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Coal bed methane is an emerging and prosperous  
unconventional energy source, encompassing highly 
variable (10–70%) mole fractions of methane gas 
along with other higher hydrocarbon and non-
hydrocarbon gases. The gas pressure at the source is 
typically low, posing technical constraints in the gas 
separation process. In particular, separation of  
methane gas from this source is a topic of wider scien-
tific interest. The present study demonstrates the abil-
ity of hydrate-based technology in trapping methane 
gas, in nitrogen (N2) + methane (CH4) gas mixture, us-
ing tetrahydrofuran (THF)-based hydrate-forming 
system at lower operating pressures (1.0 MPa). It is 
observed that the gas trapping is efficient and rapid. 
All the experiments were conducted at non-stirred 
condition, which is technically easy to achieve. Mole 
fraction of CH4 was increased in proportion with N2, 
and it was found that methane gas uptake capacity in 
hydrate cages, increased progressively with increasing 
CH4 concentration. Gas uptake kinetics was also 
found to be extremely fast and 90% of the gas con-
sumed in hydrates within 50–60 min from hydrate  
nucleation. 
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COAL bed methane (CBM) is an unconventional resource 
for natural gas often associated with coal1. The amount of 
methane buried in the coal mines worldwide is estimated 
to be of the order of 240  1013 m3, and this rich resource 
is available in the top 2000 m of the earth’s interior2.  
The Indian share is around 18.27  109 from degree-III 
coal mines3–5. In India, all underground coal mines are 
categorized into three degrees depending on emission 
rates of methane gas. In degrees-I and -II, it is less than 
1 m3/t and 1–10 m3/t respectively, while degree-III is a 
gassy mine and methane gas emissions could be higher 
(>10 m3/t)3. Methane is one of the prominent causes of 
underground gas explosion accidents in coal mining. It is 
vital for us to utilize this natural resource passably and 
properly. Currently, most extracted CBM is mixed with 
air because of the exploitation technology limitations and 
reservoir-forming conditions. This CBM has a relatively 

low content of CH4, usually ranging from 10 mol% to 
45 mol%. However, in order to supply as chemical raw 
stock or feed gas in the pipeline network of natural gas, 
CH4 content in CBM must be higher than 80% (refs 6–8). 
The potential explosion after mixing CH4 with air results 
in tremendous difficulty and risk to process and separate 
the CBM−air mixture. Consequently, this kind of air-
mixed CBM is generally vented to the air directly. Being 
a greenhouse gas, typically 28 times more effective than 
CO2, emission of CH4 into the atmosphere is of great 
concern. The global annual discharge of CH4 from CBM 
alone is in the range 372–604  108 m3 (ref. 9). The cur-
rent focus on CBM is on providing safe mining opera-
tions, utilization of methane as an unconventional energy 
source and mitigate its effect on the environment. In the 
past this progression of interests provided a vehicle for 
research, investigations that led to CBM becoming a sig-
nificant part of the energy resource and a target for explo-
ration and development worldwide10. This would 
augment growing energy needs and lessen the depend-
ency on conventional energy sources. Therefore, research 
on methods in utilizing air-mixed CBM is highly signifi-
cant and demanding. It could efficiently mitigate the 
problem of global warming and utilize natural resources 
more effectively. 
 Gas hydrate-based gas separation (GHBS) is one of the 
most appropriate and attractive approaches to separate 
CH4 from air-mixed CBM11. Gas hydrates are non-
stoichiometric solid compounds, formed by encasing 
smaller gas (guest) molecules within the polyhedral cages 
of hydrogen-bonded water (host) molecules, under fa-
vourable temperature and pressure conditions12. Hydrate 
separation technology is based on the differences in the 
composition of the residual gas phase and solid (hydrate) 
phase after the mixed gas hydrate formation13,14. With 
advantages such as mild experimental conditions, concise 
technological process, and low energy consumption hy-
drate separation technology has attracted great attention 
over the past few decades and has been widely applied to 
separate various gas mixtures. For example, separation of 
CO2 from fuel gas via hydrates formation14–16. Since the  
hydration reactions and subsequent separation processes 
are conducted in the presence of water, the humid condi-
tion can effectively prevent CH4 from explosion. Thus, 
hydrate separation technology is suitable to separate 
CBM−air mixtures17. 
 Though the actual air-mixed CBM contains a mixture 
of CH4, N2 and O2, the O2 content is far less than CH4 and 
N2 content. Furthermore, the O2 hydrate formation condi-
tions are close to that of N2. Thus, practically air-mixed 
CBM could be treated as a mixture containing only CH4 
and N2. Estimated formation pressures at 277 K, for  
CH4–H2O (sI) and N2–H2O (sII) hydrates are 3.83 and 
23.92 MPa respectively12. Such high formation pressures 
for hydrates demand a high level of safety and cost in the 
experimental set-up and the separation process, restricting 
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the extensive application of hydrate separation techno-
logy. Therefore, it is necessary to use appropriate hydrate 
thermodynamics promoter to decrease the formation pres-
sure of CH4 and N2 hydrates. 
 Tetrahydrofuran (THF) is the best among all kinetic 
and thermodynamic promoters for methane hydrate for-
mation. It can significantly reduce the formation pressure 
of gas hydrates18,19. For example, the formation pressure 
condition for CH4 hydrate is 3.83 MPa at 277 K, but in 
the presence of 6 mol% THF hydrate formation pressure 
condition is reduced to 0.13 MPa at 277 K. Similarly, for 
N2 gas with 5 mol% THF, the hydrate formation condi-
tion is reduced to 2.46 MPa at 284.75 K (ref. 20). Also, 
the hydrate formation is fast (~50–60 min), even under 
rapid cooling in non-stirred or stirred conditions21–25. 
Therefore, usage of thermodynamic promoters such as 
THF eliminates the requirement of high-pressure vessels, 
hence the capital and operational cost for adopting gas 
hydrate technology for gas separations. The present study 
deals with hydrate formation in aq-THF with gas mixture, 
particularly, at lower operating pressures (~1.0 MPa)  
under non-stirred configuration. Such experiments illus-
trate the ability of methane gas trapping, in the form of 
hydrates, using analogous air-mixed CBM gas. 
 The experimental procedure has been described in an 
earlier study which was conducted under isochoric condi-
tions23. The stoichiometric 5.88 mol% THF was taken to 
prepare the aqueous solution. The vessel was flushed with 
feed gas (gas mixture) to remove atmospheric gases. The 
required amount of nitrogen + methane gas mixture was 
filled into the experimental vessel to 1.0 MPa at ambient 
temperature (~298 K). The reactor vessel temperature 
was rapidly decreased by circulating the cold fluid, since 
high sub-cooling and driving force play a major role in 
hydrate crystallization. The P–T (pressure–temperature)  
 
