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APPENDICES
Appendix A Preparation Of Piperazine Solution

From M = (g/Mw) x ( 1000V )

Mw = molecular weight of plﬁerazme (86.14 g/mol), V = volume of solvent (5 mL)
Piperazine was loaded into the activated carbon and silica gel adsorbent by adding
the activated carbon and silica gel into the piperazine solution for 2 hours stirring at

500 rpm.

Table AL Preparation of piperazine solution for the activated carbon

PZweight ()  Activated carbon weight (g) wt % Molar (M)

0.0231 1.0016 2.2543 0.0536
0.0540 1.0002 5.1224 0.1254
0.1014 1.0017 0.1923 0.2354
0.2030 1.0015 16.8535 04713

Table A2 Preparation of piperazine solution for the silica gel

PZ weight (g) Silica gel weight (g) wt % Molar (M)
0.0216 1.0007 2.1129 0.0502
0.0523 1.0023 4.9592 0.1214
0.1016 1.0003 9.2204 0.2359

0.2035 1.0032 16.8642 0.4725



Appendix B Piperazine Calibration Curve

Preparation of 0.35 M pi8erazine stock solution required
Piperazine 3.0152 ¢ in 100 mL ethanol solution
PrepaCrat\llon ch |2erazme concentration for calibration curve

Cl = the concentration of piperazine

V) = volume needed to prepare (10 mL),

¢ 2= concentration of stock solution (0.3500 M)

v 2= volume required to pipette

Table BL The preparation of piperazine concentration for the calibration curve

CixI0'3 (M) Vi (m) c2(M) v2(mL)
10 10 0.3500 0.0286
50 10 0.3500 0.1429
100 10 0.3500 0.2857
150 10 0.3500 04286
200 10 03500 05714
%50 10 0.3500 0.7143
300 10 0.3500 08571
500 10 0.3500 14286
700 10 0.3500 20000

900 10 0.3500 2.5114
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Calibration curve of piperazing standard Y- owsoszezs
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Figure BL The calibration curve of piperazine standard
Analysis of Piperazine by GC-FID

_After oven dry of the impregnated adsorbent, activated carbon was grinded.
The activated carbon or silica gel adsorbent was welghted to dissolve the piperazine
in 10 mL ethanol and in the final ethanol solution of 10 mL. Next, 10 injections of
samples were mLected. into the GC-FID to find the unknown concentration of
piperazine using the calibration curve from the equation y = 16.203x +2.2933; where

g = peak area of piperazine,
16203 = sensitivity,
2.2933 = Interception,

~and x_ = unknown piperazine concentration.

The weight of piperazine loading was calculated from M= (g/Mw) * ( looo/v )
M= unknown piperazine concentration .

x (obtained from the calibration curve equation)

molecular weight of Slperazme (86.14 g/mol)

volume of solvent (10 mL)

weight of piperazine loading

Mw
V

g
Weight of Adsorbent = Total weight - weight of piperazine

Piperazine loading (wt %) = — I -Weidht. ~viperazme——*100

Weight of adsorbent+piperazine
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Table B2 Samples of impregnated activated carbon; 10 wt % piperazine loading on
activated carbon

Sample weight — paa area PZ 4) PZV\IIct)%%ing
AC-PZ 10 0.02072 A46
A 02517

10,0255
w5y JU8S A%h
Actual PZ loading (wt %) 34491

Talble B3 Samples of impregnated silica gel; 30 wt % piperazine loading on silica
0e

Sampl(eg;/veight Peak area PZ (g) PZV\I/ct)%%ing
_ 0 004156 %.3112
SePzwos 05000 7sagmioos Q06 A3
SG-PZ 30 wt% 0.4202

goraga6r S0 B3
Actual PZ loading (wt %) 8.3254

PZ = 5average piperazine injections  SD,
Peak area = 5average peak area £ SD,

Actual Piperazine loading (Wt %) x = * (x1+ x2)

actual piperazine loading,

average piperazine loading of sample 1
., = average piperazing loading of sample2

X

x|
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Appendix ¢ Specification of Adsorbent and Equipment

Table Cl Specification of palm shell activated carbon

TECHNICAL SPECIFICATION

Product Granular activated palm shell based carbon

Grade PH5 12X40P

Test Method ASTM, Unless otherwise stated

Application Water purification, deodorization, decolourization,

dechlorination and removal of organic compound in water
PHYSICAL PROPERTIES ~ SPECIFICATION
Apparent density (g/cc) ~ min. 0.48
Moisture @ / ) (as max. 8

packed

Ash (% | ) (aspacked)  max. 5
pH 0-11
Surface area (m2g) min. 1150

Mass flow controller specifications:
* Model: GFC 17
o Flow range: 0- 100 %
Accuracg: 1.5 %
Repeatanility; 0.25 %
o Maximum Gas Pressure; 1000 psig
Brand: AALBORG
Rotameter specifications:
Model: PMR1-010266
Accuracg: +2 % FULL-SCALE
Repeatanility; 0.25 %
o Maximum Pressure; 200 psig
Brand: Cole-Parmer
Back pressure regulator specifications:
*  Model: GH30XTHAXXXG
o Sensitivity: 0.05 PSI (0.345 kPa)
o Ambient Temperature Range: -20°F to £150°F (-29°¢ to +66°C)
o Maximum Pressure: 125 psig
» Brand: Conoflow
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Appendix D Preparation for Standard Carbon Dioxide Concentration

Table DI Actual flow (mL/min) of carbon dioxide and nitrogen from mass flow
controllers by bubble flowmeter

Flow of CO: Actual Flow (mL/min) Average Actual Flow
(mL/min) Trial 1 Trial2 Trial 3 (mL/min)
5 135 136 135 135
10 21.3 21.6 214 214
15 28.3 284 284 284
20 39 3538 359 3.9
25 4.1 442 4.2 44.2
3 491 49.2 489 9.1
3 51.7 o1.7 579 578
40 63.3 634 63.4 634
45 712 114 114 713
50 80.7 810 8L1 80.9
55 859 85.7 86.0 859
60 910 913 90.8 910
65 99.6 100 100 9.9
10 105 106 107 106.0
6 113 114 114 1137
Flow of N2 Actual Flow (mL/min) Average Actual Flow
(mL/min) Trial 1 Trial 2 Trial 3 (mL/min)

[ 122 Vil 122 1217
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y=1.4213x +7.3152
R2=0.999

Actual Flow (mL/min)
(o))
o
o

0 10 20 30 40 50 60 70 80

CO, mass flow controller (mL/min)

Figure D1 Calibration curve of standard CO. concentration by bubble flowmeter.

Preparation for CO. adsorption at 15% CO: concentration and adsorbent

~After line cleaning-up, 1% of adsorbent was filled into a tubular flow
stainless steel adsorber column. The feed %as containing 15% CO. with a flow rate of
15 mL/min was allowed to flow into the packed bed adsorber to carry out the
experiment at atmospheric pressure (14.7 psi), 30 psi, 50 psi, and 70 psi at room
temqega_ture until the CO. concentrations of feed gas at the outlet of adsorber reaches
equilibrium.

Table D2 Adsorption data from Gas Chromatogram of pure activated carbon at
atmospheric pressure (14.7 psi) and room temperature

Time (min)  Peak area of CO.  Retention Time CA CalCo
0 0.00 - 0 0
3 0.00 - 0 0
6 16.73 125 0.2840635  0.618940066
9 114.84 115 13.8952412  0.926353150
12 12037 123 145643520  0.970960716
15 12071 115 14.6054908  0.973703315
18 121.20 123 146647791 0.977655885
2 12149 113 14.6998681  0.979995160

24 12146 123 146962382  0.979753166
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Table D2 (cont.) AdsorFtion data from Gas Chromatogram of pure activated carbon

at atmospheric pressure (14.7 psi) and room temperature

Time (min)  Peak area of CO.  Retention Time CA CACo
2 12171 115 147264874 - 0.981769783
3 121.49 123 14.6998681  0.979995160
3 121.98 113 147591564  0.983947729
3 12250 125 14.8220746  0.988142293
39 122,67 L17 14.8426440  0.989513592
42 122.87 125 14.8668433  0.991126886
45 12397 115 14.999939%5 1

Retention Time = time that carbon dioxide appear, Co = CO. concentrations of the
influent, < . = CO. concentration of effluent stream of the column

Table D3 Adsorption data from Gas Chromatogram of pure activated carbon at
pressure 30 psi and room temperature

