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Abstract: For the usage of dialkyl phosphate as a gelatinizer in oil-based frac-
turing fluids, two methods of preparation are involved. The improved ethyl
phosphate method is used to control one of the ester chains by using a single
alcohol substitute for mixed alcohols. A new method for polyphosphates is
used to control both the ester chains. Different kinds of alcohols are used as the
raw materials in a 3x3 orthogonal experiment (ratio of reactants, reaction tem-
perature and reaction time) to obtain the optimum reaction conditions. Further-
more, 14 kinds of gelatinizers are produced in these experiments. The viscosity
of the products is used as an evaluation index. The results based on these two
methods showed that there is a positive correlation between the length of the
dialkyl phosphate ester chain and the viscosity of the fracturing fluid with a
certain number of carbon atoms. In other words, the viscosity of the fracturing
fluid increased with an increasing length of the ester chain length. Then the
growth slowed down. The viscosity of the products that were produced by the
polyphosphate method was visibly improved by 7.72-45.35 % of the level of
the other.

Keywords: gelatinizer; ethyl phosphate; phosphorus pentoxide; monoethyl
phosphate; polyphosphate.

INTRODUCTION

In recent years, the yield of conventional oil and gas has shown a downward
trend and hence, countries worldwide have shifted their focus on tight sandstone
gas, shale gas and other unconventional oil and gas resources to increase oil and
gas yields. Such reserves amount to about 1.9x1014 m3 in China,! which is
doubled the number of conventional reserves. Hydraulic fracturing is a necessary
method to develop these reservoirs. The hydroxypropyl guar gum system is a

* Corresponding author. E-mail: panyi_bj@126.com
doi: 10.2298/JSC160114037L

935

Available on line at www.shd.org.rs/JSCS/

(CC) 2016 SCS. All rights reserved.



93 6 LENG et al.

common system for water-based fracturing fluids that has a good fracturing
outcome because of its high viscosity. Due to the large quantity of residues after
gel breaking, this fracturing fluid system has a poor effect under low porosity and
low permeability conditions. An oil-based fracturing fluid overcomes the above
shortcomings admirably with no residue after gel breaking. Meanwhile the char-
acteristics of not water sensitive and not acid sensitive gives it obvious advent-
ages during the development of unconventional oil and gas reserves.2-3 In the
study of oil-based fracturing fluids, some researchers®> focused on the study of
cross-linking agent, gelatinizer and solubilizer, i.e., the usage of new Fe3T cross-
-linking agents to improve the rate of AI3* cross-linking, the usage of different
alcohol mixes with benzene and toluene to prepare a gelatinizer with increased
viscosity® and the usage of a Fe3™ complexing cross-linking agent to improve the
cross-linking rate by increasing the dispersion of Fe3*.7 Gelatinizers play an imp-
ortant role in oil-based fracturing fluids, when gelatinizer bonds with the cross-
-linking agent, basing oil will be thickened and the viscosity will be increased.
They can also play the role of a drag reducer in the processes of injection and
backflow.6-9

This paper is focused on dialkyl phosphate. Using two methods, the ester
chain type of the gelatinizer could be controlled and the length of the ester chain
determined, and hence, the relationship between the ester chain length and the
viscosity of the oil-based fracturing fluid could be found. The ethyl phosphate
method is the current method. It was proposed by Huddleston!® and used by
Kong et al., Hou et al.,” Smith and Persinski,3 Chu et al.,!! Wang et al.!2 and
Wang et al.13 to prepare dialkyl phosphate in their studies of oil-based fracturing
fluids. However, the use of mixed alcohols in this reaction has two limitations:
first, the reaction temperature cannot be the optimal reaction temperature for all
of the alcohols, which leads to incomplete reaction. Secondly, the product variety
and the concentration of all kinds of products cannot be determined. Thus, the
kinds of products that play a critical role in the final performance of fracturing
fluids cannot be known either. Due to the above-mentioned limitations, the cur-
rent method — an improved ethyl phosphate method — was remodified in the
present study by controlling one of the dialkyl phosphate ester chains to deter-
mine the type of products. The polyphosphate method can control both of dialkyl
phosphate ester chains to alleviate the shortcomings of the improved ethyl phos-
phate method.

