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t factors on the yield of epoxy-
terminated polydimethylsiloxane and evaluation of
CO2 thickening
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Hao Bai,a Ren Zhanga and Augustus Boadi Owusua

We focused on optimizing synthetic parameters based on a Taguchi design to maximize polymer yield and

evaluate the polymer-thickening ability in CO2. The stirring speed, reaction temperature, catalyst content,

and reaction time were the major control parameters (independent variables) in these two individual

reactions. The signal-to-noise ratio (S/N ratio) obtained under each experimental condition was utilized

to evaluate the optimum preparation process for the maximum yield. A maximum yield of 87.20% in

a ring-opening polymerization was reported, and the optimum conditions were 70 �C, 2.0 g of sulfuric

acid, and stirring speed of 110 rpm. Temperature, however, was the most effective factor. Similarly,

research of hydrosilylation obtained a maximum yield of 84.7% under optimum conditions of 100 �C,
chloroplatinic acid of 0.003 wt%, and stirring speed of 190 rpm. Also, we measured CO2 viscosity based

on different concentrations of thickener at different temperatures, pressures and flow rates. Epoxy-

terminated polydimethylsiloxane could be used for CO2 fracturing to obtain excellent fracturing.
1. Introduction

As an important method to enhance crude-oil production,
several shortcomings have hindered the application of
hydraulic fracturing.1 By contrast, CO2 fracturing technology
can be used to form fractures in reservoirs based on advantages
such as a fewer environmental hazards and greater fracturing
efficiency.2–4 However, the lower proppant-carrying property,
caused by low CO2 viscosity, is considered the biggest challenge
to application of CO2 in fracturing technology.1,5 To improve
CO2 viscosity, a thickener with an excellent thickening property
should be added to liquid CO2.

Fluoropolymers and hydrocarbon polymers6,7 are considered
excellent thickeners to improve the CO2 viscosity. However,
many defects have been revealed during CO2 fracturing.8 As
a result, several scholars have reported that silicone can thicken
liquid CO2.5,9,10 Nonetheless, it remains a principal challenge to
increase the poor solubility and thickening capability in liquid
CO2.11 To increase the thickening property of silicone in liquid
CO2, researchers have employed chemical modication, poly-
mer graing and co-solvent assistance.11 Excessive addition of
a co-solvent resulted in excellent solubility in CO2, but was
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deemed unwise and expensive. By contrast, chemical modi-
cation and polymer graing is conducive to designing a silicone
thickener with excellent solubility and thickening capability in
liquid CO2.

In chemical modication, optimizing the preparation
condition did not increase the product yield only, but also
reduced the cost of CO2 fracturing signicantly. For most
chemical reactions, the stirring speed, temperature, time and
catalyst content have a huge inuence on the yield over the
preparation process. In general, many experiments based on the
factors stated above were conducted to discover the optimal
preparation condition with a maximum yield. Meanwhile, more
experiments were carried out involving increasing the number
of independent variables. It was not only a tedious task to
screen for an optimal process with maximum yield, but also
a huge cost in each experiment. As an excellent optimized
method, the experimental design of Taguchi and colleagues was
utilized to obtain the optimal combination with a small number
of experiments.12,13 Also, interactions between two variables
could be modelled using orthogonal arrays (OAs).14 Moreover,
the reduced sensitivity of the system to variation sources was
shown in this optimized method.15

We wished to design and synthesize a modied epoxy-
terminated polydimethylsiloxane, optimize the preparation
condition of a polymer by the Taguchi design, and investigate
the inuence of selected parameters on the yield. In addition,
the thickening property of epoxy-terminated poly-
dimethylsiloxane in CO2 was measured and evaluated.
RSC Adv., 2018, 8, 39787–39796 | 39787
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Fig. 1 Preparation of epoxy-terminated polydimethylsiloxane.
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2. Experimental
2.1 Materials