Time (min)  Peak area of CO? ~ Retention Time CA CACo
0 0.00 0 0
3 0.00 0 0
6 64.20 127 78273591 0521823945
9 95.86 117 116873933 0.779159555
12 111.04 125 135381614 0902544095
15 116.86 117 14.2477445  0.949849630
18 120.22 125 14.6574006  0.977160042
2 12171 117 14.8390636  0.989270910
24 122.14 125 14.8914899  0.992765992
2 121.83 115 14.8536942  0.990246281
3 122.72 125 14.9622043  0.997480289
B 12244 117 14.9280663  0.995204422
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Table D3 gcont.) Adsorption data from Gas Chromatogram of pure activated carbon

at pressure 30 psi and room temperature

Time (min)  Peak area of CO.  Retention Time CA CACo
3 122,68 125 149573275 0.997155165
39 12259 115 14.9463546  0.996423637
42 12303 125 15 1

Table D4 Adsorption data from Gas Chromatogram of pure activated carbon at
pressure 50 psi and room temperature

Time (min)  Peak area of CO. ~ Retention Time Ca CACo
0 0.00 - 0 0
3 0.00 - 0 0
6 0.00 - 0 0
9 1371 128 16704641  0.111363821
12 54,02 L17 6.5819453 0438794574
15 12156 125 14.8112047  0.987409634
18 121.83 115 14.8441022 0989602794
il 12240 125 14.9135526  0.994232800
24 122.44 117 14.9184263  0.994557713
2 123,01 125 149878767 0999187718
3 12311 115 15.0000609 1
3 12303 125 149903135 0.999350175

R 122,61 115 14939139  0.995938592
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Table D5 Adsorption data from Gas Chromatogram of pure activated carbon at

pressure 70 psi and room temperature

Time (min)

0
3
6
9
2

Peak area of CO;
0.00
0.00
0.00
38.39
70.25
88.69
101.16
107.57
112.83
115.93
117.80
119.23
120.15
120,57
120.99
121.15
121.19
121.69

Retention Time

128
115
125
115
125
113
125
113
125
113
125
113
125
113
125

Ca

0

0

0
4.7320867
8.6592626
109322420
12.4693362
132594574
139078235
14.2899405
14.5204433
14.6967101
14.8101125
14.8618832
149136539
14.9333161
14.9383066
14.9999354

CACo
0

0

0
0.315473745
0.577286548
0.728819130
0.831292629
0.883967458
0.927192045
0.952666612
0.968033528
0.979784699
0.987344893
0.990796286
0.994247678
0.995562495
0.995891199

1

Table D6 Adsorption data from Gas Chromatogram of pure silica gel at atmospheric
pressure (14.7 psi) and room temperature

Time (min)

0
3
6
9
12

Peak area of CO;
0.00
88.42
12751
129.12
12951

Retention Time

143
135
142
133

CA

0
10.1026336
14.5692413
14.7531993
147977605

CalCo
0

0.673522243
0.971282154
0.983546618
0.986517367
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Table D6 (cont) Adsorption data from Gas Chromatogram of pure silica gel at
atmospheric pressure (14.7 psi) and room temperature

Time (min)  Peak area of CO;  Retention Time Ca CalCo
15 12981 140 14.8320384  0.983802559
18 131.28 133 15 1
2 130,61 142 14.9234461  0.994896405

Tahle D7 Adsorption data from Gas Chromatogram of pure silica gel at pressure 30
psi and room temperature

Time (min)  Peak area of CO.  Retention Time Ca CalCo
0 0.00 0 0
3 0.00 0 0
6 66.10 137 75210213 0501403322
9 105.45 143 11.9983615  0.799893803
12 121.31 133 138029515 0.920200258
15 126.28 142 14.3684504  0.957900326
18 128.15 133 145812236 0972085261
/il 129.27 143 14.7086600  0.980581051
24 130.35 133 14.8315451  0.988773420
21 130.92 142 148964011  0.993097171
30 131.83 133 14.9999431 1
3 131.25 142 149339493 0995600394

13176

133

149919783

0.999469013
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Table D8 Adsorption data from Gas Chromatogram of pure silica el at pressure 50
psi and room temperature

Time (min)

0
3
6
9
12
15

Peak area of CO:

0.00
0.00
0.00
90.76
11041
121.66
124.83
121 47
12185
128.56
128.30
128,61
129.09
12942
129.33
129.23

Retention Time

140
132
138
132
140
132
138
130
138
132
138
1.30
138

CA
0
0
0
105192397
12.7967084
14.1006027
14.4680111
147739917
14.8180343
14.9003245
14.8701901
14.9061196
14.9617524
15
14.9895689
149779787

CACo

0

0

0
0.701282646
0.853113893
0.940040179
0.964534075
0.984932777
0.987868954
0.993354968
0.991346005
0.993741307
0.997450162

1
0.999304590
0.998531912

Table D9 Adsorption data from Gas Chromatogram of pure silica gel at pressure 70
psi and room temperature

Time (min)

0
3
6
9
2
15

18

Peak area of CO:

0.00
0.00
0.00
80.72
97.90
112.67
118.62

Retention Time

137
125
135
125

Ca

0

0

0
9.2867004

CalCo

0

0

0
0.619113361

112632306  0.750882037
12.9855039  0.865/00261
13.6470318  0.909802117
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Table D9 (cont) Adsorption data from Gas Chromatogram of pure silica gel at
pressure 70 psi and room temperature

Time (min)  Peak area of co.  Retention Time CA CA/Co

21 121.56 1.35 13.9852738 0.932351588
24 123.55 1.25 14.2142199 0.947614665
27 125.42 1.35 14.4293603 0.961957355
30 126.32 1.27 145329038 0.968860255
33 126.93 1.37 14.6030833 0.973538886
36 128.11 1.28 14.7388403 0.982589354
39 128.18 1.38 147468937 0.983126246
42 128.61 1.28 14.7963645 0.986424298
45 128.84 1.37 14.8228256 0.988188372
48 129.36 1.28 14.8826507 0.992176714
51 129.43 1.38 14.8907041 0.992713606
54 130.32 1.30 149930971  0.999539807
57 130.38 1.38 15 1

60 130.35 1.30 14.9965486  0.999769903
63 129.95 1.38 14.9505292 0.996701948
66 129.33 1.30 14.8791993 0.991946618
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Adsorption-regeneration cycle

The column was first fed with 15% CO. at the constant pressure (e.g.
atmospheric pressure, 30 psi, 50 psi and 70 psi). The flow rate was kept at 15
mL/min. After the C02 concentrations of feed gas at the outlet of adsorber reached
equilibrium, the column pressure was released to the atmosphere, the adsorption bed
was then continuously regenerated by purging with 113 mL/min pure nitrogen at
atmospheric pressure and room temperature. When the chromatogram showed no
sign of CO. response. Then CO. adsorption was repeated and compared with the
previous adsorption.

table DIO Adsorption data from Gas Chromatogram of 3.45 wt % piperazine-
activated carbon at atmospheric pressure (14.7 psi) and room temperature

Time (min) Peak area of CO2  Retention Time CA CA/Co

0] 0.00 0] 0

3 0.00 0 0]

6 42.60 1.48 49646299  0.330976614
9 118.70 1.37 13.8333702  0.922228265
12 123.49 1.45 14.3915998 0.959443711
15 124.29 1.38 14.4848322 0.965659234
18 124.64 1.45 14.5256215 0.968378525
21 124.83 1.37 145477642 0.969854712
24 124.96 1.45 145629145 0.970864735
27 126.08 1.37 14.6934399 0.979566467
30 126.37 1.47 14.7272367 0.981819594
33 126.53 1.35 14.7458832  0.983062699
36 127.02 1.45 14.8029881  0.986869707
39 127.10 1.35 14.8123114  0.987491259
42 127.41 1.45 14.8484389 0.989899775
45 128.07 1.35 14.9253557  0.995027581
48 128.35 1.45 14.9579871  0.997203015
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Table DIO (cont) Adsorption data from Gas Chromatogram of 345 wt %
piperazine-activated carbon at atmospheric pressure (14.7 psi) and room temperature

Time (min)  Peak area of CO. ~ Retention Time CA CAC,
51 128.71 1.35 14.9999417 1
54 128.43 1.43 149673104 0.997824567

57 128.55 1.37 14.9812952  0.998756895

After purging pure N2 gas at atmospheric pressure, the CO2 regeneration
was repeated three consecutive test cycles.