EXPERIMENTAL

Improved ethyl phosphate method

Through the reaction between ethyl phosphate and phosphorus pentoxide, an intermed-
iate monoethyl phosphate was produced. Through another reaction between this intermediate
and an alcohol, dialkyl phosphate was synthesized. One ester chain of this dialkylphosphate
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RELATIONSHIP BETWEEN CHAIN LENGTH AND VISCOSITY 93 7

was ethyl, and the other ester chain was targeted. In another words, this method can only
determine one of the dialkyl phosphate ester chains.
The molecular reaction mechanism is given in Fig. 1.
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Fig. 1. The mechanism of the improved ethyl phosphate method (taking tetradecyl
alcohol as an example).

Preparation and purification of monoethyl phosphate

Monoethyl phosphate was the intermediate for the synthesis of dialkyl phosphates. The
3x3 orthogonal test combined reaction rate, reaction temperature and reaction time to deter-
mine the optimum conditions. Then a purification process was used to improve the product
quality. Viscosity is an important parameter for an evaluation of the performance of a fract-
uring fluid, and when other conditions are constant, the greater the viscosity, the greater the
crack.!# Therefore, viscosity was chosen to evaluate the experimental product.

Preparation of monoethyl phosphate. The reaction between (CH;CH,0);PO and P,05
was use to generate the polyphosphate, which could be hydrolyzed to a monoester. The con-
version rate of polyphosphate would directly affect the quality of the subsequent reactions.
After obtaining the optimum reaction conditions by the 3x3 orthogonal test, the mixed tit-
ration method was used to determine the percentages of the monoester and the diester.

Purification of monoethyl phosphate. The monoethyl phosphate product contains mono-
ethyl phosphate, dialkyl phosphate, ethyl phosphate and alcohol, the ethyl phosphate and
alcohol being impurities. ~ Due to the insolubility of monosodium phosphate in water and in
organic solvents, the ethyl phosphate and alcohol could be removed by a solid-liquid separ-
ation procedure after neutralizing one of the hydroxyls from monoethyl phosphate using
sodium hydroxide. Then by acidizing the solid obtained from the previous solid—liquid separ-
ation procedure, the phosphate ester was regained. n-Hexane was used to extract the phos-
phate ester. The purified phosphate ester could then be obtained by distillation. Thus, the
operation steps were: first, to the products produced under the optimum reaction conditions in
the flask, sufficient n-hexane was under stirring to fully dissolve the solids, i.e., the original
solution was obtained. The treatment solution was obtained by the addition of some amount of
ethanol in 50 % NaOH under stirring. Secondly, the treatment solution was added slowly
under stirring into the flask containing the original solution until no more white precipitate
emerged. The sediment was obtained by suction filtration. Thirdly, excess dilute hydrochloric
acid was added to the precipitate and the mixture was stirred for 2—3 h at a temperature of 50
°C. Sufficient hexane and a small amount of 2-propanol from the broken emulsion were used
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to extract the phosphate ester and the distillation was used to remove the hexane and 2-pro-
panol to obtain the purified product.

Synthesis of gelatinizer

The optimal reactant ratio, reaction temperature and reaction time for the reaction
between alcohol (1-butanol, 1-hexanol, 1-octanol, 1-nonanol, I-tridecanol, 1-tetradecanol or
1-octadecanol) and phosphorus pentoxide as the orthogonal factors were determined in an
orthogonal experiment. The index of this experiment was the conversion rate of dialkyl phos-
phate (one kind of oil is choose as the base fluid (in this section, mineral oil was used) and the
ratio of the viscosity of the cross-linked base fluid to the viscosity of the mineral oil was used
to measure the conversion rate). This oil-based fracturing fluid was prepared by using mineral
oil as the base fluid, dialkyl phosphate (self-made) as gelatinizer, Alp(SO4)3 as cross-linking
agent, NaOAc as the pH regulator and diethanolamine as the co-cross-linking agent (500 mL
mineral oil + 2 % dialkyl phosphate + 0.6 % Alx(SO4)3 + 1 % diethanolamine + 1 % NaOAc).