All cyclosiloxanes and chain siloxanes were procured from
Jiande City Sifco Materials (China). Ethanol, toluene and
chloroplatinic acid were obtained from Nanjing Chemical
Reagents (China). Moreover, sulfuric acid was purchased from
Sinopharm Chemical Reagents (China). Tetramethyldisiloxane
and glycidyl methacrylate were sampled as received without
further purication. However, the polyacrylate polymer water-
absorbing resin was added into ethanol (95%) with a mass
ratio of 1 : 4 for 150 min. A sieve (120 mesh) was used to sepa-
rate the water-absorbing resin and obtain puried ethanol. For
toluene purication, it was rst passed through two adsorption
columns packed with alumina and diatomaceous each,
respectively, at 50 mL min�1. Toluene was then dried with
a desiccant (potassium carbonate) at 60 mL min�1. The dried
toluene was injected into a rectication tank at 120 �C to obtain
toluene at 99.5% purity. To remove hexamethylcyclotrisiloxane
in octamethylcyclotetrasiloxane, a distillation tower with 50
theoretical plates was employed at 0.03 MPa, and a distillation
tower with 60 theoretical plates was used to obtain octame-
thylcyclotetrasiloxane at 99.9% purity.
Fig. 2 FTIR spectrum of the product from these two reactions.
2.2 Preparation of epoxy-terminated polydimethylsiloxane

First, 60 g of octamethylcyclotetrasiloxane (D4) and 0.1 g of
sulfuric acid were poured into a ask, and then 5 g of tetra-
methyldisiloxane was dripped into this ask for 10 min. The
solution was stirred at constant temperature for >5 h. To obtain
the pure primary product, 2 g of sodium carbonate was added to
neutralize sulfuric acid, and ltering was conducted to clean up
the sodium sulfate generated. Water was separated by strati-
cation between the primary product and water, and the clear
primary product was dried in a vacuum drying oven at 70 �C and
at vacuum pressure of 0.9 kPa. Aer cooling to room tempera-
ture, the primary product was transferred to another ask,
hydrosilylation was conducted by the addition of glycidyl
methacrylate (GM) and chloroplatinic acid, and stirring was
continued for >3 h. Aer completion of hydrosilylation, 2 g of
activated carbon was added to remove chloroplatinic acid, and
vacuum distillation employed to separate the remaining gly-
cidyl methacrylate at 105 �C and at a vacuum pressure of 1.1
kPa. Molecular weight (Mn ¼ 21 000) of the nal product was
determined using an Ubbelohde viscometer, and 89.2% of
silicone repeat units were obtained by titration (Fig. 1).

As shown in Fig. 2, the peak at 2963 cm�1 was viewed as the
C–H stretching vibrations of CH3, stretching vibrations of Si–H
were expressed at 2121 cm�1, and the sharp peak at 1416 cm�1

indicated the asymmetric vibration of Si–CH3. By contrast, the
symmetrical vibration of CH3 was presented at 1264 cm�1, and
the peaks observed at 1090 and 1021 cm�1 were attributed to
the symmetrical stretching vibration of Si–O–Si.1 In addition,
the telescopic vibration of Si–C was viewed at 800 cm�1.

Epoxy-terminated polydimethylsiloxane (orange) presented
prominent peaks at 2972, 1740, 1170, 1018, 1090, 1021 and
800 cm�1. The bending vibration at 1740 cm�1 showed the
39788 | RSC Adv., 2018, 8, 39787–39796
C]O bond on it. The strong adsorption bands at 1170 and
1018 cm�1 were the characteristic stretching vibrations of the
C–O–C group and epoxy group, respectively.16 Meanwhile, the
peak between 850 and 912 cm�1 was viewed as the epoxy-ring
vibration band.16

1H-NMR (CDCl3): d 0.11 (m, 924H), 0.69 (m, 4H), 1.19 (m,
6H), 1.89 (s, 2H), 3.86 (m, 2H), 4.34 (d, 2H), 3.17 (s, 2H), 2.54 (s,
2H), 2.79 (s, 2H), 7.39 (s, CDCl3).

The epoxy-terminated polydimethylsiloxane was character-
ized by the weak peaks of the epoxy group at 2.54 (h), 2.79 (i) and
3.17 ppm (g)17 (Fig. 3). Furthermore, the H (a) of the methyl
group connected to a Si appeared at 0.11 ppm (d). The peak at
0.69 ppm was ascribed to the methylene H (b). The chemical
shi of Si–H at 4.5–5.0 ppm and that of H in the C]C bond at
5.0–5.8 ppm were discovered separately. These chemical shis
showed a complete ring-opening polymerization and hydro-
silylation. All these results demonstrated that the epoxy group
was introduced quantitatively to the nal product as designed.
2.3 Taguchi design