Table D ” Regeneration data from Gas Chromatogram of regeneration cycle 1of
3.45 wt % piperazine-activated carbon at atmospheric pressure (14.7 psi) and room

temperature

Time (min)  Peak area of CO.  Retention Time CA CACo
0 0.00 0 0
3 0.00 0 0
6 52.91 1.47 6.4404221 0.429359734
9 116.80 1.40 14.2173749 0.947821148
12 119.26 1.47 145168162 0.967783819
15 119.56 1.40 14.5533334 0.970218291
18 118.20 1.47 14.3877886 0.959182017
21 119.88 1.42 14.5922851 0.972815061
24 123.01 1.47 149732816 0.998214721
27 123.15 1.40 14.9903229 0.999350808
30 123.23 1.45 15.0000609 1
33 123.05 1.40 149781505 0.998539317
36 123.28 1.47 15.0061471  1.000405745
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Table D12 Regeneration data from Gas Chromatogram of regeneration cycle 2 of
345 wt % piperazing-activated carbon at atmospheric pressure (14.7 psi) and room

temperature

Time (min)

© oo w O

12
15
18
21
24
27
30

Peak area of CO:

0.00
0.00
75.26
113.15
114.62
116.05
117.43
117.90
119.02
119.87
118.37

Retention Time

1.47
1.35
1.48
1.48
1.45
1.33
1.47
1.33
1.47

Ca
0

0
9.4177418
14.1591481
14.3430981
14.5220427
14.6947305
14.7535445
14.8936969
15.0000626
14.8123584

CACo

0

0
0.627846834
0.943939267
0.956202553
0.968132143
0.979644615
0.983565529
0.992908985

1
0.987486444

Table D13 Regeneration data from Gas Chromatogram of regeneration cycle s of
3.45 Wt % piperazing-activated carbon at atmospheric pressure (14.7 psi) and room

temperature

Time (min)

© o w O

15
18
21
24
27

Peak area of CO:

0.00
0.00
95.49
120.25
121.07
121.53
122.07
122.34
122.53
122.59

Retention Time

1.33
1.45
1.33
1.45
1.33
1.45
1.32
1.45

Ca
0

0
11.5121704
14.4972091
14.5960674
14.6515245
14.7166263
14.7491772
14.7720834
14.7793169

CalCo

0

0
0.767481112
0.966484488
0.973075068
0.976772223
0.981112361
0.983282431
0.984809516
0.985291754
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Table D13 (CONt.) Regeneration data from Gas Chromatogram of regeneration cycle
3 0f 345 1t % piperazing-activated carbon at atmospheric pressure (147 psi) and
room temperature

Time (min)

30

124.42

Peak area of CO2

Retention Time

1.33

Ca
14.9999397

CA/Co

Table D14 Adsorption data from Gas Chromatogram of s.45 wt % piperazine-
activated carbon at 3o psi and room temperature

Time (min) Peak area of CO2
0 0.00
3 0.00
6 0.00
9 50.03
12 75.79
15 98.77
18 107.10
21 115.19
24 117.34
27 118.60
30 119.60
33 120.45
36 120.90
39 121.42
42 122.45
45 121.40

was repeated for three consecutive test cycles at 30 psi.

Retention Time

1.25
1.28
1.25
1.28
1.23
1.28
1.23
1.28
1.25
1.28
1.23
1.28
1.25

6.1286490

9.2842355

12.0992736
13.1196942
14.1107150
14.3740889
145284383
14.6509377
14.7550623
14.8101871
14.8738868
15.0000613
14.8714368

0.408574929
0.618946509
0.806614945
0.874642711
0.940710494
0.958268681
0.968558595
0.976725194
0.983666803
0.987341772
0.991588403
1
0.991425071

After purging pure N. gas at atmospheric pressure, the CO. regeneration
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Table DI5 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
3.45 wt % piperazine-activated carbon at 30 psi and room temperature

Time (min)  Peak area of CO;  Retention Time CA CA/Co
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 57.23 1.50 6.8692761 0.457949908
12 92.18 1.32 11.0642997 0.737617028
15 107.88 1.47 12.9487595 0.863247180
18 118.19 1.33 14.1862615 0.945746980
21 122.50 1.48 14.7035877 0.980235257
24 122.79 1.33 14.7383962 0.982555814
27 124.26 1.47 14.9148392 0.994318637
30 124.97 1.33 15.0000600 1

Table D16 Regeneration data from Gas Chromatogram of regeneration cycle 2 of

3.45 Wt % piperazine-activated carbon at so psi and room temperature

Peak area of CO:

RetentionTime

Time (min) Ca CA/Co
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 65.96 1.27 7.9681082 0.531207216
12 83.31 1.30 10.0640251 0.670935008
15 114.12 1.15 13.7859386 0.919062576
18 118.37 1.28 14.2993477  0.953289845
21 119.98 1.13 14.4938391 0.966255939
24 120.98 1.28 14.6146412 0.974309415
27 121.70 1.15 147016188 0.980107917
30 123.09 1.30 14.8695337 0.991302247
33 124.17 1.15 15 1
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Table D17 Regeneration data from Gas Chromatogram of regeneration cycle 3 of
3.45 wt % piperazine-activated carbon at 30 psi and room temperature

Time (min) Peak area of CO2 Retention Time Ca CA/Co
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 72.35 1.50 8.7000962 0.580006413
12 101.29 1.33 12.1801347 0.812008979
15 115.83 1.47 13.9285714  0.928571429
18 119.16 1.33 14.3290043 0.955266955
21 121.70 1.47 14.6344396 0.975629309
24 122.86 1.33 14.7739298 0.984928652
27 123.20 1.47 14.8148148 0.987654321
30 123.61 1.33 14.8641174  0.990941158
33 123.89 1.47 14.8977874 0.993185827
36 124.74 1.32 15 1

Table D18 Adsorption data from Gas Chromatogram of s.4s Wt % piperazine-
activated carbon at so psi and room temperature

Time (min) Peak area of CO2 Retention Time Ca CA/Co
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 0.00 0 0]
12 76.33 1.18 9.3009370  0.620064988
15 91.57 1.28 11.1579563  0.743866775
18 104.94 1.18 12.7871130 0.852477661
21 111.17 1.28 13.5462488 0.903086921
24 114.83 1.15 13.9922259  0.932818847
27 117.38 1.27 14.3029476  0.953533713
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Table D18 (cont) Adsorption data from Gas Chromatogram of 345 wt %
piperazine-activated carbon at 50 psi and room temperature

Time (min) Peak area of CO2 Retention Time CA CalCo
30 120.88 117 147294284  0.981965882
33 122.69 1.28 149499799  0.996669375
36 123.10 118 149999391 1
39 122.59 1.28 149377947 0.995857027

After purging pure N2 gas at atmospheric pressure, the C02 regeneration
was repeated for three consecutive test cycles at 50 psi.

Table D19 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
3.45 wt % piperazine-activated carbon at 50 psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CalCo
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 0.00 | 0 0
12 16.57 143 8.9464522  0.596432466
15 99.18 145 115882085 0.772550241
18 11179 1.42 13.0615631  0.870774264
2 119.27 145 13.9355276  0.929038791
24 122.89 1.35 143584890  0.957236330
21 125.38 145 146494211  0.976631874
30 125.68 1.35 146844731  0.978968687
33 126.51 143 147814505  0.985433868
36 121.07 1.35 14.8468810  0.989795918
39 127.33 145 148772594  0.991821156
42 121.73 1.33 149239955  0.994936906

45

128.12

1.43

14.9695631

0.997974762
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Table D19 Scon_t.) Regeneration data from Gas Chromatogram of regeneration cycle
10f 3.45 wt % piperazine-activated carbon at 50 psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CA/Co
48 128.38 1.35 14.9999416 1

Table D20 Regeneration data from Gas Chromatogram of regeneration cycle 2 of
3.45 Wt % piperazine-activated carbon at so psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CalCo

0 0.00 0 0

3 0.00 , 0 0

6 0.00 0 0

9 0.00 . 0 0]

12 80.19 1.33 9.6847826  0.645652174
15 95.93 1.48 11.5857488 0.772383253
18 107.05 1.33 12.9287440 0.861916264
21 112.35 1.47 13.5688406 0.904589372
24 117.25 1.32 14.1606280 0.944041868
27 120.91 1.47 14.6026570 0.973510467
30 121.15 1.30 14.6316425 0.975442834
33 123.01 1.47 14.8562802 0.990418680
36 123.47 1.32 14.9118358 0.994122383
39 124.20 1.48 15 1

