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OB BREYCoMCHLMRAS, ENAMATERRER Co.. T HERLE(TBABY EER K SWESE CO,
R—MFUSEEA. HATEARR TBAB KIFBIREE RSP, BERHA 50:50 B CH/CO, IBESKEWAE 277K M
5 MPa R THERSER CO,HMIBEIR. HREY, % TBAB KERFARKEN 0.79% M 1.57% B, KE¥WE
REFBFETKER IR . 2% TBAB FIRERN 0.79% F1291% B, SAHFEERN 0.42 mol, KTHE M TBAB /K
BRREFRG THRRNSEHERER. S68H, CO,2EMAIIESE TBAB KIEBIRERLLG, TRFE I BEN
TBAB IREBIEH CO, SAEMIE. EZWFHT, X TBAB KBRABIREN 1.57% B, HHRMH EHEE CO,

NERERET.
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CO; Removal from Simulated Biogas Using Semi-Clathrate Hydrates of Different
Concentration Tetra-n-Butyl Ammonium Bromide Aqueous Solutions
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Abstract: Semi-clathrate hydrates of tetra-n-butyl ammonium bromide (TBAB) offer potential solution for
CO, separation from biogas. In this work, binary CO,/CH, gas hydrate formation processes in different
concentration TBAB aqueous solutions were examined under 277 K and 5 MPa. The composition change in
residual gas phase is continually analyzed during the hydrate formation process, which showed “second
formation” phenomenon when the concentrations of the TBAB aqueous solution are 0.79% and 1.57%. The
maximum gas consumption is 0.42 mol with TBAB aqueous solution concentrations of 0.79% and 2.91%. CO,
separation factor is not proportional to TBAB solution concentration, and there is an optimum TBAB
concentration for CO, separation. When the TBAB aqueous solution concentration is 1.57%, the effective
reaction time is the shortest with the best CO, separation performance.
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F 30%~50% . EHFEESFIRAKNEES, £B CO,—R—NMUAHPREIER. £5HZREST CO,
M EEEARESES. FREE. WERBOE RIS %, BRAESLRFN TN, K&
HEHEEEETRRS S, FlnEFRE. Kk, BRAUESBAER/NE. Fik, ALEFR—
BRI TR T ENEFH R AL LB NS EEAR.

RRSKEMR—MELEHTBHERSELEY, FHEERBNSENZETRR TRKZEE
AT A A AR R RRTAKEHP. /KEWED BIRE S (HBGS-hydrate based gas separation) ] 25 4% Ji
HAF R ASFARSBEIHRK YR EXEARREC, B EaRE. EAOSFHERSER
KEMHSERTEEL S SERKEY, HERKEWHSABEESH, MHLHIRMASEILEMNS
KB E. KEWERE CO, FEHAKBESEEE, REEMNAKERNH#THE. B, KW
ERAESBEERTENHTEES KB ST CO, 4B, Xk FRKEMES BB+ CO, HHt
FKIBAXT LB . FRKEDESTE CO, MR MAE LM, FuREENS, KaRMERK,
CO, M ERBEANEE, FESEHNBRINFA BT IRX LEERIE.

PO T # AL (TBAB)R —FF4kEh, ENIFET Br B 5KEEHRELEEKEY, FRET TBA"
W UMEARZES THAKEY . TBAB BRARMNE FRREFEER, REERK CO/CHIBER
KEDMEIM T &M, BERSIZHEMFMSAZHEMAGNERR, Fik, €7 ERHEMAIMHAE
KEHE CO, S54RSS B, BEf%T TBAB FEEES A EHHNACEREHAIS, WMxT
TBAB 7E CH/CO, JB-&4 8 iy N F B A 51480 . Mohammadil' 3l & 7 AR [E] TBAB 3R (5%(wt)Fl
30%(wt))F CHy/CO, JB-& S (B/R L 60:40)FIAH-FHE %44, 4 RRFMFIKRER TBAB /KIBHE I AeH A%
1% CH, F1 CO, K AWM PE &A1 . BAIFE NS RIBF R T Ak R, TBAB KEBE R KB TR 1-
Z.5-3 PR B IR O SIS 25 ([BMIm]BF )+ TBAB 14 £ # CHL/CO, 18 &S (BE/R HL 67:33)/K G E BT B K
CO, I BERR, SRR, TBAB XK EWIES B CH/CO, IBAAF CO, HIRHIER, KA 1200 ppm
(#¥)[BMIm]BF, B &% 5 TBAB £&&1/E AL FERMFIR, CO, M BMRELF, KEWRPLESAMEH CH,
KEBRET AT 84%. REHFTLERYE, FIFH TBAB FBAKEWESE CHY/CO, BESHH
CO, BHATHY, (B2 HarMst R gD, Wi B ER—F TBAB /KBWIREF, H KB FAFK TBAB
TKIEWR BE X CHL/CO, B A SUK MBI ERITRE K CO, BRI M. FHHA S ESH AR RKRER
TBAB /KW CHy/CO, BESKEWHIERTIE, 44 TBAB IRESHESS/KEW A RS /1 241 &
CO, B RRIFLM, 54 TBAB KBEBIKRE S CO, S BMBHIKERR.

