increases too. Viscosity of SC reduces because steric re-
pulsion is stronger than hydrogen bondwhenm b 2. And Fig. 4(c) shows
Zeta potential between particles increases and steric repulsion increases
too. Viscosity of SC increases because steric repulsion is weaker than
hydrogen bond when m N 2.

Fig. 9 shows that the combination surfactant SC has the similar
rheology curve as the single surfactant SC, and fits Herschel–Bulkley
model well, as was shown in Tables 5 and 6.

The results of Tables 5 and 6 show that this fluid is Yield
Pseudoplastic Fluid according to the results of Fig. 9.

4. Conclusions

1) In 10 times diluted SC-D,with the increasing of D425, surfactant was
absorbed on the particles and electrical groups increased too.
Respectively, Zeta potential ζa increased. While, in SC-E, Zeta poten-
tial ζa decreasedwith EFW increased and in SC-E-D, Zeta potential ζa
decreased first and then increased with the combination increased.
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2) Combination of EFW and D425 shows SC's viscosity was affected by
the cooperation of steric repulsion and hydrogen bond force. Steric
repulsion is stronger than attraction of hydrogen bond, viscosity of
SC decreased, while viscosity increased when steric repulsion is
weaker than attraction of hydrogen bond.

3) SC-E, SC-D, and SC-E-D fits Herschel–Bulkley model well. At the
same shear rate, the shear stress decreased first and then increased
when the content of surfactant increased in SC-E, SC-D, and SC-E-D.

MBT SC can be used to exterminate the main germs in circulating
water, fishpond, and cooling water etc., These conclusions can help to
optimize the parameters of MBT SC in manufacture, storage and appli-
cation, and understand the performance of combined surfactants.

Nomenclature
K viscosity coefficient, N·sn·m−2

k constant, Pa
m the rate of EFW:D425
n a special constant of fluid
γ shear rate, s−1

ζ Zeta potential, mV
η viscosity, Pa·s
τ shear force, Pa
τ0 yield stress, Pa
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