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Natural gas and water can form complex cage crystals in oil and gas pipelines under certain conditions. The
natural gas hydrate formed after crystal clustering can block the pipeline and affect the operation efficiency of
the pipeline, and even cause equipment damage, bringing economic and security problems to enterprises. In the
present study, we experimentally investigated the inhibition of CO5 formation hydrate using attapulgite (ATP)
and glucose (GLC). The kinetic influence on the formation of CO, hydrate by the complex pairing of kinetic
inhibitor ATP is conducted under the working conditions of 277.15 K and 3.5 MPa. The effect of compound
inhibitors on the temperature and pressure conditions, growth process and gas consumption of hydrate formation
are revealed. The chemical affinity model of CO2 hydrate formation under a compound inhibitor system is
derived and established based on experimental studies. The results show that the combination of GLC and ATP
can inhibit the formation of CO, hydrate to varying degrees, prolong the induction time of hydrate, and reduce
the consumption of CO,. The optimized experimental studies demonstrate that the best inhibitory compound
system is 15 mg/mL GLC + 1.00 mg/mL ATP. Compared with the pure water system and single 15 mg/mL GLC
system, the induction time is extended by 122.61% and 122.23%, while the gas consumption is reduced by
23.72% and 3.41%. The results provide new ideas and methods for the prediction of hydrate formation in the
compound inhibitor system for the safe operation of oil and gas pipelines.

1. Introduction

Natural gas and water can form complex cage crystals in oil and gas
pipelines under certain conditions. The natural gas hydrate formed after
crystal clustering will block the pipeline and affect the operation effi-
ciency of the pipeline, and even cause equipment damage, bringing
economic and security problems to enterprises (Sanatgar and Peyvandi,
2019; Chaturvedi et al., 2021; Abu Hassan et al., 2021). Hydrate risk
control technology mainly uses low-dose hydrate inhibitors with the
advantages of high efficiency and low dosage. Low-dose hydrate in-
hibitors are mainly composed of kinetic hydrate inhibitors and poly-
merization inhibitors, which have been extensively studied by relevant
scholars. In terms of kinetic inhibitors, Kelland et al. (Kelland, 2006)

* Corresponding authors.

tested a series of cyclic kinetic inhibitors and discussed their mecha-
nisms. Srorr et al. (Storr et al., 2004) found a new type of amphoteric ion
tri-butylpropyl ammonium sulfonate(TBAPS) inhibited the formation of
hydrate. Ajiro et al. (Ajiro et al., 2014) synthesized a batch of poly-
amides with different branched chains and studied their inhibitory ef-
fects on the formation of tetrahydrofuran (THF) hydrate. Combined with
the experimental results, the branched-chain structure and chain length
with the best inhibitory effect were found. Villano et al. (Villano and
Kelland, 2009) tested the effect of a series of hyperbranched polyether
amine in THF and obtained the best size and dosage as a kinetic inhib-
itor. In addition, it is also concluded that the inhibition mechanism of
kinetic inhibitors is not only adsorption. In the aspect of anti-
polymerization agents, Huo et al. (Huo et al., 2001) tested many
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different surfactants as anti-polymerization agents and proposed the use
of anti-polymerization agents to evenly disperse hydrate particles in the
oil phase system, so that it flows through the slurry form in the pipeline,
and greatly reduces the possibility of pipeline blockage. Mehta et al.
(Mehta and Sloan, 1994) proposed that the oil-water system becomes an
emulsion after adding anti-polymerization agents, which can prevent
further hydrate formation (Maryam and Pakizeh, 2017; Liu et al., 2013;
Parisa et al., 2014). Kelland et al. (Kelland et al., 2006) proposed that
some alkylamide surfactants can also be used as anti-polymerization
agents. Peng et al. (Peng et al., 2008) suggested that the use of surfac-
tants alone was not effective in preventing hydrate aggregation.
Through systematic research, the anti-polymerization effect of Span 20
mixed with esters was obvious, and a series of evaluations were carried
out in the circulating pipeline device. In addition, through many ex-
periments, York et al. (York and Firoozabadi, 2008) found that when the
main anti-polymerization agent failed, some small molecular alcohol
dosages as low as 0.5 wt%, the anti-polymerization effect is also good.
Koh et al. (Koh et al., 2002) shows that quaternary ammonium bromide
has good hydrate growth inhibition, even if fewer kinetic inhibitors are
used, it also makes up for many shortcomings of thermodynamic in-
hibitors. With the increasing use of kinetic inhibitors and the gradual
emphasis on ecology, the environmental protection of kinetic inhibitors
has attracted much attention. Therefore, many scholars began to pay
attention to natural kinetic inhibitors. Lee et al. (Ju et al., 2007) studied
the kinetic inhibitory effect of several cationic starches on the formation
of methane, methane/ethane and methane/propane mixed gas hydrates
and found that cassava starch increased the induction time (delayed
crystallization) by an order of magnitude. It was also found that the
addition of polyethylene oxide (PEO) in cassava starch could improve
the properties of cassava starch and other starches and inhibit the
memory effect of hydrate. Talaghat (Talaghat and Reza, 2014) used a
small loop device to study starch, PEO and poly (propylene oxide) (PPO)
for complex experiments. The results showed that the complex system
showed a good synergistic effect, and PPO had a better synergistic effect.
Kinetic inhibitor antifreeze proteins (AFPs) (Ohno et al., 2012; Ohno
et al., 2010) delayed the crystallization process and showed better hy-
drate growth inhibition than the benchmark commercial inhibitor PVP.
Zeng et al. (Zeng et al., 2006)found an AFP from deep-sea organisms,
which had a certain effect on the inhibition of hydrate formation.
Compared with PVP that has been commercialized, AFPs can not only
better inhibit the formation of hydrate, but also reduce the memory
effect of hydrate to a certain extent. Cha et al. (Cha et al., 2013)
discovered polymers based on the reaction of polyvinyl alcohol with
aldehydes. Arco, Texaco and BP conducted field applications of kinetic
inhibitors (Sloan, 2005; Zerpa et al., 2011). Texaco conducted field
applications of PVP in U.S. oil and gas fields. The results showed that
PVP inhibited hydrate formation due to cold degree limitation (Zhao
et al., 2016). BP first conducted field tests on KHI mixture in The North
Sea gas field and West Sole/Hyde, and the results showed that the
mixture had a good application effect (Huo et al., 2001).