2 ;’:Eﬁ%ﬂﬁ Valve 6 Gas chromatograph Is)yz;ttz; Iz:lcquisition
SCIs 3 T

21 SERERIN D T =
S B 1 R % L% Equpment =

BEXEMSHER. AER. valve 1 Lot Valves : : |

A 2 35 BE 7K VA IR 45 40 = B Renctor bt P

. s (T} N

SRR KNS AR TR masamnl |

REWEERS, XA 316 b P

ANFENEI R, SRS AR ® o e

500 cm’, BAEZESIAN ] Vacuum pump z} Water bath

15 MPa, fi&%ﬁﬁrﬁ‘%ﬁ—“ ;‘ PC control

NEPRBIMRE , 7 LLE R Bl R EME

;:Fl % AF SO m% |j‘] H(J ;{jﬁ s, Fig.1 Schematic diagram of the experimental setup

RMENBRA Pt-100 B, 23 ENRNENSHURBHERRE, BEE I EBRBHREREN
+0.1 Ko RMZASMHRA EAERES, BUIHEARRN, EAERSHERN £0.01 MPa. RNE
WRAVEHHERE, RIDKGHRBEEFRBAmE S, UK SRER.
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SER BT R COo/CH, FIR &S AR R FH B4 CO4(99.99%)F 4l CHA(99.99%) A8 b 1 /i, — 3 I BE
IRECBYA 0.5/0.5, SAEMAET MITESE . BT KEMHERSESEERBNES T, Hi
WP RARESE, LHRENMNASTREMBRETRAIIE. [T &R (TBAB)RIEE LigiatEihy
HRAF, A HN>999%. FrHEEAHER=EH .

22 ZLWHEE

B, HREBRE AR TS5 BT R TBAB /KIFW, FIRWHRRNEFERRNT. REBRFE
554EHREE, THETE, SRMEAGEHETZ 10 min. FRNEEZARTFEEF-0.1 MPa i}, FH
R 250 mL BC B 47 H) TBAB KIBBBARPEN, FBEIGEITHESY S min, RFHTFFHSEIT,
ZER R, UHSESHXBLRFAF/EAR, FIHER, KARMT. BTHSKERESIERNENRE
B LF, B, #REENRFRRE. YRMNENSEE U LR ERERFEER, TR REE,
FIKEWMERBRI . ERPEES, SR — BN R ENSHA ST REM, ik
B RBZENSAHT CO, Ml CH, HIBE/RELH . RFERAAEHN 10 mL FIRFEE, RPGTREF I REY
140 mL(0.006 mol), AHX T RMAILEE SEFERY, BATUZRAT. RESES, RNERSE
RIBRE J Ik S1{E 2 i Agilent 3038 RAEA T REE.

23 SEHAEMNITHE

RIERMENSHERE U REAE, oTURASEREFET RN RNENHNSIEE,

VP
M=ot (1)

R, vRRMENSER GEAER, FLRPSEEFN 250 cm’s P ESHKES: TRSH
HIEEE; RESEER, R=83141(molK)"; ZEESHET, TLUE Pitzer's HFEPIHBEF).

REGEATHRE—Z ¢ B RS FHRIR SRR, W LLRE R RS, FHik, REEFENS
HET LB R NATRR SN SR E R, 5 n EERSE.