Table D21 Regeneration data from Gas Chromatogram of regeneration cycle s of
3.45 Wt % piperazing-activated carbon at so psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CalCo
0 0.00 : 0] 0
3 0.00 : 0] 0

6 0.00 : 0 0



6l

Table D21 gcon_t.) Regeneration data from Gas Chromatogram of regeneration cycle
3 0f 3.45 wt % piperazing-activated carbon at 50 psi and room temperature

Time (min) Peak area of CO2  Retention Time CA CA/Co
9 0.00 | 0 0
80.45 148 05327812  0.635516233
15 99.53 142 117936322 0.786239039

18 109.30 147 129513111 0.863417331
2 117.86 142 13.9656133  0.931037207
24 12151 147 143981136 0.959670443
21 12231 143 14.4929082  0.966190062
30 123.22 147 146007370  0.973378624
3 124.10 142 147050111  0.980330200
36 125.16 145 148300139  0.988703689
3 126.59 140 15.0000593 1

Table D22 Adsorption data from Gas Chromatogram of 3.45 wt % piperazine-
activated carbon at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time CA CA/Co
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 0.00 0 0
12 0.00 | 0 0
(K} 98.42 1.20 119055972 0.793709677
18 107.32 130 12.9822057  0.865433871
2 11240 1.20 13.5967194  0.906451613
24 116.50 128 140926851  0.939516129
21 118.98 1.20 143926839  0.959516129
30 119.68 130 144773610  0.965161290
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Table D22 (cont) Adsorption data from Gas Chromatogram of 345 wt %
piperazine-activated carbon at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time CA CA/Co
33 121.96 1.18 14.7531663  0.983548387
36 122.25 1.28 147882468 0.985887097
39 123.07 1.18 14.8874399  0.992500000
42 123.36 1.30 14.9225205 0.994838709
45 124.00 1.18 14.9999395 1
48 123.06 1.28 14.8862303 0.992419355

After purging pure N. gas at atmospheric pressure, the CO: regeneration
was repeated for three consecutive test cycles at 70 psi.

Table D23 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
3.45 wt % piperazine-activated carbon at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time CA CA/Co
0 0.00 0 0
3 0.00 0] 0
6 0.00 0] 0
9 0.00 0 0
12 74.99 1.50 8.9345073  0.595631454
15 88.01 1.50 10.4857446  0.699046863
18 99.01 1.35 11.7963137 0.786417792
21 107.88 1.48 12.8531090 0.856870532
24 115.02 1.48 13.7037875  0.913582208
27 118.51 1.33 14.1195954  0.941302621
30 120.91 1.47 14.4055378  0.960365369
33 123.98 1.47 14.7713057  0.984749802
36 125.46 1.33 14.9476368 0.996505163
39 125.72 1.22 14.9786139  0.998570294



Table D23

gcont.

) Regeneration data from Gas Chromatogram of regeneration cycle

10f 3.45 wt % piperazine-activated carbon at 70 psi and room temperature

Time (min)
42
45

Peak area of CO2
125.90
125.67

Retention Time
1.30
1.22

CA
15.0000596
14.9726568

CA/Co
|

0.998173153

Table D24 Regeneration data from Gas Chromatogram of regeneration cycle 2 of

3.45 wt % piperazine-activated carbon at 70 psi and room temperature

Time (min)
0
3
6
9
12
15
18

21
24
27
30
33
36
39
42
45

Peak area of CO2
0.00
0.00
0.00
0.00
66.30
90.99
103.11
111.93
116.26
118.03
120.12
122.64
123.62
124.57
125.37
124.84

Retention Time

1.20
1.30
1.18
1.28
1.17
1.27
1.18
1.28
1.17
1.27
1.18
1.28

CA

o O O

0
7.9325197
10.8865757
12.3366834
13.3919598
13.9100263
14.1217995
14.3718593
14.6733668
14.7906198
14.9042833
15
14.9365877

CA/C,

0

0

0

0
0.528834649
0.725771716
0.822445561
0.892797320
0.927335088
0.941453298
0.958123953
0.978224456
0.986041318
0.993618888

1
0.995772513



Table D25 Regeneration data from Gas Chromatogram of regeneration cycle 3 of

3.45 wt % piperazine-activated carbon at 70 psi and room temperature

Time (min)
0
3
6
9

12
15
18
A
24
21
30
3
36
3
42

Peak area of CO:

0.00

0.00

0.00

0.00

76.05
90.57
103.55
112.80
118.74
12174
124.06
125.09
126.30
121.39
12713

Retention Time

148
133
150
148
133
148
150
132
148
148
132

CA
0
0
0
0
8.9547493
10.6644530
121928244
132819951
139814193
14.3346639
14.6078397
147291203
14.8715956
14.9999411
14.9693266

CACo

0

0

0

0
0.596985635
0.710966324
0.812858152
0.885469817
0.932098281
0.955648010
0.973859800
0.981945207
0.991443598

1
0.997959023

Table D26 Adsorption data from Gas Chromatogram of 8.33 wt % piperazine-silica
0el at atmospheric pressure (14.7 psi) and room temperature

Time (min)

0
3
6
9
12
15
18
il

Peak area of CO:

0.00
0.00
0.00
113.62
113.90
117.67
11415
117.19

Retention Time

128
L17
128
L17
127

CA
0
0
0
14.5091591
14.5193570
14.9999363
145512257
14.9387485

CAC,

0

0

0
0.967261380
0.967961248
1.000000000
0.970085833
0.995920796



After purging pure N. gas at atmospheric pressure, the CO. regeneration
Was repeated three consecutive test cycles.

Table D27 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
8.33 wt % piperazine-silica gel at 14.7 psi and room temperature

Time (min)  Peak area of CO.  Retention Time Ca CACo
0 0.00 A 0 0
3 0.00 A 0 0
6 0.00 , 0 0
9 113.68 1.27 14.3935173  0.959567823
12 115.80 L1 146619397  0.977462649
15 118.47 1.27 15 1

Table D28 Regeneration data from Gas Chromatogram of regeneration cycle 2 of
8.33 wt % piperazine-silica gel at 14.7 psi and room temperature

Time (min)  Peak area of CO.  Retention Time CA CACo
0 0.00 - 0 0
3 0.00 - 0 0
6 0.00 - 0 0
9 11751 1.30 145158302 0.967718027
12 119.35 122 14.7431226 0982870790
15 120.20 132 14.8481217  0.989870708
18 12143 130 150000618 1
il 1214 1.20 1499759119 0999835296

Table D29 Regeneration data from Gas Chromatogram of regeneration cycle 3 of
8.33 wt % piperazine-silica gel at 14.7 psi and room temperature

Time (min) ~ Peak area of CO. ~ Retention Time Ca CACo
0 0.00 | 0 0
3 0.00 | 0 0
6 0.00 0 0



Table D29

3 0f8.33 wt % piperazine-silica gel at 14.7 psi and room temperature

Time (min)

R 5 K ©

Peak area of CO:

120.57
124.35
12452
124.84
12476

Retention Time

145
135
145
133
14T

CA

14.4368853
149410648
14.9614909
14.9999399
149903277

86

) Regeneration data from Gas Chromatogram of regeneration cycle

CACo

0.965796219
0.996074976
0.997436719

1.000000000

0.999359180

Table D30 Adsorption data from Gas Chromatogram of 8.33 wt % piperazine-silica

gel at 30 psi and room temperature

Time (min)

0
3
6
9
2
15

Peak area of CO:

0.00
0.00
0.00
2121
56.66
94.35
107.56
116.90
11743
12168
120.73
121.53

Retention Time

132
1.20
128
117
128
118
128
117
127

CA
0
0
0
3.348799%
6.9732810
116118789
132376651
14.3871611
14.4585431
15.0000615
14.8585283
14.9569862

CACo

0

0

0
0.223252319
0.464883492
0.774122087
0.882507384
0.959140138
0.963898917

1
0.990564489
0.997128323

After purging pure N2 gas at atmospheric pressure, the C02 regeneration
was repeated for three consecutive test cycles at 30 psi.