To nd the optimal combination with a maximum yield, many
experiments should be carried out. It was necessary to nd an
effective optimization method which could evaluate interactive
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 1H-NMR (CDCl3) of the final product.
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factors to obtain the optimal prepared condition with the
maximum yield. The yield was expressed as:

yð%Þ ¼ Sample quality after purification ðgÞ
Sample quality ðgÞ � 100% (1)

where y was the yield (%).
The Taguchi experimental design is used to optimize

parameters and investigate their inuence on the yield.18,19 The
evaluated target (yield) was rst used to assess the suitability of
each combination. Based on the yield, the factors with a signif-
icant inuence on the yield were screened and the parameter
range determined. Then, the orthogonal array design was used
to obtain a specic combination, and a yield would be formed in
each combination.20 Then, a signal-to-noise (S/N) ratio (eqn
(2)),21 converted from each observed yield at the orthogonal
array design, was employed to evaluate the effect of each factor
on the yield so as to determine the optimal combination with
a maximum yield.

S=N ¼ �10 log
1

n

�
1

y2

�
(2)
Fig. 4 Capillary viscometers (schematic). (1) CO2 cylinder. (2) Desicc
Dissolution-measuring device. (6) Fracturing fluid-storage device. (7) Pre

This journal is © The Royal Society of Chemistry 2018
where y is the observed yield and n is the number of
experiments.
2.4 Viscosity-measuring device

A modied capillary viscometer (Fig. 4), designed based on the
Hagen–Poiseuille law, was divided into a pressurized system,
dissolution system and viscosity-measurement system. To
remove water in CO2, a desiccator was installed behind the CO2

cylinder, and a compression pump used to pressurize CO2 into
a pressure-resistant container. The pressurized CO2 in the
container was injected into the dissolution equipment aer the
thickener and toluene had been added into the container. The
pressure was adjusted slightly by an ISCO pump and a water
bath was used to control the temperature of the dissolving
device. A window embedded in the dissolving device was
utilized to observe the solubility and phase behaviour of the
thickened liquid CO2 at different temperatures and pressures.

Aer mixing for 30 min, layering was seen. By contrast,
a uniformly transparent liquid CO2 was injected into the
container and a viscosity measurement conducted. The liquid
CO2 in the capillary possessed a certain ow (Q), temperature
and pressure. The pressure sensor at both ends of the capillary
could record differential pressure (DP), and each DP was con-
verted to uid viscosity.22 In the present study, the capillary
radius was 0.002 m, and capillary length was 5 m.
2.5 Mechanism of viscosity measurement

For this capillary viscometer, the relationship between the
viscosity and DP is represented by the Hagen–Poiseuille law, but
the latter is suitable for a laminar uid.22

As seen in Fig. 5, a cylindrical uid with a radius r was
considered as an object to explore the mechanism of viscosity
measurement. The force F formed by the pressure difference
(DP) is shown in eqn (3):

F ¼ ðP1 � P2Þpr2 (3)
ator. (3) Compression pump. (4) Pressure-resistant gas cylinder. (5)
ssure-control device. (8) ISCO pump.

RSC Adv., 2018, 8, 39787–39796 | 39789
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Fig. 5 (a) Flow for a laminar fluid in the capillary (along the direction of
the capillary) (schematic). (b) Sectional flow for a laminar fluid in the
capillary (along the flow direction of the fluid).
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where F is the advancing force, N; P1 and P2 present the pressure
difference (DP) at the ends of the capillary in MPa. Eqn (4)
shows the viscous force exerted by other uids on this cylin-
drical uid, and an opposite direction is displayed between F
and f.

f ¼ h2prL
dn

dr
(4)

where f is the resistance inN, h is the uid viscosity inmPa s, n is
the ow rate in m s�1, and L is the capillary length in m. An
equal state was shown between eqn (3) and (4) due to the steady
ow of this uid, and then the comprehensive equation is
presented by eqn (5).

ðP1 � P2Þpr2 ¼ h2prL
dn

dr
(5)

Eqn (6) shows an integral equation of eqn (5).

n ¼ ðP1 � P2Þ
4hL

�
R2 � r2

�
(6)

dQ ¼ ndS ¼ ðP1 � P2Þ
4hL

�
R2 � r2

�� prdr (7)

Q ¼
ðR
0

ðP1 � P2Þ
2hL

�
R2 � r2

�� prdr (8)

Q ¼ pR4

8hL
ðP1 � P2Þ (9)
Fig. 6 The effect factors have individually on the yield (ring-opening po
120 rpm. (b) At a temperature of 70 �C and a stirring speed of 120 rpm.

