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without changing the hydrate equilibrium conditions. Appro-
priate promoters shall be applied to the separation of a gas
mixture in order to boost efficiency. And, the hydrate formation
rate of CO2 was quicker than that of CH4 under certain
operating conditions.

This work aims to investigate the effects of an organic
compound on the separation of CO2 from a CO2/CH4 (67.0
mol %) gas mixture based on hydrate formation. The main
objective is to fill the knowledge gap regarding the effects of
tert-butyl peroxy-2-ethylhexanoate (TBPO) on gas separation
by forming hydrate and contribute experimental data to the
study. This paper studies the influence of TBPO and the effects
of the operating conditions on the hydrate formation in
particular.

2. EXPERIMENTAL SECTION
2.1. Materials. Table 1 lists the materials used in this work.

A CH4/CO2 gas mixture containing 67.0 mol % CH4 and 33.0

mol % CO2 was used in this work to simulate biogas. The
additive used in this study was TBPO. Deionized water was
used to prepare all solutions. The mole fractions of the mixture
gas were 0.67 CH4 and 0.33 CO2 with an uncertainty of
±0.001. The uncertainty in the mass fraction of TBPO is
±0.001.
2.2. Apparatus and Methods. The schematic of the

experimental apparatus employed for gas separation is shown in
Figure 1. The apparatus mainly consisted of a stainless-steel
vessel that was 22.6 cm in height and 7.5 cm in diameter, with a
1000 mL effective volume. The maximum operating pressure of
the vessel was 20 MPa. During the experiments, the contents in
the vessel were agitated by a magnetic stirrer (Hai’an Scientific
Research Apparatus Co., China). The temperatures of the gas
and liquid phase in the vessel were measured by two resistance
thermometers (Westzh WZ-PT100) within 0.1 K in accuracy.

The pressures inside the vessel were measured by a pressure
transducer (Westzh CyB-20S) with an accuracy ±0.01 MPa.
The temperatures and pressures of the vessel were recorded by
a data logger (Agilent 34970A) at 20 s intervals. The
compositions of the gas phase were analyzed by gas
chromatography (KeChuang GC9800: TCD detector, Porapak
Q packed column) during the experimental process. The GC
measurement accuracy is ±0.001.

Before starting the experiment, the reactor was cleaned using
deionized water and dried. The solution prepared with a
desired concentration was introduced into the evacuated vessel,
and the reactor was purged with a mixture gas of CH4/CO2 five
times to ensure it was air-free. Then, the vessel was cooled to
the setting temperature. When the solution temperature was
kept constant, the mixture gas of CH4/CO2 was charged into
the vessel until the initial operating pressure was reached. The
timer started counting from zero at the moment of opening the
magnetic stirrer. The temperature and pressure were recorded,
and the gas sample was analyzed with GC during the
experiment. When the system pressure was kept constant for
more than 1 h, it was considered to be the end of hydrate
formation. However, in the further experiments of hydration,
the pressure was recovered to the initial pressure by using a
hand pump, when the pressure had no obvious change. Cycling
several times until the pressure had no obvious change, it was
considered to be the end of the reaction. The stirrer was
stopped. The vent valve was opened, and the remaining gas was
purged. Then, the vessel was warmed to room temperature to
dissociate the hydrate completely.

2.3. Calculation Methods. Number of Moles of Gas
Consumed. The molar number of gas that has been consumed
during hydrate formation can be calculated as in eq 1.
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where z is the compressibility factor calculated by the PR
equation of state and subscripts 0 and t refer to time during the
experiment process, P0 and Pt are defined as the pressure of the
time zero and t, respectively, and V0 and Vt are defined as the
volume of the gas phase at the time zero and t, respectively.
The volume of gas is assumed constant during the hydrate

Table 1. Experimental Materials Used in This Work

materials purity (mole fraction) supplier

CH4/CO2 0.67 and 0.33 Zhaoqing Gaonengda Gas Co.
TBPO 0.98 Guangzhou Summit Chemical Co.
water deionized self-made

Figure 1. Schematic diagram of the experimental apparatus.
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formation process for the reason that the phase transitions are
neglected.
CH4 Recovery and CO2 Separation Factor. The CH4

recovery of gas mixture in the residual gas phase is calculated
as eq 2.
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where nCH4

gas is defined as the moles of CH4 in the gas phase at

the end of the experiment and nCH4

feed is defined as the moles of
CH4 in the feed gas.

The separation factor (denoted S.F.) is calculated as eq 3.
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where nCO2

H is defined as the moles of CO2, nCH4

H is defined as
the moles of CH4 in the hydrate phase at the end of the
experiment, and nCO2

gas is defined as the moles of CO2 in the gas
phase at the end of the experiment.