 

 
 

Figure 1. Pressure and temperature variations observed in the hydrate 
reactor vessel as a function of time. The reactor temperature was  
decreased/increased rapidly by setting the recirculating chiller bath flu-
id to –15C and 25C. Rapid decrease and increase of reactor pressure 
respectively, indicates the hydrate formation and dissociation. 

profile was recorded at fixed time-intervals. A sudden 
pressure drop was observed due to gas consumption in 
the hydrate cages. Within 1–2 h, 90% of the total con-
sumption occurred. Then, the reactor vessel was warmed 
up to 300 K to ensure complete hydrate dissociation and 
recovery of consumed gas. Figure 1 shows the complete 
process of hydrate formation and dissociation. The proc-
ess was repeated 2–3 times to ensure the reproducibility 
and reusability of aqueous THF solutions. The content of 
gas (mol) in hydrate phase during the experiment at time 
t, is defined by the following equation 
 
 nH, t = ng,0 – ng,t = (P0V/Z0RT0) – (PtV/ZtRTt), (1) 
 
where Z is the compressibility factor calculated by the 
Peng–Robinson equation of state. The gas volume (V) 
was assumed as constant during the experiments, i.e. the 
volume changes due to phase transitions were neglected. 
ng,0 and ng,t represent the number of mol of feed  
(methane) gas at hydrate onset point (zero time) and in 
the gas phase at any other time t respectively. R is for 
universal gas constant and T is temperature. 
 The gas consumption rate was computed using forward 
differentiation by the following equation 
 
 Gas uptake rate = (ni + t – ni)/t, (2) 
 
where t is the fixed time interval and ni is the content of 
gas at ith minute. 
 The hydrate-forming system consisting of H2O + 
THF + CH4/N2 crystallizes into sII hydrates with unit cell 
composition of 16(CH4/N2)8(THF)136H2O. The THF 
and gas (CH4/N2) molecules are caged in 51264 and 512 
cages respectively. Figure 2 shows the pressure–tempe-
rature trajectory of two extreme gas compositions (i.e.  
 