39790 | RSC Adv., 2018, 8, 39787–39796
where Q is the ow rate in mL min�1. As shown in Fig. 5b, the
liquid ow ring with a radius of r and width of dr is shown in
eqn (9) at the premise of laminar ow. The basic equation of
apparent viscosity could be obtained by a variant of eqn (9).

The thickening performance of epoxy-terminated poly-
dimethylsiloxane in liquid CO2 was measured at different
conditions. Moreover, because the calculation of the viscosity
does not involve the shear rate, the ow rate (Q) was used to
calculate the viscosity, thus the shear rate was not discussed.

3. Results and discussion
3.1 Single-factor investigation for ring-opening
polymerization

As an important method to optimize preparation conditions,
single-factor investigation also provided a range for each factor.
Temperature, amount of sulfuric acid, reaction time and stir-
ring speed were considered to be the most important factors in
the ring-opening polymerization.

Fig. 6a shows a rising yield with increasing temperature from
30 �C to 70 �C. A stable maximum yield was displayed at each
temperature between 30 �C and 70 �C due to an adequate
reaction time and catalyst at each temperature. Meanwhile, an
increasing yield was observed with increasing temperature from
30 �C to 70 �C, and a gradually decreasing growth rate of yield
was shown with an increase in temperature. As seen in the yield
at 70 �C, the ring-opening polymerization occurred mainly
between 2 h and 4 h, and a high yield was displayed. However,
a low yield and long-time range was illustrated at 30 �C. The
Taguchi experimental design could be used from 30 �C to 70 �C.

As shown in Fig. 6b, there was no maximum yield when the
amount of sulfuric acid was <2 g because sulfuric acid could not
cause a sufficient reaction with the other raw materials. By
contrast, there was a maximum yield when sulfuric acid was
>2 g and was attributed to sufficient catalysis between sulfuric
acid and raw materials. However, the yield showed no disparity
for each stirring speed shown in Fig. 6c.

3.2 Single-factor investigation for hydrosilylation

A similar trend was shown in the single-factor investigation of
hydrosilylation. However, there were obviously different value
lymerization). (a) Amount of sulfuric acid is 2.0 g and a stirring speed is
(c) At a temperature of 70 �C and sulfuric acid of 2.0 g.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effect of individual factors on the yield (hydrosilylation). (a) At chloroplatinic acid of 0.004 wt% and stirring speed of 190 rpm. (b) At 90 �C
and stirring speed of 190 rpm. (c) at 90 �C and chloroplatinic acid of 0.004 wt%.

Table 1 Parameters and levels for ring-opening polymerization

Inuencing factor
Level
1

Level
2

Level
3

Level
4

A: temperature (�C) 60 70 80 90
B: sulfuric acid amount (g) 0.5 1.0 1.5 2.0
C: stirring speed (rpm) 70 90 110 130

Table 3 Experimental design of ring-opening polymerization

Strain A, �C B, g C, rpm Yield, % S/N

1 40 0.5 70 27 28.63
2 40 1.0 90 33 30.37
3 40 1.5 110 42 32.46
4 40 2.0 130 49 33.80
5 50 0.5 90 37 31.36
6 50 1.0 70 43 32.67
7 50 1.5 130 55 34.81
8 50 2.0 110 66 36.39
9 60 0.5 110 49 33.80
10 60 1.0 130 53 34.49
11 60 1.5 70 62 35.85
12 60 2.0 90 72 37.16
13 70 0.5 130 50 33.98
14 70 1.0 110 65 36.26
15 70 1.5 90 81 38.16
16 70 2.0 70 83 38.38
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ranges for these inuencing factors between ring-opening
polymerization and hydrosilylation. Detailed values of these
factors and the effect on the yield are illustrated in Fig. 7.