Based on the above-mentioned literature survey, many researchers
have conducted a series of studies on the inhibition effect of hydrate, but
the inhibition law of green compound inhibitors on hydrate is still not
fully understood. In the present study, the formation characteristics of
CO9 hydrate in the attapulgite and glucose compound system were
evaluated, and the effects of compound inhibitor concentration, tem-
perature and pressure on the formation of CO, hydrate were discussed in
detail. The variation of gas consumption during the formation and
growth of CO5 hydrate crystals with time under the compound inhibitor
system was analysed. The chemical affinity model of gas hydrate inhi-
bition in the compound system was established, which provided a new
theory and method for hydrate formation prediction in the compound
inhibitor system.

The novelty of this present study is, firstly, to propose and develop a
chemical affinity model to predict CO, hydrate formation. For instance,
based on previous studies, Wang et al. (Xi et al., 2018; Yu et al., 2018; Li
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et al., 2020; Rao et al., 2020) investigated the effect of attapulgite and
compound system on hydrate formation inhibition and rheological
properties. The experimental results showed that the rich micro-channel
structure of attapulgite crystal could absorb a large amount of water and
effectively inhibit the formation of hydrate, but the kinetic model was
not given. Secondly, we studied the effect of attapulgite on CO5 hydrate
formation which was not widely reported in the literature. For example,
most of the existing hydrate inhibitors and polymer inhibitors are
adverse to the ecological environment, and cannot be reused with simple
effect (Li et al., 2017; Yan et al., 2018; Wang et al., 2020). The proposed
utilization of attapulgite in the present study is not harmful to the nat-
ural environment and can be widely used which improves the sustain-
able development of oil and gas industries as the attapulgite is green,
non-toxic, and it has a unique molecular sieves-like layer structure.
Thirdly, we developed new composite inhibitors and proposed a hydrate
inhibition model combined with theory to meet the current re-
quirements for cost, environment and transportation efficiency. This
improved the understanding of COy hydrate formation under various
complex conditions in the process of oil and gas exploitation and pipe-
line transportation.