67

Table D31 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
8.33 wt % piperazine-silica gel at 30 psi and room temperature

Time (min)

0
3
6
9
iV
1
18

Peak area of COI
0.00
0.00
0.00
2858
67.38
101.33
116.33
120.14
122,92
124,00
125.10
126.68
124.20
12557

Retention Time

152
137
147
13
148
135
147
133
147
135
147

Ca

0

0

0
3.3841308
1.9784022
11.99838%
13.7745255
14.2256640
14.5548412
14.6821229
14.8129729
15.0000592
147064047
14.8686252

CalCo

0

0

0
0.225607831
0.531891380
0.799889486
0.918298074
0.948373856
0.970318914
0.976844332
0.987527629

1
0.980423114
0.991237765

Table D32 Regeneration data from Gas Chromatogram of regeneration cycle 2 of
8.33 wt % piperazine-silica gel at 30 psi and room temperature

Time (min)

0
3
6
9
2
15
18

il
24

Peak area of CO:

0.00

0.00

0.00

30.48
70.44
101.04
112.72
116.30
120.10

Retention Time

132
118
128
118
128
117

Ca

0

0

0
3.7170732
6.5902439
12321912
13.7463415
14.1829268
14.6463415

CalCo

0

0

0
0.247804878
0.572682927
0.821463415
0.916422764
0.945528455
0.976422164
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Table D32 Scont.) Regeneration data from Gas Chromatogram of regeneration cycle
2 0f 8.33 wt % piperazine-silica gel at 30 psi and room temperature

Time (min)  Peak area of CO.  Retention Time Ca CAC,
21 1212 1.2 14.7817073  0.985447154
30 12177 117 14.8500000  0.990000000
¢ 123.00 128 15.0000000 1
3 12141 117 14.8060976  0.987073171
39 122.94 127 14.9926829  0.999512195

Table D33 Regeneration data from Gas Chromatogram of regeneration cycle 3 of
8.33 wt % piperazine-silica gel at 30 psi and room temperature

Time (min)  Peak area of CO: = Retention Time CA CACo
0 0.00 0 0
3 0.00 0 0
6 0.00 . 0 0
9 3.3 150 38250978 0.255005518
12 86.34 135 102089319  0.680592779
15 108.44 147 128220590  0.854800568
18 120.03 133 141924728  0.946161123
2 12259 145 14.4951699  0.966340848
24 124,08 135 146713490  0.978086079
2 124,52 147 14.7233751  0.981554470
30 125.18 133 14.8014142  0.986757055
3 126.86 145 15.0000591 1
3 125.65 133 14.8569875  0.990461927

126.28

147

149314793

0.995426031
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Table D34 Adsorption data from Gas Chromatogram of 8.33 wt % piperazine-silica

gel at 50 psi and room temperature

Time (min)

0
3
6
9
12
15

Peak area of CO:

0.00
0.00
0.00
0.00
52.52
85.33
103.74
111.32
117
119.10
12187
122.98
123.23
12352
12414

Retention Time

1.20
128
118
128
118
128
118
128
117
128
118

CA
0
0
0
0
6.3460609
10.3105365
12.5350411
134509425
14.2303045
14.3910101
1471257129
14.8598357
14.8900435
14.9250846
15

CACo
0

0

0

0
0.423070721
0.687369099
0.835669406
0.896729499
0.948686966
0.959400677
0.98171419%
0.990655711
0.992669567
0.995005639

1

After purging pure N2 gas at atmospheric pressure, the C02 regeneration
was repeated for three consecutive test cycles at 50 psi.

Tahle D35 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
8.33 wt % piperazine-silica gel at 50 psi and room temperature

Time (min) Peak area of CO. Retention Time

0
3
6
9
12

15

0.00
0.00
0.00
0.00
43.65
99.16

1.20
118

CA
0
0
0
0

CACo
0
0
0
0

52930263  0.352869646
12.0242036  0.801616815



Table D35 gcont.
18 109.97
21 115.60
24 118.23
27 119.88
30 120.99
33 121.62
36 122.93
39 123.70
42 123.19

Table D36 Regeneration data from Gas Chromatogram of regeneration cycle 2 of

1.30
117
1.27
1.17
1.27
118
1.28
1.18
1.28

13.3350310
140177283
14.3366437
145367238
14.6713231
147477173
149065687
149999394
149380965

8.33 wt % piperazine-silica gel at 50 psi and room temperature

Time (min)
0
3
0
9

12
15
18
21
24
21
30
33
36
39

Peak area of CO:
0.00
0.00
0.00
0.00
71.26
96.24
109.81
118.77
121.87
123.25
124.76
126.50
127.59
125.59

Retention Time

1.50
1.35
147
1.33
145
1.33
147
1.33
145
1.35

CA
0
0
0
0

0.889005659
0.934518998
0.955780113
0.969118836
0.978092158
0.983185125
0.993775263
1
0.995877122

CalCo

0
0
0
0

0

t.) Regeneration data from Gas Chromatogram of regeneration cycle
10f 8.33 wt % piperazine-silica gel at 50 psi and room temperature

8.3776158
11.3143663
12.9097108
13.9630849
14.3275335
14.4897719
146672937
14.8718552
15
14.7648719

0.558507720
0.754291089
0.860647386
0.930872325
0.955168900
0.965984795
0.977819578
0.991457011
1
0.984324790



Table D36

cont.

2 0f 8.33 wt % piperazine-silica gel at 50 psi and room temperature

Time (min)

42

Peak area of CO:

126.07

Retention Time

147

Ca

a1

) Regeneration data from Gas Chromatogram of regeneration cycle

CACo

148213026  0.988086841

Tahle D37 Regeneration data from Gas Chromatogram of regeneration cycle 3 of
8.33 wt % piperazine-silica gel at 50 psi and room temperature

Time (min)

PREERQS o wo

21
30
3
36
3
42

Peak area of CO:

0.00
0.00
0.00
0.00
19.57
101.86
11213
12031
12.29
12431
125.03
125.75
12113
12551
125.54

Retention Time

148
135
147
135
147
135
147
133
147
135
147

0

0

0

0
0.3864582
120184536
132302101
14.1953677
14.4289878
14.6673274
14.7522802
14.8372329
15.0000590

14.8089153
14.8124550

CalCo

0

0

0

0
0.625894754
0.801227091
0.882010541
0.946354126
0.961926735
0.977817982
0.983481476
0.989144970
1.000000000
0.987257139
0.987493118

Table D38 Adsorption data from Gas Chromatogram of 8.33 wt % piperazine-silica
gel at 70 psi and room temperature

Time (min)  Peak area of CO.  Retention Time Ca CalCo
0 0.00 | 0 0
3 0.00 | 0 0
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Table D38 (cont) Adsorption data from Gas Chromatogram of 8.33 wt %
piperazine-silica gel at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CA/C,
6 0.00 0 0
9 0.00 0 0
12 0.00 | 0 0
15 55.55 1.30 6.7540457  0.450271541
18 79.82 117 9.7049132  0.646996839
2 97.14 1.30 11.8107651  0.787387533
24 107.04 113 13.0144565 0.867633947
21 112.35 1.28 13.6600727  0.910675205
30 117.00 113 142254429 0.948366702
3 118.99 1.28 144673970  0.964497041
36 119.95 112 145841186  0.972278512
39 121.28 1.27 14.7458266  0.983059090
42 123.31 112 149999392 1
45 121.69 1.30 147956764  0.986382427

After purging pure N. gas at atmospheric pressure, the CO. regeneration
was repeated for three consecutive test cycles at 70 ps.