As shown in Fig. 7a, the maximum yield increased gradually
when the temperature increased. However, there was no change
in the maximum yield aer 90 �C. To note the effect of chlor-
oplatinic acid on the yield, a similar trend was revealed. The
yield at chloroplatinic acid of 0.004 wt% was almost equal to the
maximum yield at 0.005 wt%. Moreover, the yield at 150 rpm
was signicantly lower than the yield at other speeds ($170
rpm) (Fig. 7c).
3.3 Optimization of ring-opening polymerization

Table 1 shows that three factors in four levels were chosen to
evaluate the best combination with the maximum yield of the
ring-opening polymerization. Analysis of variance (ANOVA) was
used to study the effect of these factors on the yield and the best
combination (Table 2).

A plan with 16 experiments, designed based on the orthog-
onal array, was carried out in a random sequence.23 Table 3
shows the detailed experimental design and results. A
discerning analysis and analysis of variance (Table 5) were
Table 2 Parameters and levels for hydrosilylation

Inuencing factor Level 1

D: temperature (�C) 70
E: chloroplatinic acid amount (wt%) 0.002
F: stirring speed (rpm) 150

This journal is © The Royal Society of Chemistry 2018
undertaken to obtain the optimized prepared process with the
highest yield.

In this design method, the largest S/N ratio denoted the best
level. Fig. 8 shows that there was a different dependence
between control factors and the S/N ratio with experimental
data. Compared with the stirring speed, the yield showed
greater dependence on the amount of sulfuric acid and
temperature. The stirring speed had little effect on the product
yield, and there was a highly similar and large effect on the yield
of ring-opening polymerization between temperature and
sulfuric acid. However, a very clear comparison for each inu-
encing factor on the yield could not be reected perfectly. A
comparison of the degree of inuence of each factor can be
Level 2 Level 3 Level 4

80 90 100
0.003 0.004 0.005

170 190 210

RSC Adv., 2018, 8, 39787–39796 | 39791
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Table 4 Experimental design of hydrosilylation

Strain A, �C B, wt% C, rpm Yield, % S/N

1 70 0.002 150 46 33.26
2 70 0.003 170 56 34.96
3 70 0.004 190 59 35.41
4 70 0.005 210 67 36.52
5 80 0.002 170 54 34.65
6 80 0.003 150 68 36.65
7 80 0.004 210 73 37.27
8 80 0.005 190 72 37.15
9 90 0.002 190 60 35.56
10 90 0.003 210 78 37.84
11 90 0.004 150 80 38.06
12 90 0.005 170 82 38.28
13 100 0.002 210 64 36.12
14 100 0.003 190 85 38.59
15 100 0.004 170 80 38.06
16 100 0.005 150 81 38.17

Fig. 8 Trend of factors on the S/N ratio (ring-opening polymerization).
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reected by the contribution ratio, and the dependence of each
factor on the yield of this ring-opening polymerization could be
presented in detail.
Table 5 Analysis of variance of factors on the yield of ring-opening pol

Project
Sum of square,
SS Degree of freedom, f

A 64.56 3
B 48.76 3
C 1.64 3
Error 0.53 3

Table 6 Analysis of variance of factors on the yield of hydrosilylation

Project
Sum of square,
SS Degree of freedom, f

D 17.6 3
E 17.07 3
F 0.48 3
Error 0.2 3

39792 | RSC Adv., 2018, 8, 39787–39796
Correlation calculations of ANOVA were done to evaluate the
results of the experimental design. As shown in Table 5, the
dependence of the above factors had a signicant effect on the
yield. According to the contribution ratio, an order of A > B > C
could be determined. Temperature was the biggest factor that
could affect the yield, with contribution ratio of 55.44%. By
contrast, the contribution ratio of 0.97% of stirring speed dis-
played the smallest effect on the yield.

In general, a higher S/N ratio denotes an optimal level of the
inuencing factor.24,25 According to the contribution ratio and
data in Fig. 8, the order of A4B4C3 (i.e., temperature of 70 �C,
sulfuric acid of 2.0 g, and a stirring speed of 110 rpm, respec-
tively) was seen as the optimal combination of factors with
respect to the yield. A yield of 87.2% was shown in a realistic
experiment using this optimal combination. A higher yield was
shown by increasing the temperature due to more intermolec-
ular collisions at a higher temperature, and the same reason
explained the effect of sulfuric acid on the yield.26 As the catalyst
amount increases, more D4 molecules can interact with catalyst
molecules.27,28 However, a distinct trend was shown in Fig. 8c;
the main reason was that a low stirring speed (<110 rpm) could
provide sufficient time to generate interactions between D4 and
the catalyst.
ymerization

Mean square,
MS F value

Contribution
ratio, %

21.52 119.55 55.44
16.25 90.28 41.74
0.55 3.06 0.97
0.18 2.26

Mean square,
MS F value

Contribution
ratio, %

5.87 83.56 49.22
5.69 81.29 47.72
0.16 2.29 0.8
0.07 2.97

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Trend of factors on the S/N ratio (hydrosilylation).