 
 

Figure 2. Observed pressure–temperature trajectories for water–
THF–N2 (black)/CH4 (grey) system. Solid symbols represent the cool-
ing cycle in the hydrate-formation process, while the dissociation be-
haviour is shown by open symbols. Grey-coloured curves (1 and 2) are 
the computed phase boundary curves adopted from the literature18,24 for 
the H2O + THF + CH4/N2 system. (*) indicates the lower detection limit 
for the pressure transducer (A10). 
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Table 1. Observations on the hydrate onset point, gas uptake and rate of gas consumption at different feed gas  
 concentrations 

Feed gas Hydrate onset point Gas uptake Rate 
 

XCH4 XN2 Temperature (K) Pressure (MPa) mmol/mol H2O Error mmol/mol H2O/min 
 

0 1 278 0.92 3.30 0.57 0.06 
0.11 0.89 278 0.89 3.52 0.05 0.11 
0.27 0.73 279 0.93 4.86 0.43 0.11 
0.38 0.62 279 0.91 5.26 0.18 0.17 
0.5 0.5 278 1.03 6.99 0.70 0.17 
0.75 0.25 278 0.98 9.02 0.01 0.23 
0.89 0.11 280 0.93 9.59 0.32 0.23 
1 0 280 0.96 10.34 0.14 0.28 

 
 
100% N2 and CH4) during cooling (formation–filled sym-
bols) and thawing (dissociation–open symbols) cycles at 
1.0 MPa. Table 1 shows gas composition in the feed,  
hydrate onset temperature and pressure, and gas con-
sumption and uptake rate during hydrate formation. It is 
evident that gas hydrates are formed in both cases and the 
onset temperature of hydrate formation is ~278 K and 
~280 K. In isochroric conditions, the observed pressure 
drop is proportional to the gas uptake in hydrates and it is 
relatively less in the system with nitrogen gas. The gas 
consumption is 3.29 mmol/mol H2O with 0.09 mol (XN2

 = 
1.0) of N2 (feed) gas, while the same with 0.09 mol 
(XCH4

 = 1.0) of CH4 feed gas is 10.34 mmol/mol H2O.  
Interestingly, all these experiments were conducted with 
identical feed gas pressures and fixed amount of aq-THF 
solution; and thus there will not be too much variation in 
the driving force. In fact, the driving force for the CH4 
system at hydrate onset temperature (280 K) is 0.76 MPa. 
Observed pressure drop upon hydrate formation is maxi-
mum in this system and drops to zero, indicating that the 
residual gas pressure is less than detection limit (0.8 bar) 
of the transducer (indicate by * in Figure 2). Observed 
hydrate conversion under such conditions is 2.82% and 
8.84% respectively. The hydrate conversion is obtained 
by dividing gas uptake (mol/mol H2O) with 0.117 (mol/ 
mol H2O; the theoretical maximum assuming full 512 cage 
occupancy in sII system). Such small amounts of hydrate 
conversion in aq-THF system are not unusual, because 
the 512 cage-occupancy factor depends on pressure. 
 All the experiments were conducted with rapid cooling 
and warming cycles by setting fluid bath temperatures 
accordingly in order to exploit the potential of gas trap-
ping in aq-THF-based hydrate system. Thus a measurable 
deviation of dissociation pressure and temperature from 
ideal phase boundary curve is expected. In fact, as shown 
in Figure 2, the final dissociation point is shifted to about 
3–4 K higher than the phase boundary curve. Usually gas 
hydrate dissociation experiments are conducted at slow 
warming (~0.1 h–1). However, we conducted both cool-
ing and thawing cycles at a rapid rate to minimize the 
process time. We also observed 5–8% increase in gas  