3. RESULTS AND DISCUSSION
3.1. Effects of Experimental Conditions. The typical

trends of the feed pressure during the hydrate formation
process in 26 wt % TBPO + 74 wt % water + CH4/CO2
systems with different initial pressures at 287 and 290 K are
shown in Figure 2. The results revealed that the system
pressures decreased rapidly during the first 0.25 h and then
were stable, which indicate that the hydrate formation had
completed and the system reached equilibrium. It was noted
that the pressure drop was only 0.9 MPa at 287 and 290 K
when the feed pressure was 3.0 MPa. The trends of pressure
change were similar to our previous experimental results.35 The
pressure rapidly reduced when TBAB and TBPO were added.

Table 2 lists the composition analysis and separation
efficiencies of 26 wt % TBPO + CH4/CO2 systems under
different experimental conditions. The results showed that the
temperature had little effect on gas uptake of each experiment
at the same feed pressure. The gas uptake increased as the feed
pressure rose. However, the gas consumption ratio decreased
when the feed pressure was higher at the same temperature. As
seen from Table 2, the highest CH4 concentration in the
residual gas phase happened at 287 K and 2.0 MPa, and the

highest CO2 separation factor happened at 287 K and 1.0 MPa.
Low temperature and high pressure were not favorable for the
separation of CO2 from a CH4/CO2 gas mixture. The CH4
recovery was 0.86, the highest at 290 K and 4.0 MPa, while the
CH4 recovery was close to 0.8 under the other conditions. In
this case, it can be inferred that 287 K and 1.0−

http://dx.doi.org/10.1021/acs.iecr.5b04656


experiments, which had been proved by the other report.36 In
this case, the concentrations of CH4 in the gas phase were
improved. The gas consumptions of CO2 were significantly
more than the gas consumptions of CH4 when the initial gas/
liquid volume ratio was 13.60. However, the gas consumptions
of CO2 were only a little more than the gas consumptions of
CH4 when the initial gas/liquid volume ratio was 5.18, and the
gas consumptions of CH4 were more than the gas
consumptions of CO2 after 0.5 h when the initial gas/liquid
volume ratio was 2.23. It was indicated that low initial gas/
liquid volume ratio may lead to a higher CH4 to hydrate ratio,
which may lower the CH4 recovery.

Table 3 lists the separation effect of CO2 from a 26 wt %
TBPO + CH4/CO2 system with a different gas/liquid volume
ratio at 287 K and 2.0 MPa. The results show that the influence
of the gas/liquid volume ratio on separation was remarkable.

The gas consumption ratio increased from 35.0% to 66.6%
when the gas/liquid volume ratio decreased. Nonetheless, the
CH4 recovery decreased when the gas/liquid volume ratio
decreased. The CH4
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3.4. Effect of Recovering Pressure. Figure 6 showed the
evolution of the reactor pressure and CH4 concentration in the

residual gas phase versus time in 26 wt % TBPO aqueous
solution at 287 K. The system pressure decreased rapidly in
0.75 h, and the CH4 concentration in the residual gas phase was
quickly increased from 67.0% to 89.52%. It was noted that the
hydrate formation rate became lower when the pressure
dropped to 0.89 MPa. That was because the concentration of
TBPO in the solution was becoming gradually less during
hydrate formation, and the low pressure was not enough to
form hydrate. It was also noted that the residual gas continued
to form hydrate when the pressure was improved by adding the
same solution into the vessel by using a hand pump.
Meanwhile, the CH4 concentration in the residual gas phase
was increased by recovering pressure. By recovering pressure to
2 MPa three times, the system pressure achieved equilibrium,
and the maximum CH4 concentration was reached at 93.3%.
The results revealed that the CH4 concentration can be
improved by recovering pressure.

4. CONCLUSIONS

In this work, the effects of TBPO on the separation of CO2

from a CO2/CH4 (67.0 mol %) gas mixture had been studied
through experiments. The results showed that the content of
methane in residual gas was higher when the gas/liquid volume
ratio was decreased. The highest CH4 concentration in the
residual gas phase was increased from 67.0% to 89.6%, obtained
in 26 wt % TBPO aqueous solution with an initial gas/liquid
volume ratio of 2.23 by one stage hydrate separation at 287 K
and 2 MPa. The CH4 recovery was 0.91, and the CO2

separation factor was 17.01 by adding 5.0 wt % TBPO. By
recovering the pressure after the hydrate formation began
through the use of a hand pump, the residual gas in the vessel
continued to form hydrates; then the CH4 concentration in the
residual gas phase increased to the highest level of 93.3%.
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