2. Experiment studies
2.1. Experimental apparatus and materials

The experimental device is shown in Fig. 1. COs is injected into the
reactor by using a cylinder and an air compressor. Pressure is 0-30 MPa,
and temperature is 0-20 °C. The volume of the visualization kettle is
500 mL. The ethylene glycol and water with a ratio of 3:1 were put into a
low-temperature constant temperature water tank to carry cold. Table 1
is the details of experimental supplies involved in generating experi-
ments. Combined with the screening results, the concentration of 5, 10,
and 15 mg/mL of GLC and the concentration of 0.00, 0.50, 0.75, 1.00,
1.25 and 1.50 mg/mL of ATP were compounded to find out the best
inhibitory concentration of CO, hydrate formation process.

2.2. Experimental steps

(1) Preparation of solution: The corresponding mass of solute needed
in the experiment was weighed by electronic balance, put into the
beaker cleaned by ultrasonic wave, and added with pure water. The
beaker was sealed with preservative film, and the pores were used for
ultrasonic oscillation rod insertion. After ultrasonic shock is completed,
the reagent is sealed and stored in accordance with the specification. (2)
Vacuum pumping: There are still water vapour and air in the connecting
pipe and kettle. To ensure the accuracy of the experiment, it is necessary
to open the vacuum pump for vacuum pumping. (3) Experimental re-
agent injection: open the inlet valve and inject 170 mL reagent into the
reactor, and then close the inlet valve. (4) Vacuum again: To extract the
gas dissolved in the reagent, the vacuum pump will be opened again for
vacuum treatment until the pressure in the kettle is shown in the table to
be reduced to negative pressure and maintained stably. (5) Circulating
refrigeration: Before the experiment, the circulating refrigeration
equipment was opened, and the water bath temperature was adjusted to
the working condition (4) °C) to keep the temperature in the table stable
at the set value and prepare to start the intake. (6) Data acquisition and
recording: Open the data acquisition instrument and select the detection
channel, open the software for data acquisition and recording. (7)
Intake: The valve and intake valve of the gas storage cylinder are slowly
opened. The pressure in the cylinder is used to inject CO5 gas and the
intake process is slowed down by controlling the valve to prevent the
pressure surge in the kettle from damaging equipment and experimental
data. During the intake process, attention should be paid to the intake
stop when the pressure is lower than 0.5 MPa. Observe the recorded
temperature, when the temperature drops to the set value, slowly open
the valve intake again. After the intake air is finished, quickly close the
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Fig. 1. Experimental figure for CO, hydrate formation.

Table 1
List of materials required for the experiments.

Experimental Molecular formula Material source

materials

Purity

Sucrose C12H22014 Analytical

purity

Jiangsu
Qiangsheng
Functional
Chemistry Co.,
Ltd
Jiangsu
Qiangsheng
Functional
Chemistry Co.,
Ltd
Attapulgite MgsSigO20(OH)2(0H2)4-4H,0 >99% Anhui Mingmei
soil Mineral
Chemical Co.,
Ltd
Changzhou
Jinghua
Industrial Gas
Co., Ltd
Laboratory
Preparation

glucose CeH1206 Analytical

purity

>99%

carbon dioxide  CO,

pure water H,0 >99%

valve in order. (8) Experiment: The stirrer was opened immediately after
the intake air was finished, and the variation trend of temperature and
pressure parameters and hydrate formation reaction was observed and
recorded. The reaction in the kettle was observed by an optical fibre
imaging system. The sign of hydrate formation is that the pressure in the
kettle is stable and maintained for 30 min, and the reaction ends.

3. Chemical affinity model

Equations (1) and (2) are used to develop the chemical affinity model
while we define Q; as reaction activity, such as formula (3).
A; = —RTIn(&y,) @

o

X @

So,

o =1[((a)"), ®)

where A? = RTInK; &, indicates the degree of reaction approaching
equilibrium.

For a system with a closed fixed container and fixed temperature, the
attenuation rate of affinity is expressed as:

0A;
av= (%) @

Ary = A, G) +C ®)

Ci=—-A (l) (6)
173

Insert (6) into (5) join (4) and we get (7):

1 1
Ary =A, (; - a) (7)

To correlate the chemical affinity parameters obtained from the
experimental data with time, the time on both sides of Equation (7) is
integrated to obtain:

/1k Adt = A, /’k |:1 - l:| dt 8)

ti 1 t Tk

—A,-:A,{—ln{ﬁexp<1—ﬁ)} } 9
Iy 1y

Formula (9) Two sides are divided by(-RT), then we can get:

A; A, t t;
= —— | —In[—exp| 1 ——
wr (oo ( 7))

Define the reaction degree formula:

(10

4]
Ct, =

o an

During the formation of gas hydrate, the value of the driving force A;
is related to gas consumption. Therefore, gas consumption in the process
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of hydrate formation can be used to replace the active expression of the
degree of the hydrate formation process. Formula (2) can be written into
formula (12).

e _mo =y

S0 = T a 12
of 0 lf
PV PV
=9 =1 1
"= ZRT" T ZRT 13)
From formula (12) and formula (13):
n Py Pi
i 7y 7
S v 1 )
EAA Z
Combined formula (2) and formula (14), we get:
Py P
Ai Nei\ w7
R—Tf—ln(n—d)f—ln TR (15)
g % 7
Combined formula (10) and formula (15), we get:
Py P A
ng 7~z [t ( tl-)]”
— = = |—exp(1l—— (16)
Nef %’ —% |:t1< P I

Taking logarithms on both sides of the Formula (16), we can obtain:
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e\ %7 A li
ln(z) =In e e 7RTln{aexp(lfa)} a7
of 7
Formula (17) can be changed into:

A =AIn (ﬁexp(l - t—’) ) 18)
I Iy

Formula (18) is the same as formula (9) (Roosta et al., 2013; Kar-
amoddin et al., 2014). Fig. 2 shows the flowchart to develop the
chemical model for this study.

4. Experimental results and discussion

The effects of different concentrations of GLC and ATP on CO» hy-
drate formation temperature, pressure, CO, gas consumption and model
parameters were investigated by combining experiments and simula-
tions. Based on the comparison experiment and the model results, the
inhibitory effect of the optimal compound concentrations of ATP, GLC
and ATP + GLC on the formation of CO5 hydrate was analysed.

[ Enter 7, ¥ and Pi ]

v

[ Calculation of compressibility factor Zi by P-R equation of state ]

v

Calculate the value of 4i/RT

A

[ In an experiment, suppose an 7«

YES
o

Is A/RT and = In[t;/t, exp (t;/ty)]
a curve passing through the origin

-

Value of output t;, get a straight line
L between 4i/RT and —In[t;/t) exp(t;/ty)]
J

A 4

.

Get the values of 4i/RT and t;,

J

Fig. 2. Calculation logic diagram of kinetic parameters of chemical affinity model.
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4.1. Effect of GLC and ATP combination on CO2 hydrate formation
process

The process of inhibiting CO; hydrate formation by the combination
of GLC and ATP with different concentrations is roughly the same.
Therefore, for the variation of the temperature and pressure process of
hydrate formation under the composite inhibitor system, only a group of
concentrations is selected for detailed analysis. Select 15 mg/mL GLC +
1.50 mg/mL ATP composite inhibitors, by analyzing the temperature
and pressure changes in the process of hydrate formation, an in-depth
understanding of the inhibitory effect of the composite inhibitor sys-
tem on the CO4 hydrate formation process. As shown in Fig. 3, under the
initial conditions of 4 °C and 3.5 MPa, the hydrate formation process is
roughly divided into four regions:

1) R1 region is the induction period before hydrate formation, and
CO4, rapidly dissolves in the composite solution. The initial pressure of
3.5 MPa in the reactor corresponds to 0 min on the time axis. Since CO5
rapidly dissolves within 0-35 min, the pressure drops to 2.7 MPa. After
35 min, the pressure is almost constant, and the hydrate crystal nucleus
begins to form in the reactor. The temperature corresponding to 0 min is
higher than 4 °C in the experiment. The reason is that the temperature of
CO4 gas in the high-pressure reactor is higher than that set in the
experiment. After entering the reactor from the gas cylinder, the tem-
perature in the reactor also increases, but then the temperature in the
reactor drops rapidly under the action of the constant temperature water
bath device.

2) R2 region belongs to the rapid growth period. When the hydrate
curve enters the R2 region from R1, the temperature and pressure
change sharply, and the time is about 70 min. It is mainly due to the
rapid action of CO3 during the induction period to form a large number
of hydrates and release a lot of heat, resulting in a sudden increase in the
temperature curve of hydrates and a sudden decrease in the pressure
curve. When the reaction time reached 224 min, the pressure decreased
gradually.

3) R3 region belongs to the slow-growth region. Because the pressure
decreases rapidly, the hydrate formation rate is reduced, and the CO,
consumption and the heat generated by hydrate formation are also
reduced.