Polyphosphate method

The raw materials phosphoric acid and phosphoric anhydride were heated and stirred to
synthesize polyphosphate intermediates in the anhydrous state. Then dialkyl phosphate was
synthesized through the reaction between the intermediates and alcohols. In comparison with
dialkyl phosphate prepared by the improved ethylphosphate method, the dialkyl phosphate
made by the polyphosphate method is different because both ester chains of this dialkyl
phosphate could be controlled.

Preparation of polyphosphate. Phosphorus pentoxide was charged into a 250 mL round-
-bottom flask fitted with a stirrer and condenser. The flask was placed in a 40 °C constant
temperature water bath and the appropriate amount of phosphoric acid was added under
stirring to avoid the phosphorus pentoxide becoming a pyrophosphate precipitate. The tempe-
rature was maintain at 40 °C for 0.5 h and then increased to 90 °C. Polyphosphate was
obtained after 1 h at 90 °C.

Synthesis of dialkyl phosphate. The optimal reactant ratio, reaction temperature and
reaction time, as the orthogonal factors, for the reaction between an alcohol (1-butanol, 1-
hexanol, 1-octanol, 1-nonanol, 1-tridecanol, 1-tetradecanol, 1-octadecanol) and polyphosphate
were determined in an orthogonal experiment. In general, to a certain amount of alcohol in a
250 mL round-bottom flask fitted with a stirrer and condenser, polyphosphate was add slowly
in several batches, while maintaining the temperature at 40 °C. After complete addition of
polyphosphate, the temperature was increased to the target temperature!® and the required
product was obtained after several hours.

The products obtained using the different alcohols under the optimum reaction con-
ditions were purified by the same purification process as that used for monoethyl phosphate.

The reaction scheme for the polyphosphate method is given in Fig. 2.
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Fig. 2. Scheme of the polyphosphate method using n-tetradecanol as an example.
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The purified products were then used as gelatinizers to prepare fracturing fluids, and the
relationship between the ester chain length and the viscosity of the oil-based fracturing fluid
was studied.

RESULTS AND DISCUSSION
Formation of monoethyl phosphate

Table I shows the orthogonal experimental factors for the preparation of
monoethyl phosphate are given in Table 1. The results of the orthogonal expe-
riment are given in Table II.

TABLE I. Orthogonal experimental factors for the preparation of monoethylphosphate

Level A, Reactant ratio” B,t/°C C,t/h
1 1:1 70 4
2 1.25:1 80 5
3 1.5:1 90 6

*The reactant ratio is the ratio of ethylphosphate to phosphorus pentoxide

TABLE II. The result the orthogonal experiment. The factors and levels are from Table [

>
os)
@!

Experiment No. Conversion rate, %

1 1 1 3 7.59
2 2 1 1 5.98
3 3 1 2 3.57
4 1 2 2 4.77
5 2 2 3 42.43
6 3 2 1 3.81
7 1 3 1 56.00
8 2 3 2 16.86
9 3 3 3 11.20
K1*/ % 68.36 17.14 65.79 -
K2/ % 65.27 51.01 25.20 -
K3 /% 18.58 84.06 61.22 -
R°/ % 49.78 66.92 40.59 -

K1-K3 are the sums of the conversion rates under levels 1-3, respectively, °R is the difference between the
largest number and smallest number of K1, K2 and K3 for each factor A—C, respectively

The results show that the main factor affecting this reaction is the reaction tem-
perature (reaction temperature > reactant ratio > reaction time; Tables I and II). The
optimum reaction conditions are A1B3Cj, namely, the mole ratio of (CH3CH,0)3PO
to P05 is 1:1, reaction temperature is 90 °C and reaction time is 4 h.