Table 7 Phase behavior of siloxane in toluene at 25 �C (lmax ¼ 206 nm)

Solvent Content (siloxane), wt% 25 �C, A 35 �C, A 45 �C, A 55 �C, A

Toluene 0 0.312 0.306 0.310 0.314
Toluene 1 0.306 0.310 0.308 0.311
Toluene 2 0.311 0.305 0.312 0.307
Toluene 3 0.312 0.307 0.310 0.313
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3.4 Taguchi design for hydrosilylation

To evaluate the best combination for a maximum yield of
hydrosilylation, an experiment using the Taguchi design
(shown in Table 4) and the range of each factor was selected
according to single-factor analyses. The ANOVA calculation was
conducted using the S/N ratios given in Table 6, and the
combination of these factors that were signicant for the yield
obtained. According to the contribution ratios given in Table 6,
the experimental factors that had a major impact were (in
descending order) were temperature (D), amount of chlor-
oplatinic acid (E) and stirring speed (F). As seen in Fig. 9 and
Table 4, the optimum combination for the maximum yield in
hydrosilylation was D4E2F3 (temperature of 100 �C, amount of
chloroplatinic acid of 0.003 wt%, and a stirring speed of 190
rpm). A yield of 84.7% was observed in an actual experiment at
this combination.
3.5 Phase behavior of siloxane in organic liquids and phase
behavior of toluene, thickener and CO2

Silicone cannot be dissolved separately at high-pressure CO2,
which has been shown by a high-pressure dissolution experi-
ment.11,29–31 According to the literature10,31 and a high boiling
Table 8 Viscosity (mPa s) of toluene solution containing prepared
siloxane at room pressure

Solvent Content (siloxane), wt% 25 �C 35 �C 45 �C 55 �C

Toluene 0 0.582 0.576 0.568 0.563
Toluene 1 0.586 0.575 0.570 0.566
Toluene 2 0.583 0.579 0.575 0.568
Toluene 3 0.601 0.592 0.585 0.578

This journal is © The Royal Society of Chemistry 2018
point (110.6 �C), toluene is an excellent organic liquid to thicken
CO2. Compared with hexane, a smaller amount is another
important reason to choose toluene.32 Other solvents were
excluded due to the large amount needed and poor thickening
performance.9,33,34

To evaluate the solubility of the thickener in toluene, a mixed
solution containing siloxane was placed in a glass bottle and
stirred evenly at 25 �C. Then, the mixed solution was transferred
to a cuvette to measure the absorbance by a UV-visible spec-
trophotometer at an absorption peak of 206 nm (toluene). In
general, absorbance was almost constant with increasing poly-
mer amount in toluene if the polymer and toluene could
dissolve each other. By contrast, a turbid solution or gel would
demonstrate poor solubility.

As seen in Table 7, these solutions containing different
amounts of polymer (1 wt% to 3 wt%) were compared with pure
toluene, but there was no difference visually between the solu-
tions and pure toluene, and all solutions exhibited a single
phase. Moreover, the stable absorbance illustrated excellent
solubility of the thickener in toluene. As shown in Table 8, the
viscosity of toluene increased with increasing polymer content
at room pressure. Thus, this polymer could be used as a thick-
ener of toluene, and the prepared polymer was soluble in
toluene.

Moreover, the solubility of the prepared polymer in CO2 was
measured from 20 �C to 50 �C and pressures of 6MPa to 14MPa.
A single-phase state was observed visually (this was the only
basis for determining dissolution) and phase behavior was
observed mainly through the glass window of the dissolution
equipment. Fig. 10 illustrates different phase behaviors, and
single-phase status (dissolution) is shown in Fig. 10(3). Results
showed that all cloud points at different temperatures and
concentrations were <8 MPa.
RSC Adv., 2018, 8, 39787–39796 | 39793
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Fig. 10 Phase behavior of liquid CO2 containing the siloxane and 3-
fold toluene (wt%). (1) Deep turbid state. (2) Mild turbid state. (3)
Clarified state.