4) R4 region belongs to the growth stop region. Temperature and
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pressure values from R3 to R4 after being roughly unchanged, can be
identified in the region no longer hydrate growth, monitoring the kettle
pressure value is about 2 MPa, the pressure curve has been stable, and
can be determined that the pressure has remained unchanged.

Fig. 4 shows the reaction process of inhibiting the formation of CO,
hydrate by the composite inhibitor system with the concentration of 15
mg/mL GLC + 1.50 mg/mL ATP captured by the high-speed camera in
the reactor. The regions A, B, C and D in Fig. 4 and R1, R2, R3 and R4 in
Fig. 4 were analysed, and the following conclusions were obtained. The
hydrate in Fig. 4A had not yet formed, and CO, gas was fully dissolved in
the solution before entering the induction period. Hydrate had not been
observed in Fig. 4. ATP suspension solution made the kettle appear
milky white, and the light transmittance was good and uniform, indi-
cating that ATP in the kettle was uniformly dispersed and suspended
well. In Fig. 4B, the hydrate is in the rapid growth stage. The hydrate
first forms at the gas-liquid interface and a large number of hydrate
particles gather and increase continuously. The transmittance in the
kettle decreases with the formation of hydrate. At the same time, due to
the role of the magnetic stirring device, the hydrate moves continuously
and its structure is in a loose state. Fig. 4C is at the slow growth stage of
hydrate. It can be seen that many hydrates have begun to gather into
blocks, indicating that the hydrate formation reaction gradually reaches
the equilibrium state, and the reaction rate also gradually slows down.
Fig. 4D is at the end of the reaction state, temperature and pressure tend
to be stable. And hydrate particles can still move with the stirrer, and the
structure is still loose.

To more intuitively reflect the effect of GLC and ATP compound in-
hibitor systems on the inhibition performance of CO hydrate formation,
this study compared and analysed the temperature-pressure curve of
CO3 hydrate formation process from pure water and compound inhibitor
system and drawn as Fig. 5. Under the same initial conditions (4 °C, 3.5
MPa), the diagram more intuitively reflects the concentration of 15 mg/
mL GLC + 1.50 mg/mL ATP composite inhibitor system can inhibit the
formation of CO5 hydrate temperature and pressure changes over time.

In the temperature curve, CO, began to dissolve after intake, and the
temperature in the kettle began to decrease because of the constant
temperature water bath device. From the slope point of view, the tem-
perature drop in the kettle under the compound inhibitor system is
slower, and the time required to reach the experimental set temperature

R1i R2 i R3 . R4
1 ] .
3R : i °
i : i 45
. 1 —
A 5 i '
25F 1 i Pressure !
i\ i : 14
> |} i v : g
E o ~ i L
B 2 1 1 \ | : = 35 E
5 i Hydrate begins to form i i‘..;.
A i / i ! 43 =
£1.5 [ i ! g
- 'y i : =
i : , 2.5
: 1 !
1F i 5 :
: : Temperature 12
- . 1
: 1 1 : 1 1 1 1 ' 1
0 100 200 300 400 500 600 700 800
Time/min

Fig. 3. GLC and ATP compound inhibitor system inhibits CO, hydrate formation temperature and pressure curve changes.
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Fig. 4. Formation process of CO, hydrate in glucose and ATP complex system.
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Fig. 5. Comparison of temperature and pressure curves of composite inhibitor system and distilled water system.

is longer than that of the pure water system. Due to the release of a large
amount of heat to generate hydrate, the temperature curve rises sharply
after the induction period. In the composite inhibitor system, the tem-
perature in the kettle suddenly increased at about 70 min, while in the
pure water system, the temperature suddenly increased at about 50 min,
indicating that the composite inhibitor system increased the induction
time of hydrate formation.

By observing the pressure curve, it was found that CO3 gas in the two
curves was dissolved in water 40 min ago, indicating that the presence of
GLC and ATP in the system had no significant effect on the dissolution of
COs. The pressure curve of 15 mg/mL GLC + 1.50 mg/mL ATP com-
posite inhibitor system was significantly higher than that of the pure
water system, and the composite inhibitor system also prolonged the
formation time of CO; hydrate. At about 300 min, the growth phase of
hydrate stopped in the pure water reaction, and the pressure at this time
remained unchanged, while the growth phase of hydrate in the

composite inhibitor system experienced two stages of rapid growth and
slow growth. This indicated that the composite inhibitor system pro-
longed the induction time of hydrate formation, and the total growth
time of hydrate was also prolonged by about 330 min, which was about
122.61% higher than that of the pure water system. The formation time
of hydrate becomes longer according to the experimental result, which
indicates that the inhibitor plays a role in the hydrate formation. The
combined inhibitor inhibits the formation of hydrate, and it controls the
amount of hydrate formation. The risk of pipeline blockage has been
reduced, and it is conducive to the safe operation of oil and gas pipelines.