Synthesis of dialkyl phosphate with 1-butanol by the improved ethyl phosphate
method

The orthogonal experimental factors for the preparation of dialkylphosphate
with 1-butanol are given in Table III. The conversion rates and dialkylphosphate
ratios from the orthogonal experiment are given Table V.
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TABLE III. Orthogonal experimental factors for the preparation of dialkyl phosphate with
1-butanol

Level A, Reactant ratio® B,t/°C C,t/h
1 2:1 70 5
2 3:1 80 6
3 4:1 90 7

*The reactant ratio is the ratio of 1-butanol to phosphorus pentoxide

TABLE 1IV. The conversion rate and dialkyl phosphate ratio obtained in the orthogonal
experiment. The levels and factors are defined in Table I1I

Experiment No. A B C Conversion rate, %  Dialkyl phosphate ratio, %
1 1 1 3 147.1 77.12
2 2 1 1 133.9 65.15
3 3 1 2 136.6 65.83
4 1 2 2 115.2 55.95
5 2 2 3 145.2 75.54
6 3 2 1 102.7 25.34
7 1 3 1 131.8 61.55
8 2 3 2 146.4 75.56
9 3 3 3 149.0 77.73
K1* /% 3941 4176 3684 - -
K2/ % 425.5 363.1 3982 - -
K3 /% 388.3 4272 4413 - -
R/ % 372 641 729 - -

K1-K3 are the sums of the conversion rates under levels 1-3, respectively, °R is the difference between the
largest number and smallest number of K1, K2 and K3 for each factor A—C, respectively

The results from Tables III and IV show that the main factor affecting this
reaction is the reaction time (reaction time > reaction temperature > reactant
ratio). The optimum reaction conditions are A;B3Cs, namely, the mole ratio of
1-butanol to P,Os is 3:1, reaction temperature is 90 °C and reaction time is 7 h.

Experiment results of synthesis dialky! phosphate with different alcohols by the
improved ethyl phosphate method

According to the synthesis of dialkyl phosphate with 1-butanol, the same
experimental procedure can be used to obtain the optimum reaction conditions
for 1-hexanol, 1-octanol, 1-nonanol, 1-tridecanol, 1-tetradecanol and 1-octadec-
anol as the alcohol (shown in Table V) and the products produced under the opti-
mum reaction conditions were used to prepare fracturing fluid. The relationship
between the length of the ester chain and the viscosity of the oil-based fracturing
fluid is given in Table VI.

The optimum synthesis conditions of monoethyl phosphate (shown in Table
1) are mole ratio of triethyl phosphate to phosphorus pentoxide, 1:1, reaction
temperature of 90 °C and reaction time of 4 h. Under these conditions, the yield
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monoethyl phosphate was 56.00 %. Dialkyl phosphate was synthesized through
this monoethyl phosphate. The optimum reaction conditions (shown in Table IV)
were mole ratio of 1-butanol to phosphorus pentoxide, 3:1, reaction temperature
90 °C and reaction time of 7 h. The yield of dialkylphosphate reaches 83.25 %.
After preparing these fracturing fluids, the viscosity could be measured and the
results given in Table VI indicate that the viscosity of fracturing fluid increased
with increasing length of dialkylphosphate ester chain. The addition of dialkyl
phosphate increased the viscosity of fracturing fluid because the basing fluid was
coated by a combination of the dehydrogenating dialkyl phosphate with AP and
then a three-dimensional network structure of the gel was formed. With increasing
ester chain length, the viscosity increased maybe because the long ester chain
could be wrapped with the coated base fluid molecules thereby making the coat
more solid. The obtained result is in accordance with the results of Funkhouser.'®
It may also be because long ester chain is conducive for the formation of an
overlap with another long ester chain from the coating molecule. It makes the gel
group larger, which results in higher Viscosi‘[y.17

TABLE V. Optimal reaction conditions for the synthesis of dialkyl phosphate with different
alcohols

Syn- 1-Butanol 1-Hexanol 1-Octanol 1-Nonanol I-Tridec-  1-Tetradec- 1-Octadec-
thesis anol anol anol

A 3:1 2:1 4:1 4:1 4:1 3:1 3:1

B 90 90 90 90 90 90 90

C 7 6 7 6 7 7 7

TABLE VI. The viscosity of the oil-based fracturing fluid

1-Tridec- 1-Tetra- 1-Octa-
anol decanol decanol
L/ mPa-s 33.7 41.2 65.7 72.1 134.4 147.9 150.7

Factor 1-Butanol 1-Hexanol 1-Octanol 1-Nonanol

Synthesis of dialkyl phosphate with 1-butanol by the polyphosphate method

The orthogonal experimental factors for the preparation of dialkyl phosphate
from 1-butanol and polyphosphate are given in Table VII. Table 8 shows the
results of the orthogonal experiment are presented in Table VIII.