Table D39 Regeneration data from Gas Chromatogram of regeneration cycle 1 of
8.33 wt % piperazine-silica gel at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CalCo
0 0.00 0 0
3 0.00 0 0
6 0.00 0 0
9 0.00 | 0 0
12 0.00 | 0 0
15 56.61 1.28 6.8768222  0.458454810



Table D39

Time (min)
18
21
24
27
30
33
36
39
42
45
48

93

gcon;.) Regeneration data from Gas Chromatogram of regeneration cycle
10f 8.33 wt % piperazine-silica gel at 70 psi and room temperature

Peak area of CO:
83.28
100.75
111.41
115.87
120.14
121.02
122.09
123.11
123.23
123.48
123.22

Retention Time
1.15
1.30
1.15
1.28
1.15
1.30
1.17
1.28
1.17
1.28
1.13

Ca
10.1166181

12.2388241
13.5337707
14.0755588
14.5942663
14.7011662
14.8311467
14.9550534
14.9696307
15
14.9684159

CalCo
0.674441205
0.815921607
0.902251377
0.938370586
0.972951085
0.980077745
0.988743116
0.997003563
0.997975381

1
0.997894396

Table D40 Regeneration data from Gas Chromatogram of regeneration cycle 2 of
8.33 wt % piperazine-silica gel at 70 psi and room temperature

Time (min)

© O Ww O

15
18
21
24
27
30

Peak area of CO2
0.00
0.00
0.00
0.00
0.00
78.54
92.42
101.93
109.63
113.91
118.28

Retention Time

1.48
1.35
1.47
1.32
1.47

1.33

Ca

o O o O

0
9.3625949
11.0172017
12.1508696
13.0687711
13.5789812
14.0999201

CalCo

0

0
0.624175475
0.734483032
0.810061193
0.871254867
0.905269014
0.939998410
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Table D40 gcon_t.) Regeneration data from Gas Chromatogram of regeneration cycle
2 0f 8.33 wt % piperazine-silica gel at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time CA CA/Co
33 121.23 1.47 14.4515837 0.963442740
36 121.99 1.33 14.5421817 0.969482635
39 124.07 1.45 14.7901343  0.986012874
42 125.83 1.33 14.9999404 1
45 125.10 1.45 14.9129186  0.994198522

Table D41 _Regeneration data from Gas Chromatogram of regeneration cycle 3 of
8.33 wt % piperazine-silica gel at 70 psi and room temperature

Time (min) Peak area of CO2  Retention Time Ca CA/Co
0 0.00 0 0]
3 0.00 0 0]
6 0.00 0 0]
9 0.00 0 0]
12 0.00 0 0]
15 83.76 1.47 9.8703747  0.658024982
18 96.79 1.35 11.4058449 0.760389661
21 106.26 1.47 12.5218006 0.834786708
24 111.85 1.33 13.1805326  0.878702176
27 117.79 1.47 13.8805091 0.925367272
30 120.92 1.35 14.2493519  0.949956792
33 122.81 1.47 14.4720716  0.964804776
36 125.06 1.33 14.7372142  0.982480949
39 125.33 1.47 14.7690313  0.984602090
42 125.86 1.35 14.8314872 0.988765810
45 127.29 1.47 15 1
48 127.03 1.33 14.9693613  0.997957420



Table D42 Summarized data obtained for CO2 adsorption

Adsorbent
Type

Pure AC

Pure SG

3.450t%
PZ-AC

8.33wt%
PZ-SG

Regenerati
on Cycle 1

3.45Wt%
PZ-AC
Regenerati
on Cycle 2
3.45wt%
PZ-AC
Regenerati
on Cycle 3
3.45Wt%
PZ-AC
Regenerati
on Cycle 1
8.33wt%
PZ-SG
Regenerati
on Cvcle 2
8.33wt%
PZ-SG

Weight

0

1.0024
1.0025
1.0015
1.0050
1.0050
1.0070
1.0020
1.0074
1,0004
1.0012
1.0005
1.0005
1.0015
1.0023
1.0002
1.0012
1.0004
1.0012
1.0005
1.0005
1.0004
1.0012
1.0005
1.0005
1.0004
1.0012
1.0005
1.0005
1.0015
1.0023
1.0002
1.0012
1.0015
1.0023
1.0002
1.0012

Adsorp  Flow  Molar flow
tion rate rate
T
147 150 6.13
3 150 1252
50 150 2087
10 150 29.22
147 150 6.13
3 148 1236
50 150 2087
10 150 2922
147 148 6.05
3 150 1252
50 148 2059
10 150 2922
147 148 6.05
3 148 12.36
50 148 2059
0 148 28.83
147 148 6.05
3 150 1252
50 148 2059
10 150 29.22
147 148 6.05
3 150 1252
50 148 2059
10 150 2922
147 148 6.05
3 150 1252
50 148 2059
10 150 2922
147 148 6.05
3 148 12.36
50 148 2059
10 148 28.83
147 148 6.05
Kl 148 12.36
50 148 20.59
10 148 28.83

ttot

4
)
30
ol
18
30
39
57
o
Y]
36
4
1)
2
42
¥
30
30
43
)
2
3
3
Y]
30
36
3
3
1)
3
3
4
18
3
3%
Y

(min)

min)

38.5256
347673
18.0454
37.8851
163110
22.8418
29.1230
46.0637
43.4650
30.0469
224535
29.6598
1.3057

14.3034
21.6329
24,0935
23.2342
19.3850
34.6248
216991
20.8567
224594
25,6862
217639
243549
26.1246
25.1540
25.0238
13111

20.5823
250739
216786
10.3214
20.8673
224842
249125

(min)

6.4744
1.2321
11.9546
131149
2.689
1.1582
9.211
10.9363
1535
11.9531
13.5465
15.3402
1.6943
12.6966
143671
17.9065
6.7658
10.615
133192
14.3009
6.1433
10.5406
133138
142361
5.6451
9.8754
13.246
139762
7.6889
4mn
13.9261
17.3214
16786
121321
135158
17,0875

Co

0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15

)

0.5943
13501
3.7368
5.7193
0.2462
13174
2.8984
47519
0.6838
2.2425
41822
6.7199
0.6975
2.3476
4.4368
1.7340
0.6140
1.9914
41293
6.2646
0.5575
19775
41103
6.2362
0.5123
1.8527
4.0906
6.1224
0.6970
2.291
4.3006
14813
0.6961
2.2434
41739
7.3804

%

ads
(%9/9)

26.1485
59.6257
164.4184
251.6419
10.8324
57.9653
1215294
209.3473
30.0872
98.6690
184.0147
2956738
306895
103.2960
195.2202
340.2976
21.0158
87.6234
1816878
275.6419
24,5301
87.0093
180.8537
274.3929
22.5408
815183
179,9867
269.3834
30.6680
101.0269
189.2219
329.1783
30.6269
98.7082
183.6527
324.7366



Retedl 105 W7 M8 66 B LT TE2 05 OGO
Colm N M8 L% B WD LKA 05 200
B o s Mg 25 % 23000 L2064 015 40I%

10012 70 148 28.83 4 28283 167164 015 73176

Molar flow rate = Molar flow rate =
Exami)le_ _ . .
Calculation of pure activated carbon at atmospheric pressure (14.7 psi)
The parameters were

* p = Pressure = 1atm = 101325 Pa

« V= Volume (15 m3. 106

o R = 831451 Paxm3xK'Ixmol

o T = Temperature (K)=25°c +273=298 K

» =pi1-1 )d .
fg ;nﬁtmchlometnc time determined from the breakthrough curve via MATLAB
software

PCOt
QﬂS . y

y gads— dynamic adsorption capacity (0.5943 mmol/g)
’ = molar flow rate (6.13 mol/min)xI0%

* (0 = 055

* Tq = 64744 mins

10024 g

%

30.4015
93.9846
176.5951
321.9740



The summary of the normalized CO. adsorption capacity

of pure activated carbon at atmospheric e ?ressure (14.7 psi)

sorption capacity (pmol/m2 g)

adsorption capamty (mmallg) 1000

Total surface area (m2/g)

. 1000
= 0.6422
Pure AC Impregnated AC
20-40 0-40
¢ area (m2g 9254 845.3
urface area (m20) 7195.8 121
urface area (ma2g 129.6 1183
/olume (cc/q) 0.439 0.399
olume (cc/g) . 0.073 0.073
re diameter”(A) 221 22.3
adsorptlon mmollg  pmol/im2g mmollg pmol/m2 g
14,7 0.594 0.6422 0.683 0.8089
3 1,351 14643 2.2425 2.6529
50 3.7368 4.0380 41822 4.9476
10 5.7193 6.1804 6.7199 1.9497

mmol/g

0.246

13174
2.8984
4.7579

Pure SG
230-300
557.3

5573

0.792
56.9 i
moi/m
: 0.4418 g
2 3639
5.2008
8.5374

Impregnated
p23q0_300
478.7

1787

0,675

56.4
mmol/lg  pn
0.697 :
2.3476 :
4.4363 (
17340 1



9%

CURRICULUM VITAE

Name: Mr. Danai Praekiat
Date of Birth: June 6, 1989
Nationality: Thai

University Education:
2008-2011  Bachelor Degree of Georesources Engineering, Faculty of
Engineer, Chulalongkorn University, Bangkok, Thailand

Work Experience (trainee):

2011 Position: Engineering trainee
Company name; ~ The Siam Cement Public Company
Limited
Proceeding:

L Praekiat, D., Saiwan, c., and Tontiwachwuthikul, p. (2014, April 22) Study of
Improving Carbon Dioxide Adsorption Capacity Using Adsorbents Impregnated
with Piperazine. Proceedings of the 5h Research Symposium on Petroleum,
Petrochemicals and Advanced Materials and the 20th PPC Symposium on
Petroleum. Petrochemicals, and Polymers, Bangkok, Thailand.