An; = ng —n; )
24 CO, 55 ERAY
RNTFNMKEWESBE CO, FIME, XEFENT CO,AMHFE R x, WRG)FR.
yo Ve, /J’coz,g
Yen, ¢ /;Vco2 "
KA you,, WRBIGHIETAF CH, KRB, yoo, s NRBLERIESAHF CO, BRG], yoy,, A
RBIRIGESAR S CHy KIBERELH], yoo,  ARBIIESA S CO, HIBE/RELG. = x > 1 B, ZIERE
CO, B3R, Hx{EBX, FEBRBIT.

€)

3 #ER5VHS

Bt AR R T B R, ARMREEI%ET, TBAB KBEBIIKEREEMNE CO/CH,RE
SKEWERKMTPEEM, X CO/CH,IBES/KEDHAERSEREHENL MR, MELHKER
H, CO,/CH, IBESKEWERFMFIT LT, HiREN 277 K B, CO/CH, B ES/KEYH T
MR 2.5 MPa. SERRRAF, EAKE/REK, AT RIKEGWRREER, i COo, 4B
B, ATPAESHERBHMTRIE, REHTKEWE COo,oEERE. Fitk, ERLRF, FN{Ed Co/CH, R
ARAKEYHITEER, ERABKKIES)HCKT 2.5 MPa). BEIREBEME/ %G, HIFRAE S MPa LK
277 K B, AR TBAB KEBIREX CO/CH, IBASKEYAE RS RENE M, HhRMENSERK
R EERAEREN 1R 1 B4 TEROZMERLRER LW EERA T TBABIKEM 0.05% #/20.0%
B, CO/CH,BES/KEMAERSIEE . SEHEEER CO,MABRE. NT LR, £ 1H5
HTHFANEBEERGTHKT CO/CH,BESMLERER. AR 1 HITUEE, SEEEER CO,»E
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1 SCIE4& Pe3
Z¥3tES TBAB HIRERTE ® 1 XBEHRER
Table 1 Experimental conditions and results
an ﬁZ‘E_‘/I\%1iEg TBAB %‘{ Runs  TBAB mass concentration/ %  Ang/mol  ycp,, Ycoye X t,/ min
EHEASANERERR CO, 1 0.05% 0.43 68.84 3116 221 54
2 0.1% 0.33 7022 2978 2.36 49
DEMBEGF. 3 TBAB /KiF 3 0.2% 040 7139 2861  2.50 47
. 4 0.4% 0.41 7201 2799 261 43
BRBIREN 157% B, CO, 5 0.79% 042 7231 2769 258 41
s 579 ) 73. 26.7 274 37
sERMEE. AN TBAR ¢ L PR
B Y 3 b B 2 8 4.76% 0.36 7112 2888 246 40
7'k, R L BN A R AR 9 741% 0.34 71.04 2896 245 44
e VKRG 10 9.09% 0.33 69.48 3052 228 47
CO,/CH, B &R K &YW
3 _ 1 13.04 0.30 69.19 3081 224 49
W&, ERFENZHIEE CO, 12 16.67% 020  60.58 3942 154 20
M43 B AR 13 20.00% 0.15 5817 4183 139 16

Note: Ang: gas consumption after hydrate formation completed, ycn, s: CH4 gas ratio in gas
s {~ ]
3.1 7k%%i’ﬁﬂ$£ P-T Qﬂﬂ phase after hydrate formation, yco,,¢: CO> gas ratio in gas phase after hydrate formation, x: CO;