TABLE VII. Orthogonal experimental factors for preparation of dialkyl phosphate from
1-butanol and polyphosphate

Level A, Reactant ratio® B,t/°C C,7/h
1 2:1 85 6
2 3:1 90 7
3 4:1 95 8

*The reactant ratio is the ratio of 1-butanol to phosphorus pentoxide
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TABLE VIII. The results of the orthogonal experiment

Experiment No. A B C Conversion rate, %
1 1 1 3 11.36
2 2 1 1 25.05
3 3 1 2 36.89
4 1 2 2 38.62
5 2 2 3 45.10
6 3 2 1 52.77
7 1 3 1 17.25
8 2 3 2 34.44
9 3 3 3 43.13
K1*/ % 67.23 73.30 95.07 -
K2 /% 104.59 136.49 109.95 -
K3 /% 132.79 94.82 99.59 -
R/ % 65.56 63.19 14.88 —

aK1-K3 are the sums of the conversion rates under levels 1-3, respectively, °R is the difference between the
largest number and smallest number of K1, K2 and K3 for each factor A—C, respectively

The results from Tables VII and VIII show that the main factor affecting this
reaction was the reaction ratio (reactant ratio > reaction temperature > reaction
time). The optimum reaction conditions was A3B,C,, a mole ratio of 1-butanol to
P05 of 4:1, a reaction temperature of 90 °C and a reaction time of 7 h.

Experimental results for the synthesis of dialkyl phosphates with different
alcohols by the polyphosphate method

According to the results of the synthesis of dialkylphosphate with 1-butanol,
the same experiment procedure was used to obtain the optimum reaction condit-
ions for 1-hexanol, 1-octanol, 1-nonanol, 1-tridecanol, 1-tetradecanol and 1-octa-
decanol (shown in Table IX), and the purified products were used to prepare
fracturing fluids. The relationship between the length of the ester chain and the
viscosity of the oil-based fracturing fluid is presented in Table X.

As can be seen from Table VIII, the optimum synthesis conditions of dibutyl
phosphate were a mole ratio of 1-butanol to phosphorus pentoxide of 4:1, a react-
ion temperature of 90 °C and a reaction time of 7 h. Under these conditions, the
yield of the dibutyl phosphate reached 55.32 %. Moreover, the viscosity of the
fracturing fluid increased with the increasing length of dialkyl phosphate ester
chain. Furthermore the tendency of the polyphosphate methods was similar to
that of the improved ethyl phosphate method, with the viscosity of the product
improving by 7.72-45.35 % of the level of the improved ethyl phosphate method
(Fig. 3).This may be due to the increase of ester chain length that not only
enhanced the wrap with the coated base fluid molecules but also enabled over-
lapping with other molecules.
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TABLE IX. Optimal reaction conditions for the synthesis of dialkyl phosphate with different
alcohols

Synthesis 1-Butanol 1-Hexanol 1-Octanol 1-Nonanol I-Tridec- 1-Tetradec- 1-Octadec-

anol anol anol
A 4:1 4:1 4:1 4:1 4:1 4:1 4:1
B 90 85 85 85 90 85 90
C 7 8 8 8 7 7 8

TABLE X. The viscosity of the oil-based fracturing fluids

Factor 1-Butanol 1-Hexanol 1-Octanol 1-Nonanol 1-Tridec-  1-Tefra- 1-Octa-

anol decanol decanol
M1/ mPa's 36.3 52.2 87.4 104.8 181.48 194.08 200.03
250
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Fig. 3. The viscosity of the products from the two synthetic methods.