Fig. 6 shows the repeated experiments for five times. The initial
conditions are 4 °C and 3.5 MPa, respectively. It can be seen that the
pressure data of the five experimental systems are no significant dif-
ference among them although there is some tiny discrepancy with the
time between 200 and 500 mins. The coincidence degree of the pressure
change curve is quite good, which indicates that the experiment has
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Fig. 6. CO; hydrate of compound inhibitor system with 15 mg/mL glucose + 1.50 mg/mL ATP generate experimental repeatability verification chart.

excellent repeatability.

4.2. Effect of GLC and ATP combination on gas consumption of COz
hydrate formation

The operating conditions shown in Figs. 7 to 9 are 4 °C, 3.5 MPa and
450 r/min. In the initial stage of the reaction, the consumption of CO5
gas increased rapidly due to the rapid dissolution of CO, gas into the
solution. As the hydrate formation reaction proceeds, the CO, gas con-
sumption curve rises slowly due to its complete dissolution in water until
it no longer rises. Hydrate crystals grow with the dissolution process. As
the growth of hydrate clusters reaches the critical size, CO3 consumption

in the reactor suddenly increases during the rapid growth stage of
hydrate.

The complex system of GLC and ATP reduces the consumption of CO5
gas, which has a more obvious inhibitory effect on the formation of CO5
hydrate than the single GLC system. Under the action of compound in-
hibitors, the gas consumption curve showed a significant decrease, and
the consumption of CO5 was also significantly reduced. 15 mg/mL GLC
+ 1.00 mg/mL ATP was the best compound concentration, and the gas
consumption was 0.23 mol in 0-600 min. Compared with the pure water
system and single 15 mg/mL GLC system, the gas consumption
decreased by 23.72% and 3.41% respectively.

0.30 |-
0.25 |
g 020 F
a
B
g 015 F
= ] —=—0.50mg/mlIATP+5mg/mIGLC
g [ —+—0.75mg/mIATP+5mg/mIGLC
© 0.10 1.00mg/mIATP+5mg/mIGLC
3 —— 1.25mg/mIATP+5mg/mIGLC
0.08 —— 1.50mg/mIATP+5mg/mIGLC
’ «—5mg/mIGLC
0.00 L 1 " 1 " 1 " 1 " 1 i
0 100 200 300 400 500 600
Time/min

Fig. 7. Gas consumption curve in the process of inhibiting CO, hydrate

formation by 5 mg/ml glucose combined with various concentrations of ATP.
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Fig. 8. Curve of gas consumption during CO, hydrate formation inhibited by 10 mg/ml glucose combined with various concentrations of ATP.
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Fig. 9. Gas consumption curve in the process of inhibition of CO5 hydrate formation by the mixture of 15 mg/ml glucose and various concentrations of ATP.

4.3. Effect of GLC and ATP combination on induction time of CO2
hydrate formation

The induction time was determined by the pressure change method,
and the initial conditions were 3.5 MPa and 4 °C. It can be seen from
Fig. 10 that compared with a single GLC inhibition system and a single
ATP inhibition system, the induction time of hydrate formation in the
GLC and ATP complex system was significantly prolonged, indicating
that the presence of GLC in the GLC and ATP complex system enhanced
the ability of ATP to inhibit hydrate formation. However, with the in-
crease in ATP content, the induction time was gradually shortened. The

reason may be that with the increase of ATP concentration, the micro-
pore channels of ATP crystals were blocked due to mutual stacking, thus
hindering the adsorption of water molecules by crystals during nucle-
ation. It can be seen that the best concentration of compound inhibitor
for prolonging the induction time is 15 mg/mL GLC + 1.00 mg/mL ATP.
Compared with the single inhibitor system (15 mg/mL GLC), the in-
duction time is prolonged by 122.23%.

5. Chemical affinity model analysis

The chemical affinity model was used to calculate and fit the
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Fig. 10. Induction time of CO, hydrate formation in different systems.

experimental data, analyse the influence of the compound concentration
of GLC and ATP, and verify the experimental conclusions from the model
perspective. Under the experimental conditions of 4 °C, 3.5 MPa and 450
r/min, the fitting degree between the experimental results and the
model results is verified by comparing the experimental data with the
calculated parameters (pressure and gas consumption) of the model.