uptake in experiments conducted at a slower rate. The 
phase boundary curve, shown as a grey-coloured line in 
Figure 2, for aq-THF + CH4 system is adopted from 
Yoon26, while that for aq-THF + N2 system is the ex-
trapolation of literature data points20. All the experiments 
were repeated at least three times to estimate the gas  
uptake/release due to hydrate formation/dissociation. As 
shown in Figure 1, the hydrate formation and dissociation 
is rapid and typically the time required for completion is 
about 1–1.5 h. Therefore, multi-stage gas separation is 
possible to effectively trap constituents of CBM gas. 
 Figure 3 shows the gas uptake in hydrate formed with 
CH4 + N2 gas mixtures. The feed gas composition is sys-
tematically varied and we observe at least three times  
increase in the gas consumption by increasing the CH4 
content in the feed gas mixture. The gas consumption in 
two extreme cases, i.e. with 100% N2 (0.09 mol) and 
100% CH4 (0.09 mol) respectively, is 26.68 and 
83.69 mmol. With the addition of CH4 gas, total gas  
uptake during the hydrate formation process systematically 
increases from 28.49 mmol (XN2 = 0.9 and XCH4 = 0.1) to 
77.56 mmol (XN2 = 0.1 and XCH4 = 0.9). For better com-
parison, all experiments were conducted with about 
~0.09 mol of feed gas resulting in an initial pressure of 
~1.0 MPa. Similar experiments have been carried out ear-
lier by Sun et al.27 using CH4–N2 gas mixtures with dif-
ferent CH4 compositions in 6 mol% THF solution in 
stirred reactor. They also reported an increase in CH4 
fraction in hydrates by increasing CH4 composition in the 
feed gas. 
 Zhao et al.28 have also reported a decrease in the gas 
separation factor from 9.5451 to 7.1834 upon increasing 
the reaction pressure from 0.3 to 1.0 MPa in CBM gas 
mixture consisting of N2 + O2 + CH4 (XN2 = 0.6473, 
XO2 = 0.1812 and XCH4 = 0.1645). Experimental condi-
tions adopted in the present study are conducive for 
N2/CH4 molecules to occupy vacant 512 cages of sII. Fur-
thermore, our earlier results show that gas uptake, in  
hydrates passes through a maximum when the amount of 
aq-THF solution is around 185 ml (ref. 23). Steady  
increase in gas uptake at higher mole fractions of CH4  
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gas indicates that CH4 is a preferential cage occupant. 
Therefore, gas uptake increases progressively with CH4 
gas mole fraction. 
 As already mentioned, we conducted all experiments 
under non-stirred and isochoric conditions, which are 
simple and easily adaptable methodologies in large-scale 
gas separation apparatus. Earlier studies on methane gas 
separations in CBM under lower pressure (up to 1.3 MPa) 
used stirred, spray and gas bubbling-type reactors27–29. 
 Another important aspect of methane separation is the 
kinetics of hydrate formation. Figure 4 shows the gas  
uptake (mmol/mol H2O) values in the first 2 h duration 
from onset of hydrate nucleation in various N2/CH4 gas 
mixtures. Figure 5 shows the maximum gas uptake value 
obtained from forward difference model with 10 min 
steps using eq. (2). It is evident that maximum gas uptake  
 

 
 

Figure 3. Observed gas uptake values in various gas mixtures of  
nitrogen and methane. All the experiments were conducted with identi-
cal initial gas pressure (1.0 MPa) and 185 ml of aq-THF solution. 

 
 

 
 

Figure 4. Kinetics of gas uptake in the hydrate formation using 
CH4 + N2 gas mixtures in aq-THF solution. The mole fraction (%) of a 
gas mixture is shown along each curve. 

is in methane-rich systems. The formation rate also shows 
a systematic increase with increasing CH4 content in the 
gas mixture (Figure 5). 
 As shown Figure 4, gas uptake in hydrates is rather 
rapid in the first 40–50 min and thereafter, it is slower in 
gas mixtures. The t90–95% (time taken for 90%–95% of 
maximum gas uptake) point in all these cases is only 
about 75–90 min. Similar formation kinetics has been  
reported earlier in aq-THF + CH4 system at moderate 
pressures23–25. Thus, the process is really fast and under 
such conditions one could consider a sequential gas sepa-
ration process, namely the gas obtained from hydrate  
dissociation of first-stage filters could be utilized as feed 
gas for the next-stage filters. Using such an arrangement, 
one can easily enrich the methane gas content in CBM 
gas mixtures. 
 

 
 

Figure 5. Maximum rate of gas uptake during the hydrate formation 
process in CH4 + N2 gas mixtures. 

 
 

 
 