Fig. 12 Thickening mechanism of silicone polymer in liquid CO2.
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3.6 Thickening property of siloxane in CO2

As shown in Fig. 11a, the viscosity of thickened liquid CO2

decreased with increasing ow rate at 0.1–0.7 mL min�1. The
thickened liquid CO2 was considered to be a non-Newtonian
uid, which had shear thinning,29,35 and the mesh structures
formed among these three chemicals were destroyed by the
shearing action with increasing ow rate.36 Fig. 11b shows
a clear and signicant reduction in CO2 viscosity between 295
K and 335 K that was attributable to the effect of temperature
on rheology. The change in CO2 viscosity was based mainly on
changes in some of the properties of these mesh structures:
spreading area of each mesh structure, density among grid
structures, bond strength, and interaction forces among
molecules (silicone polymer, toluene and CO2).37,38 The
microscopic migration rate and activity of various molecules
increased obviously with rising temperature, which resulted in
fractures of bonds among molecules and damage to the grid
structure formed by molecules. More specically, the activa-
tion energy of molecules decreased from 295 K to 335 K, which
resulted in reduced viscosity.29 A rising trend on viscosity was
shown from 8 MPa to 14 MPa because the increased pressure
could signicantly reduce cracking of the mesh structure and
molecular spacing.30
Fig. 11 Effect of different factors on the viscosity of thickened CO2. (a) Eff
0.3 mL min�1; (c) pressure effect at 303 K and 0.3 mL min�1.

39794 | RSC Adv., 2018, 8, 39787–39796
To compare the thickening performance of epoxy-terminated
polydimethylsiloxane in CO2, a commercial poly-
dimethylsiloxane with the same Mn (21 000) was used to eval-
uate CO2 viscosity. PDMS displayed a weaker thickening
performance than that of the modied siloxane at the same
measurement conditions. Studies39,40 have shown that poly-
dimethylsiloxane has a poor thickening property in liquid CO2.
Doherty32 prepared a silicone thickener that could increase CO2

viscosity signicantly (300-fold), but the poor solubility, high
dissolution pressure and co-solvent content hindered applica-
tion of silicone for thickening CO2.
3.7 Thickening mechanism of prepared silicone in CO2

In previous studies, the thickening mechanism focused mainly
on uoropolymers and hydrocarbon polymers.6–8,41 By contrast,
the thickening mechanism of siloxane in CO2 has not been
proposed before. The thickening mechanism of silicone is
similar to that of a surfactant,29 but the addition of a solvent is
the biggest difference between two thickeners.29,42

As an electron-donating group, the phenyl group in toluene
could interact with CO2 (ref. 43) to generate an induction force.
ect of flow rate at 8 MPa and 303 K; (b) temperature effect at 8 MPa and

This journal is © The Royal Society of Chemistry 2018
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Moreover, the C–H–O bond is the other reason to promote
interaction between CO2 and toluene.44–47

The interaction between silicone and toluene was considered
to be a non-polar bond according to the similar polarity between
silicone and toluene.48,49 Several mesh structures were formed
among toluene, CO2 and siloxane using the interactions
mentioned above, and Li and colleagues proposed a theory of
the thickening mechanism similar to that for silicone.1

Numerous mesh structures showed an increase in liquid
viscosity macroscopically.29 The epoxy group and carbonyl
group within the ester group could assist this prepared polymer
to enhance the interaction between the polymer and CO2, and
solubility and miscibility could be improved.6,50,51
4. Conclusions

To obtain an excellent yield, the prepared process of epoxy-
terminated polydimethylsiloxane was optimized by a Taguchi
method. This method could lead to obtaining optimal prepared
parameters with considerably fewer experiments. Compared
with polydimethylsiloxane, the thickened CO2 added to the
modied siloxane showed a highly thickening performance for
CO2 viscosity, and the thickened CO2 showed shear thinning.
Increasing pressure was benecial for improving CO2 viscosity.
However, a decreasing trend was shown with increasing
temperature. The prepared siloxane presented an excellent
thickening performance and high recyclability for CO2 viscosity.
Experimental results showed that this modied siloxane could
be used to thicken CO2 (Fig. 12).
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