5.1. Effect of inhibitor concentration on chemical affinity parameters

Under the experimental conditions of 4 °C, 3.5 MPa and 450 r/min,
the chemical affinity kinetic parameters of the GLC-ATP complex system
at various concentrations show that the composite inhibitor system of
GLC and ATP can delay the reaction of CO; hydrate to reach equilib-
rium, and the effect is more obvious under the composite inhibitor
system of 15 mg/mL GLC + 1.0 mg/mL ATP. In the compound inhibitor
system of this concentration, the inhibition effect is the best (—A,/RT =
0.2126). With the increase of the compound concentration of GLC and
ATP, the equilibrium pressure increased first and then decreased as
shown in Table 2.

5.2. Model verification

Figs. 11 and 12 are the composite inhibitor system of 15 mg/mL GLC
+ 1.00 mg/mL ATP under the experimental conditions of 4 °C, 3.5 MPa
and 450 r/min. It shows that the experimental data are fitted with the
chemical affinity model and the error is small, which can predict the
formation of hydrate. The calculated A,/RT is almost a constant, so the
same slope (-A;/RT = 0.233) can be used to study and predict the for-
mation of CO5 hydrate.

6. Conclusions

The compound system of GLC and ATP could prolong the induction
time. Compared with the pure water system, the induction time
increased significantly before the formation of nuclei in the system when
GLC and ATP were mixed. Under the compound condition, GLC could

Table 2
Effect of compound inhibitor system of glucose and ATP on chemical affinity
parameters.

Serial number Concentration(mg/ml) Model parameter Pressure(MPa)
GLC  ATP te(s) - Ar/RT Py Py

1 0 0 11,567  0.2666 3.5 1.566698
2 0 0.5 36,385 0.2567 3.5 1.59968
3 0 0.75 36,337  0.2665 3.5 1.648915
4 0 1.0 36,315  0.2699 3.5  1.645968
5 0 1.25 36,190 0.2589 3.5 1.665965
6 0 1.5 35,088  0.255 35 1.62629
7 5 0 35,008  0.2829 3.5 1.618885
8 5 0.5 35,061 0.2715 3.5 1.621958
9 5 0.75 36,296 0.2571 3.5 1.62629
10 5 1.0 36,356  0.2574 3.5 1.607228
11 5 1.25 37,042 0.2561 3.5  1.602465
12 5 1.5 36,994 0.2306 3.5 1.866698
13 10 0 36,972  0.2505 3.5 1.748915
14 10 0.5 36,847  0.2429 3.5  1.759048
15 10 0.75 35,745 0.239 3.5 1.665965
16 10 1.0 35,657  0.2669 3.5  1.62629
17 10 1.25 35,718  0.2555 3.5 1.618885
18 10 1.5 35,948  0.2411 3.5  1.621958
19 15 0 36,953  0.2414 3.5  1.62629
20 15 0.5 37,013 0.2401 3.5 1.788915
21 15 0.75 38,565  0.2312 3.5 1.82146
22 15 1.0 38,975  0.2126 3.5  1.906698
23 15 1.25 38,765  0.2366 3.5 1.705965
24 15 1.5 37,879  0.2455 35 1.66629

significantly enhance the effect of ATP inhibitors on prolonging the in-
duction time. In this study, 15 mg/mL GLC + 1.00 mg/mL ATP was the
most significant experimental proportion to prolong the induction time.
Compared with the pure water system and single 15 mg/mL GLC system,
the induction time was prolonged by 122.61% and 122.23% respec-
tively. The compound system of GLC and ATP can reduce CO; gas
consumption, and the inhibitory effect is stronger than that of the system



Y. Rao et al. Chemical Engineering Science 281 (2023) 119158

°
=
=
=
g
-
2
8
&
O
Model: 15mg/mlGLC+1. Omg/mlATP
0.05 e Exp: 15mg/mlGLC+1. Omg/mlATP
0 1 1 T 1 I 1 1 Ll
0 2000 4000 6000 8000 10000 12000 14000 16000
time /min

Fig. 11. Comparison of gas consumption calculated by experiment and model in the compound system of 15 mg/mL glucose + 1.00 mg/mL ATP.
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