Figure 6. Characteristic Raman band of N2 and CH4 gases at various 
stages, namely in feed (A) and residual (B) gas during hydrate forma-
tion process. Also shown are the specific signatures of the gas constitu-
ents after hydrate dissociation (C). (Inset) Fraction of CH4 and N2 gases 
at stage B and stage C (see text for details). 
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 Gas chromatography is possibly a direct and easy me-
thod for quantification of CBM gas mixtures. Alterna-
tively, we used micro-Raman spectroscopy to probe 
relative variations (qualitative) in the gas mixtures at 
various stages of hydrate formation30. We obtained  
Raman signatures of feed gas (before hydrate formation – 
stage A), the gas equlibration stage (residual gas in  
vapour phase after hydrate formation – stage B) and  
finally at stage C after depressurization and hydrate dis-
sociation. Figure 6 shows the Raman signatures obtained 
for N2 and CH4 gas constituents at these stages. Experi-
mental variables like laser power and pressure of the gas 
cell, etc. were kept constant for all the measurements. 
The description and peak-fitting procedure is discussed in 
an earlier study31. The resultant histograms shown as  
inset in Figure 6, represent the gas fraction at each stage. 
The gas fraction is calculated as the arithmetic difference 
in peak area at B and A, divided by peak area at A. It is 
clearly seen from the inset that methane gas content is 
considerably decreased at stage B and it shows an incre-
ment at stage C. On the other hand, opposite signatures 
are observed for nitrogen gas. These observations cor-
roborate that methane gas is a more preferred guest mole-
cule over for nitrogen in filling vacant 512 cages at lower 
operating pressures. 
 In summary, the present study demonstrates the feasi-
bility of utilizing gas hydrate-based separation process to 
separate methane gas from CBM gas mixtures using stio-
chemetric aq-THF solution. The experimental conditions 
utilized, namely non-stirrired and isochoric conditions, 
operating at 1.0 MPa initial pressure are less technology-
demanding and easily adaptable in scale-up process. The 
main advantage of aq-THF in the hydrate formation could 
be utilized in designing a gas separation system for  
air-mixed CBM gas. Such a system will serve the duel 
purpose of utilizing precious energy, gas and also a con-
siderable reduction in greenhouse gas effect. The present 
study is a proof-of-concept for showing increased meth-
ane molecular trapping in vacant 512 cages of sII over  
nitrogen molecules in the air-mixed CBM. 
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Identification of bovine viral diarrhoea  
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Although bovine viral diarrhoea virus (BVDV) is pre-
valent in Indian cattle causing economic losses in  
cattle farming, its detection in bull semen has not yet 
been reported. Following passage of raw bull semen 
(n = 4) on MDBK cells, testing for BVDV was done by 
antigen ELISA and real-time RT-PCR. BVDV type-2 

(BVDV-2) was identified in three samples from south-
ern India by real-time RT-PCR. Genetic typing of the 
5-UTR sequences classified all the three BVDV 
strains as BVDV-2a subtype. These were found ge-
netically closely related to the strains from USA, but  
divergent from the BVDV-2a strains from northern 
India. Phylogenetic analysis of Npro sequences con-
firmed the findings. The results provide evidence of 
circulation of BVDV-2a strains in southern India. The 
detection of BVDV in bull semen from India high-
lights the importance of mandatory testing of breed-
ing bulls and bull semen for BVDV to minimize the 
risk of BVDV transmission. 
 
Keywords: Bovine viral diarrhoea, bull semen, genetic 
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BOVINE viral diarrhoea (BVD) is prevalent worldwide 
and causes substantial economic losses in cattle farming. 
Bovine viral diarrhoea virus (BVDV), belonging to the 
genus Pestivirus in the family Flaviviridae is the causa-
tive agent of BVD. The Pestivirus genus consists of four 
recognized species, bovine viral diarrhoea virus type-1 
(BVDV-1), BNDV type-2 (BVDV-2), border disease  
virus (BDV) and classical swine fever virus (CSFV)1. 
The BVDV genome consists of a single stranded RNA of 
positive polarity and is about 12.3 kb in length. A single-
open reading frame, flanked by 5- and 3-untranslated 
regions (UTRs) is translated first into a polyprotein and is 
then cleaved into four structural proteins (C, Erns, E1 and 
E2) and seven to eight non-structural proteins (Npro, p7, 
NS2-3, NS4A, NS4B, NS5A and NS5B)2. Sequence 
analysis of the 5-UTR has been commonly used for  
Pestivirus diagnosis and classification3–5. Besides, Npro 
and E2 regions of the genome are useful for detail phy-
logenetic analysis3,4. 
 Direct or sexual contact with persistently infected (PI) 
cattle is the major mode of BVDV transmission. How-
ever, transmission may also occur through acutely  
infected animals, artificial insemination (AI), contaminated  
veterinary equipment and biologicals6. BVDV infection 
in bulls may result in acute infection, persistent infection 
and prolonged testicular infection or persistent testicular 
infection (PTI)7,8. Semen from transiently infected bulls 
can transmit BVDV infection and virus can be detected 
up to 28 days in such bulls7. In contrast, concentration of 
BVDV in both raw and extended semen of PI bulls re-
mains high and semen from PI bulls consistently infects 
susceptible animals9. PTI develops following acute 
BVDV infection where bulls become nonviraemic and  
seropositive, but BVDV is detected in semen or testicular 
tissue and extended cryopreserved semen from such bulls 
can infect seronegative cows through AI10,11. Hence,  
semen should be tested negative for BVDV prior to its 
distribution for AI. 
 BVD is prevalent in India, and BVDV-1, BVDV-2 and 
BVDV-3 have been detected in cattle5,12,13. However, 