Infrared spectroscopy (IR) analysis

The IR spectrum of monoethyl phosphate is shown in Fig. 4. The band at
2993.9 cm ! is typical for a carbon chain, the one at 2325.2 cm ' is due to
O=P-OH groups, while the bands at 1182.3 and 1103.7 cm ' arise from the
asymmetric and symmetric stretching vibrations of the P-O—C group, and 789.9
cm | is the characteristic peak of carbon chain —(CH2),,—.19 The IR spectrum of
C14 dialkyl phosphate, used as an example, is also shown in Fig. 4. In this spec-
trum, the bands at 2919.4 and 2986.9 cm ' are characteristic peaks of the carbon
chain; the band at 2352.1 cm ! arises from the O=P-OH groups, the bands at
1210.1 and 1068.4 cm ™" are due to the asymmetric and symmetric stretching vib-
rations of the P-O—C groups, and that at 725.1 cm ' is the characteristic for the
carbon chains —(CH;),—. These IR spectra show the different positions of the
—(CH),— bands for different lengths of the —(CH;),— group. It could be con-
cluded that the former arises from —CHj— and the latter from —(CHj),— (n > 4).
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Thus, it is obvious that the conversion of the monoethyl phosphate to dialkyl
phosphate had occurred.

—— Dialkyl Phosphate (lower) [ /
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CONCLUSIONS

The performance of fracturing fluid can be significantly improved through
the polyphosphate method compared with the improved ethyl phosphate method
while more alcohol and longer reaction times are needed for the former method.

The viscosity of fracturing fluid increased with increasing length of the dialkyl
phosphate ester chain.
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U3BOL
HN3YUABAIGE YTULIAJA IYKUHE JIJAHAITA JUATIKWUI-@OCOATHUX ECTAPA HA
BHCKO3HOCT TEUHOCTH 3A XUIPAYJIMYHO PA3SBUJAIGE (,FRACKING")
HA BA3H YJbA

JUN LENG', YI PAN', SHUANGCHUN YANG', SHIDONG WANG' u ADEWALE ADEBAYO®

"Petroluem Institute, Liaoning Shihua University, No 1, Dandong Road, FuShun, LiaoNing, China u *Kazan
National Research Technological University, ul. Karl Marx 68, Kazan, Tatarstan, Russia

3a cuHTe3y fuankuia-docdara, koju ce Kopucre kao yryumhiBayd TeYHOCTH Ha DasH ysba
3a xugpayiauuHo pasdujame (“fracking”), mpumemeHa cy nBa moctynka. [TpBu, modospuraHu
eTun-docdaTHy nocrynak — oMmoryhasa KOHTPOJIYy CaMoO jeSHOT eCTapCcKOr jlaHalla, 3aMEHOM
jemne OH rpyne y moHoetwn-ocdary, fox gpyry, HOBU nonudocdaTtHi nocrynak, OMory-
haBa xoHTposy 00a ectapcka JiaHUa. Pasnuyure BpCcTe amkoxosa Cy ce KOPHUCTHIIE Kao CHpO-
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BUHE Y 3X3 OpPTOrOHaJIHOM JIU3ajHy ekcliepyuMeHTa (0[JHOC peakTaHara, TeMIepaTypa U Bpeme
oIurpaBama peakiuje) ma OU ce yCTAaHOBWIM ONTHMATIHU YCJIOBH u3Bohema peakuuje. Kao
pe3yiTaTr OBUX €KCIIEPUMEHATa, A00MjeHo je 14 pa3nuuuTUX BpcTa yryuhusaya, Koju cy nope-
heHu Ha OCHOBY BHCKO3HOCTH. IlokasaHo je ma yrymwhuBayM CHHTETHCAHU Ha o0a HayMHa
UCIIOJbaBajy UCTH TPEHT, Tj. Ja OyKHMHAa JlaHala JUankui-pochaTHUX ecTapa yTHYE Ha IopacT
BUCKO3HOCTH TEYHOCTH 3a XHIPYJIHYHO pa3dujame no ompeheHor Hpoja yribeHMKOBUX aToma.
Jpyrum peyrma, BUCKO3HOCT diyuna ce mopehasa ca opacToM JyKHHE eCTapCKUX JlaHala !
IocTke MakcuMyM Ha Cq3, @ HAKOH Tora onaja. BuckosHocT npousBozia Ha Dasu JUaANIKUII-
-ocdarHux ecrapa nodujeHux nonudocdaTHUM TOCTYNKoOM je duna 7,7-45,3 % Beha y
OJHOCY Ha aHaJIOTHE NTPOU3BOJE NODHjeHe N0DO0/BIIaHUM eTHUT-()OChHAaTHIM MOCTYIIKOM.

(ITpummeno 14. janyapa, peBugupano 24. mapta, npuxsaheno 30. mapta 2016)
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