IR TEKEY RN separation factor, ¢: efficient reaction time

AT, LREEHETT 1h, EXAEEBA, FrARER TBAB KEWBERY, COYCHyBESK
AV E R R AR T 5 B . T AR TBAB /KW CO, & CH, MK &I P& &85 B A H .,
Hik, ZEARK TBAB KBEBRKREGBRT, BEASKEGYHERSEREBRRKXA . %4 TBAB KERK
m 0.79% M 1.57% B, KEVWERIBREEFERKHBNEALE, XRAERNKEWEE KK
BHRANR. MEERKN TBAB IRERRPHFRRIEXNINE. AT EER, F3X5H57)%EI TBAB
WEN 1.57% R 4.76% BB RFKEMERSRER P-T BERELE, W HKEWERTEF R
MR, WE 2~ ARBFKED ZRERTE, RNFHE, RNENKBRERELAZ 2784K
M, RETHE, ERHBATUEHRNEANSHEA THENEEZE. SEETERZE2BRKE, K
HATHEBEER, KREKEY-RER, W, REENREEHREAZ 2784 K, FHHRRET KL 5 min
JEF BB TR, XNKEMH ZIRERRZ R TERESKEVHERIES, FEFRRKKERNR
PatfE. E%, TBAB SKRMARFERKEY, HEFEIEREKEEHELERKEMEN,
TBA" FHE FEARKG FHENKEMES, R, KESMAEEHHEN TBAB KERF, EEKEY.
HR, 5SS CO M CH: B 5RM, HARKEMERLENT, BRRIBESKEW. BT KEWKAE
SRR B R S, FEXBHE AN BK A AERSETUSHRAGABRERN EA. HERTE
WER TBAB /KEWAR TR EREBLIMRELE, XHALERLTH TBAB KBERIKREX EIHN, KEW
AR SEEFERLEET, TBAB FEEKEW K CO/CHIRESKEWILVFERN R, HiE
BRI AR, REVEMNEKX S, MAEAFHENZKEARE, W0E 20)FiR.

277.0 281.0 55

276.8 (a) 1.57% TBAB aqueous solution 4.0 280.5| (b) 4.76% TBAB aqueous solution

276.6F ~o-temperature 135 280.0 o >0
M 27641 -e- pressure ~ M temperature B
~ ~ 2795} ~e— pressure las
g 2762 30 § o 5
3 = 2 2190} <
& 27538 “oos,_ o, 2 g 2783 v g
8 o 20 & g 2780 £
& 2756} oo, 179 & = o 135 &

2754} \%N Is 2715} -

2752 L . L L L 277.0 3.0

0 10 20 30 40 50 60 0 60

Time / min
B2 AFEWRE TBAB /KB H, COYCH.BES KA LRI P-T B
Fig.2 P-T profiles during hydrate formation in 1.57% and 4.76% TBAB aqueous solutions

FEZAMNRHFRTRELEBT TBAB KAV BREH ST RKENNBERNEH AR, Br
ABTESE5KEMETHEE, BLEREKESHRERIKEWEN. TKEWKERIE K
BEKENENERZIRUREEZEY FHAKEMERLE. 2L TBAB IRERILA, TBAB MR
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BRKEYHFEREHRILLE /N, TBAB /KAWL EPES) A RHMFER, mbuk&d
ETHMBEER, TKEWERRRMREABKBHEE, FERKEDERNSHHBERZ SRR —EH
RE, REAHETHRESSREHFNKENEUEMERBESKEY, BT TBA" HET HHEKE
VIERI B R LR, KAV AR RIS, NTIEEEREEFR EF . 24 TBAB IREE bR,
TBAB MBS UKEWHMFERE, FRKEVEREERENERNFZSTER. ELRFMS
T, BEAEWSHIHEK, KEWEREMERN RN KR CO/CH RESESERMNERKEY,
R REEFREREZ RN, TUASKEDERIEPREE ZKEARR.

32 S@HER 0.5

TBAB {EA—F NI AT LA COy/CH, BES oal
KEWRIA TG RAF, T A R A K& 3 Em
7. FR, Br BT LS 5KEMER LT g
&, T TBA" BT LUEAZKAEME, KiH g 02
EWLHMK S W E R R AR, B3 g o1
AR EREE TBAB KBB4 R K& B REHS 00lf