Presentation:

L Praekiat, D., Saiwan, c., and Tontiwachwuthikul, p. (2014, May 7-8) Carbon
Dioxide Adsorption Using Adsorbents Impregnated with Piperazine. Paper
presented at International Conference on Environment and Renewable Energy,
Paris, France.



Study of Improving Carbon Dioxide Adsorption Capacity Using Adsorbents
Impregnated Piperazine

Panai Praekiata, Chintana Saiwan *a, Paitoon Tontiwachwuthikulb

"The Petr_olel1m and Petrocht%mical College, Chulalongk?m University, Bangkok, Thailand
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ABSTRAC
The adsorptTlon of carbon dioxide ECOg% for the natural_gas 8roce,ssing %?Blication Was
performed with adsorbents modified with piperazine (PZJ, To optimize CO, adsorption
capacity, the effects o_f_adsori)tlon ressure, P Ioadmpq, and Iﬁ/ges of adsorbents (activated
carpon, or AC, ana silica gel, or SG) were studied. Piperazing, was |m%re nated” onto the
surface of AC and SG “adsorbents by the wet |mpre%nat|on method, The surface
mor holog of the unimpregnated and Impregnated adsorbents was characterized using a
surface aréa analyzer. The PZ loading was detected by a gas chromatogratp@/-fla e
lonization detectof. It was found that the maximum PZ l6ading on the AC and SG were
345 wt% and 8.33 wt%b, respectively, In the CO2adsorption and regeneration experiments,
the adsorbents were tested In a stainless steel reactor. The breaktnrough curves obtained
from the feed gas containing 15% CO:/N. with a flow rate of 15 mL/min were determined
by using a pas ch_romatograpr%-thermal conductivity detector. The effects of adsorption
pressure were carried outat 298 K at various pressures, 1. 14.7. 30, 50, and 70 psi. The
results showed that PZ impregnated on AC and_SG at Pressure 70 psi showed the highest
CO. adsarption capacity of 6.7 mmollg and 7.7 mmo lg, respectively. The efficiency  of
treeS eg;(['?etéon of the Impregnated adsorbents was more than 85 % during three consecutive

*Chintana.sa@ chula.ac.th

INTRODUCTIQN

Carbon dioxide 1s the main component ofgreenhouse ases among other greenhouse gases
due to Its abundance, which Is produced not only from Burning fosSil fuels, coal, oil, ndtural
gases, but also from the industrial sources, such as chemicals and. petrochemical
manufacturing. ExPIoratlon of effective methods to stahilize the atmospheric concentration
0f CO..1s an Urgent task of the world. Surrounding by different strategies proPosed for CO;
mitigation, carbon capture and storage (CCS) is recognlzed asa m%or techno og 0 reaice
the global emission of anthropogenic CO.. There dre various CO: capture tchnologies,
such” as cr O%G,HIC techniques, membrane purification, liquid absorption phenomena in
liquids and” solid adsorption. Among .these. technglogies, solid  adsorption” processes are
ﬁu ested to bealoromlsmg way that it avoids eﬂwgm nt corrosion, Iaree(iulﬁment Size,
10 energy cost In regeneration pronlems encountered by chemical absorption. Previqus
work studied on the TO, adsorption using activated cérbon modified with, piperazine
(Watana et al, 2013). In this work, the adsorbent will be impregnated with piperazine to
Improve the adsorption capau%. In order to utilize the full surface of the adsorbent with
maximum loading for maximurn adsorption capacity, it is recommended to choose a wider
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pore adsorbent to reduce the pore blockage. This study chooses silica gel and activated
carbon to be the adsorbents.

EXPERIMENTAL

A. Materials
nth?s stuay, two rypes of adsortients W %rnvestr%ted the fommercral activated carbon
which was granula actrvatedR m sheI ased. caroon sup Fre by CARBOKARN Co.,
Ltd, Thar and).. The other Is the commercial silica gel [r)ar icle size 230-400 mesh, pore
srze A technrcl raﬂe Was, purchased. fr}om %maAFrrcP Piper zrne nhlydrous %
grae > a molecular weignt o gmo Wa! tame fiom Melc
ha ol (AR girade 99 %) with a moIecuIar weight of 46:07 g/mol was obtained from RCI
Labscan Thailand

B. Experimental setup

Figure 1: Schematic tiow tiagram tor CO: adsorption.

In Figure 1 the outlet flow rate released from the gas cylinders is controlled by mass flow
controllers for line of 15 % CO./N; and line of pure Nz The 15% COZgassed through the
rotameter which the flow rate is adAusted to 15 mL/min determrnedb a ubble flow meter,
Before tes ing CO: adsorption In the adsorption column, the 15% CQ: gas was analyzed by
Pas G romatographx -thermal conductrvrty detector (GC-TCD) in comparrson With the
caftbration curve of CO, gas. The adsorption column was a tubular flow stainless steel
adsorber With an inner cell drameter of 4 mm, outer cell diameter of 6 mm, and 31 cm long,
It was ver ticall % oriented for the even distribution of adsorbent, In the top and bottom
cm of the column, the adsorbent was gacked and emplaced with ]glass wool to support the
adsorbent and covered with glass bead at the top layer, and the feed was running against
gravity. To mamtain a constant pressure of CO: gas, back pressure requlator was used. A
pressure gauge was used to monitor the column “pressure. The concentrations of product
stream were Tinally analyzed by a gas chromatograph.

C Preparation ofadsorbents
To obtain a dry cleaned and proper size activated carbon, a granular size activated carbon
was groundb mrIIrn% aar and, sieved to acquire a 20-40 mesi size followed by heating in a
c Oven 10r e h and kept in the desiccators at room temperature to avoidthe mofsture



effect. The constant mesh size was controlled throughout the experiments. For silica gel, it
was used without further pretreatment.

D. Preparation o fpiperazine impregnatjon onto adsorbents _
PZ in adsorpent was, #re ared ?P/ wet impregnation. The dry AC of 20-40 mesh Size waa
|mpreg0nated bg varying four different weq:ht percent of PZ, 2 wt %, 5wt %, 10wt %, an
(210 % 1Q the total weight of ads,?r?_ent %[ exzim%’e 2.t %, é).dz R of PZ crystals was
issolved in 5 mL of ethanol until finally dissolved then mixed with 10 g of AC. The
mixtures were mixed in a 50 mL beaker &t 500 rom using a magnetic bar on"a stirring hot
late (C-MAG HS10 |KA®, US,Ag for 2 h, after that it was filtéred using a suction umP.
e Pre nated PZ then was filtered to dry in the oven at 60 °c for 1 Vi h to completely
eliminate &thanol. The procedure was repeated for the preparation of the PZ im regnated
SG with 5wt %, 10wt %, and 20 wt %_.e. 0.05 ¢, 0.10 g, and 0.20 g of PZ The PZ-SG
was prepared with the same way as the PZ-AC.

E. Characterization ofadsorbents ) / , .
The pregared adsorbents were characterized by various techniques described as follows.
urface area analysis
Surface area analyzer (Autosorb-IMP, Quantahrome, USAa? was Used o analyze the
surface area of thé adsorbent and identify the effects before and after PZ loadingvia the
Impregnation methad. , :
. Degree ofplgerazme loading Evvt %) on lmi)regnated adsorbent ,
The impregnated AC was, crushed Tnto fing particles, and then the adsorbent was weighed
and dissolved in 10 mL of ethanol. The solution was heated at 60 ¢ and stirred at 250°rpm
for an hour to complete dissolution of PZ from the adsorbent, After 1h, the solution was
cooled to room temperature then the volume was made up to 10 mL with' ethangl. The fine
particle of adsorbent was filtered_using filter paﬂer No. 1 0.04 pL of the filtrate was
Injected using a 1 pL, syrln?e (SGC syringe) into the gas chromatography-flame ionizatign
detector (GC-FID) via heated injection port at 200 °C with the split. flow of 10 mL/min
helium carrier gas. The DB® -5 column with 053 mm id x L0 pm film thickness x 30 m
length was used to operate at an initial temperature of 50 °c, a ramp rate of 10 °c /min and
Isothermal temperature of 120 °c.