IRIEFER T, 24 TBAB FIRE N 0.79% F12.91%
F, SEHEEEN 042 mol, KX TFH'E TBAB /KB B3 AREWKE TBAB ABBT CHJ/CO, BE NS
WEXETHRAHEER. XIMERERHENY TBAB Fig.3 Gas consumption in different concentration TBAB
AREBARIL)S 0.79% 1 2.91% W, TBA'HERHIHE 0 0.05% -o;g;:ouscs)(ﬂzg‘g:/:ym:m 0.40% A 0.79%
RKEYR BRI 2 BIAE X D>, T CO,/CHy 1R AL15T% V291% V4T6% OT41%  9.09%
EREFRESFEHEEMNEHLARE . R, £X ¥ 13.04% K 16.67% x20.00%
TBAB IREZM T, BEE T CO/CH, AERKEY. 24 TBAB KBEBRIREN 20.00%E, KEVIHFEER
A, RA 015 mol. XEZH T TBAB KEHRIKEEHA, HREMEEIKEWER, HET TBA"
T RERKEYE, FEit, S4A&TSERKEVERNRRLD, SERAEEERERK. RN, @38
3E[CARA, KEMAERSENSEEEREVIER 30 min AR, £REKVIENBRSEE L
BA, REMSBSEKEVWRNF. 80% U EMAIHEZREXNMBREKEYMRIEFE. EEE
RLHIHEAT, KEYRBDEFBRE/N, SAATHFEE LM KRR,
3.3 SH% CO/CH, S kR BT

MBRERSH 5B CO, MRA B 2R CH,, WADSAHFH CO,. B 4 HAFKRE TBAB K&
BIERN, KEVMRFIEES CO, F CH, Bifp SURTE S A S LI ZR 4k . FIHER CO, 71 CH, AIEE/R
LA 50/50, fEBEE R BKIFF MG, CO, BE/RILFIPUEMER, CH, LBIRREIFARE. X&HT CO, MERE
BRI KT CH, FIBRIE, MEAIBHATAR, AR TS S5KHAEEM, #8880 Co, ik

75
50
" (b) CO, gas compositions

70+ i
. St sl ]
> 60§ o 2351 KR

5518 4 30

50 a 1 i 1 1 L 1 25 I I 1 i L 1 I

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time / min Time / min

B4 KEWERTESA P CH, # CO, MIAE/REL BN
Fig.4 Molar ratio changes of CH, and CO; during hydrate formation
o 0.05%TBAB 00.10% TBAB A 020%TBAB V 040% TBAB < 0.79% TBAB < 1.57%TBAB [ 2.91% TBAB
% 4.76% TBAB ® 7.41% TBAB + 9.09% TBAB x 13.04% TBAB * 16.67% TBAB A 20.00% TBAB
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BETBR . BN, EHERNEE T, COKEMNATEEHERT CHLKEMHHETFEES, B
b, ERMMSEREET, CO,KEMRMUENETAT CH KEWRERS) /1. XFMHERILRE
FIS$8 CO, K& RFHEEERT CH,, 12{F CO, ZEVBM BARIKBHFE, SARP CH, & 2R
. 10 min J5, CO,Fl CH, KISt #EERZERIZFHSE /N, 40 min J5 & HH G P EEAR R EEN,
CO, s BT R W

UTBABKBHIRE N1.57%E, KERMERE, SHPCHLIARERS, COMKERIK, 75
H73.24% F1 26.76%. UTBABKEWKIIWKE N16.67% F120.00% B, CO.MSBERRELEZE, KER
MEERE, CHMCO,MEE/R LBIAR N, A CH, K EE/R EL il 43 51 560.58% F158.17%. XAER
WH, UTBABKEWIREBIL —E GG, BIRAEHE MEIKCO,/CHIR A K EWERK SV T4
%Ak, AR, HTLERKEWERSEFTBA S T KEN/KEWE, BHCO,M BT G HiAE R
A, [FBCO,Z5KEMMBRKREMK, AMHITETCOAEMEES. FHit, MTFARMRMF s
HAAE—NBENTBABKBRIRE, EXMRET, KEWESTBECOMBREE.

R, ML RATUEH, B TBAB KEBMKREX CO, REAN D BEXRRALW, HEXN CO,
SHEARP R SARHES TURER AKX,

34 BYRRAIE %2 FF TBAB KERREKR FALREAYR FATE R PR R
7"3 TE i HhF ~ Table 2 Efficient re.acti(‘))n times and mean rea_ction rates in ditjferent syster;;sm01 —
TE K 2 W v 4 B o. _TBAB aqueous concentration/%  Ang/mol  #/min___ Mean reaction rate X 10 .
coL R, e 2 or6 0n o6
NT—AEMRE 4 00 a4 095
AL xREEs oz oy i:??
HSEEEHEEM 7 2.91 0.42 49 0.86
EhkgzE F T4 02 07
ot 0 3 o
KEYW R MNFLE, 12 16.67 0.20 20 1.00
Etﬂa‘%)‘(yg o El]ZK 13 20.00 0.15 16 0.94
EYRBIF RN ). S AR R, T T o *
RRENNENELTR, EARRENTHROBE 3 At &
(APmin” VAT 0.1 MPa b, WA KA MERERLR, 5 o f 1%
B SE SR ) o 6 BV ORI, K] TBAB 5 1% -
KBS T 1 105 2 . £ 20
A EME, BRI, I S R, o Ofv\‘“\ 19
LR RREEN, o RMIRRRAER = ¢ 5 10 15 20 2
Beb, HAEHREL f EIHE TR AS R TRAB concenions 16
RIRGER, CO, FEMBENE. HRBHRRBMA 1 A K“’f"i’ﬁﬁ;;;f;‘;ffﬂﬂ"@ TBAB
55 KHEFERT I HER HKE KRR TF 8 SA R Fig.5 Profiles of efficient reaction time and mean reaction
% , E[] E}Zy}]}iﬁﬁg R }}}\i‘% 2 1:':1 E{]-H— ﬁ%%m‘ U\E‘ Hj , rate as a function of TBAB aqueous solution concentration

2 TBAB KEWH A 1.57% Bf, {64 37 min, T SAHEFEER 0.41 mol, XK FKE R R
WREEEERK, A 1L1Ix107 mol-min™ EXMRERMET, REEKSWHAER, CO, N BHRER
. Bk, INMERTUEBE-EMBREENZET, HREIKREAN 1.57%K TBAB KEBBEEAX
43 B8 BE SR HLABI R 50/50 F COL/CH, IB-A S Ak .

MAEHERERE, BT CO,MERBER, ¥AMEESETEEA, kxR ESEE
Lok, XERAREEBSNSE ELHEE—CHRRE, X Co,MIBEMRER, B CHHAEHR
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K, TZEE, ERKSWEREST KN AZER.

4 &

WA T AEWRER TBAB /KIERH CO,/CH B G /KEWHIERTRE, it tLE 2477 TBAB /K%
BREXRE K EWAERS R RHAE, HEKAYRNERFTHSAEEE, FKEMRRG
SAEH CO, K CH, RI4H 53 BEIRLWBIHEAT T 347 . LR 45 SRR B TBAB /KIS IR B B E K AW
HERGERE, FELRHTAK 5MPa X 277K WEAHT, SEEEER CO, B AHHIES TBAB HIKESR
B, FFERER TBAB KBBIKEMRE CO, BB RIT. X TBAB /KFHIREN 0.79% F 1.57%
B, KEVRFIBEPHFEZIKERINR . FIT, 2 TBAB FIIREN 0.79% 1 2.91% B, SIEHEER
5042 mol, KTHEREBEARRTHSEBHEEE. X TBABIKERN 1.57%K, K& RITFERTERA %
R (8] 4T 37 min, BLRRLES AT CO, MR LB B S . 4765 18, &4 TBAB KBBIKEN 1.57%
B, KB R FLIE RS REER, REH BT &, K& RMEHRESH T CH, KR ILEIA 73.24%,
CO, BE/RELHI N 26.76%, CO, 7B RN 2.74, /KEWE CO, T BEHRBIEE . X/ TBAB HIREIK
EREERKEWIES B CO, FIN R, Fik, 758485tttk TBAB /KIFBIRERMHET
A[E COo/CH, BEIR Lu il AN RR R F1 44 R K & 4ik CO, B RIS T AL, RIBAER CO, 25
k.

FESiiER:

ng — SRE/RE, mol yeo, — T CO, HEER LB
Ang  — SR, mol you, — AR CH, RIEE/R EL A
P — KMES, MPa z — EHHEF

R — SEEH, R=8.314JmolK! TiF

f — R BB 1] 0 — WIS %)

T — SAEE, K f — REIYIGEE S

14 — RMEASBRTSEOEE, o’ g — RFERESM

x — COSBHNBAY t — tBf%
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