F. CO2adsorption-regeneration | _ _ _

In the CO. adsorption_and regeneration experiments, adsorbent was tested in a stainless
steel reactor. The conditions f0r each experiment performed were 15 mL/min of 15 % CO;
feed 9as flow at room temperature (25 °C). The effects of adsorption pressure were carried
out at'varioys pressures, 1.6, 14.7, 30, 50, and 70_psl. To obtain the adsorption capacity and
breakthrough curve for packed bed CO, adsorption, Rt®-Q-BOND column with 0.53 mm
id x 20 prt film thickness. x 30 m length was Used to operdte. at an isothermal temperature
B Cate . 1 i st s e Gl 100 0 b0t v

| ler gas. In typi : after i -Up, 10g¢ W

flﬂelé Into atuggfar %W stainless steeﬁ |golsorber,co umn aneg lﬁ’?lng,\%lth N; gas at 113
mLmin. Then, 15% C02of dry gas at 15 mL/min was allowed to ffow’ intg the packed be
adsorber to carry out the experiment at room temPerature and atmospheric pressure until
the C02 concentrations of feed gas at the outlet of the adsorber reached equilibrium. The



concentrations of COz in the downstream in terms of chromatogram were continuously
monitored usmg computer and WiniLab Il /4.6 program in the computer.
The dynamic adsorption capacity of the adsorbent (qads) was calculated by Eq. (1),

Where F (mol/min) is the total mol%r flow of fe?d 8as, 09 hs the CO, congentr tion of tRe
Inlet stream, _1S°the mass of solid adsorbent loadled in the column, an l%mln) 15 the
stoichiometric time which was determined from the breakthrough curve according to Eq
(2) via MATLAB software version 7.40.0.499 (Guerreero et al., 2010).

&’l“ueﬁfn Co and CAare the CO: corxntratlons of inflow and outflow gas stream of the
10 mvestlgate the regenerablllty effl,clenca/ of the adsorbent, adsorption-regeneration cycle
measurement were carried out. In this study, the column was first fed with"15% CQ: a the
constant J%ressure (e.0. atmospheric 2oressure 3 psi, 50 psi and 70 psi). The flow rate was
kept at 15 ml/min. “After the COZ concentrations of feed gas at the outlet of adsorper
reached equilibrium, the column pressure was released to the atmosphere, the adsorption
bed was then continuously regze erated by pur(rung with 113 mL/min pure nitrogen at
atmospheric pressure and room temperature until the chromatoqram showed no sign 0f CO:
response during. desorption. Then CO. adsorption was repedted and compared” with the
previous adsorption.

RESULTS AND DISCUSSION

A. Characterization Results _ o

10 understand the surface morpholog%/, surface_area analysis was aPphed in_order 10
distinguish. the changes of non-impregnated and impregnated adsorbent pore volume and
pore Size distribution

Impregnated activated carbon

Table 1. The surface area analysis of non-impregnated and impregnated activated carbon

Surface area (mg/g) Pore volume (cc/g) xIO'1 Average

Adsorbing Bed . . pore
Total Mesopore  Micropore Total Mesopore  MICropore  giameter(A)

Non-
|mpregnated 925.4 9015 8816 512 3.08 4.39 22.14
activated carbon
10wt %
Pjperazme - 845.3 864.9 803.3 4712 2.99 3.99 22.35
activated carbon

There is a decrease in the surface_area and pore volume of the micropare more than the
e 1). The decrease In the surface area could indicate that there
N

u
change In the mesopore_(Table 1). T _
was Some amount of PZ blocking in the micropore which resulted in the decrease in pore



volume. However, from the result it can be assumed that 10 wt % PZ was not totally loacled
into the pore site of the AC because there was only a small decrease In the pore volume of
the micropore and not even in the mesopore.

Impregnated silica gel

There s a decrease in the surface areg and pore volume of the non-impregnated and 30 wt
% PZ-SG, the pore properties arg listed In Table 2. The SG is_a tgplcal MESoporous
material. The tofal surface area and total pore volume of 30 wt % PZ-SG decrease because
of the Increase of the loading amount of PZ

Table 2. The surface area analysis of non-impregnated and impregnated silica gel

Mesopore Total pore Mesopore

. Total surface

Adsorbing Bed surface volume, volume,
area, (m2/Qg)

Average pore
diameter(A)

area, (m2/g) (cc/g)xI0™ (cc/g)xI0_1
Non-impregnated silica gel 557.3 8144 192 8.56 56.9
30 wt % piperazine -silica gel 478.7 715.2 6.75 1.33 56.4

The PZ loading was detected by a_gas chromatopraphy—flame jonization detector, A
calibration curve was done to determinie the concenfrationt of an unknown sample in the
adsorbent by comparing with PZ standards of known concentration. It was found that the
maximum PZ loagling on the AC and SG were 3.45 wt% and 8.33 wt%, resPectlveI . Due
10 the pore site of adsorbent, it can assume that the mesoporous structure of SG thét have
high pore volume and high pore diameter channel structure

B. Effects ofadsorF]tion pressure and breakthrough cun’e results _
Fiqure 2 shows the breakthrough curves of impregnated AC and impregnated SG at
different pressure and room temperature. The monitor displayed 0 % of CO, molecules in
the_beginning of the experiment as the CO. molecules were being fully adsorbed m/the
surfacé and the pore sites. When CO. molecules start to breakthrodgh out from the
adsorbent, CO, monitor would dlspla¥ values greater th 71 %@luntll the clirve was entering
Its Saturation stage as showing the S-shape and reaches G CURL at the equilibrium stage.
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Figure 2.(2) Breakthrough curve of impregnated_activated carbon and (o) Breakthrough
curve of impregnated silica gel at 14.7 psi, 30 psi, 50 psi, and 70 psi.



From the result ob ained, the adsor ron G acrtres of unrmpre7qlnated adsorbents at 14.7 psr

gsr and 70 psi were 0.5943 ? t 1368, and'5 rnmol gtorPureACh

02462 13174, 2.8982, and 4.75/9 mmolfy for e SG respectrve mpa ing with t

|mpre%nated adsorbents the adsoré)tron cagoacr ies at 147 RSI sr ana 70

Wwere mmoI ng wt / and 0

23476, 4 368 and 77340 mmoI/ for G, respectively. The unrmpregnated
adsorben rnr raI reached sa uratro stage because of the hmr ed active si es available. The
rprer%;nate adsorbent would take | onger time to reach of tesaturatron tage. Because the
dioxide molecules are attachéd to the available active sites by chemrsor tion
etween CC» and PZ molecules; therefore, at an elevating noressure the attractive foree
between the surface_ of the adsorbent and the caron droxrde olecules is Increasing. It was
observed that the CO. adsorption capacity of impregnated adsorbent increases with the
i Pue AC enhanced of PZ The hrea throudh times
AW T CO: increased with the Increase In
Redenl .45 WIhPZAC Bressure By comparing with, PZ-AC, the
_i_enlll3 Wit PZAC Z-SG restlts, showed"a rapid saturation
50 stage. This indicated that the microparous
aR?gem B33 WOPZSG 0f AC ructures have the hrgher available
s Regenl 8.33 wth PG actrve sites than mesoporous structure, of
NRegenll 8.3 wthh PZ: e CO. adsorption- regeneratron

N\N

N
i

ES
RTINS

NN AN X

Z I\ cces were shown N Figure 3 The
e 2 ] | efficiency regeneration — of  the
72 WK 72 S N 7 |mpre?nated AC was more than 85 % and

> y the e rcrencré of regeneration of the
was more than 9

e 3 The CO, adsorption capacity  |pregnated
(mgmoI/g) during threezconsecuPrve test c?/clesy during three consecutive test cycles

CONCLUSIONS
The adsorbents impre nated with PZ and the adsorption. pressure strongly impact on COz
adsorption capacity of the prepared adsorbents. The PZ impregnated AC and rm regnated
SG af pressure /0 sr exhrbrte the highest CO. adsorption capacity of 6.7 mmol gand77
mmol/g respectiy ?/ The efficiency. of re?eneratron of the Impregnated adsorlents was
more than 85 % during three consecttive test cycles
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