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Adsorption Equilibrium of the Mixture CH4 + N2 + Hs on Activated

Carbon

Qin Wu," Li Zhou,*" Jiaquan Wu," and Yaping Zhou*

High Pressure Adsorption Laboratory (State Key Laboratory of Chemical Engineering), School of Chemical
Engineering and Technology, and Department of Chemistry, School of Science, Tianjin University,

Tianjin 300072, China

Adsorption equilibrium data of the mixture CHy + N3 + Hy on activated carbon JX101 were collected
with a dynamic method for the temperature range 283 K to 313 K. Since the critical temperature of the
components is much lower than the temperature tested, this set of data was used to test the applicability
of the available prediction models for the condition of above-critical temperatures. Some models rely on
the adsorption data of pure components; therefore, the adsorption isotherms of pure CHy, N5, and Hy on
the same carbon were also collected. Six prediction models were tested. They are the extended Langmuir
(EL) model, the loading ratio correlation (LRC) model, the ideal adsorption solution theory (IAST), the
Flory—Huggins vacancy solution model (FHVSM), the model based on micropore size distribution and
the extended Langmuir equation (MPSD—EL), and the model based on micropore size distribution and
the ideal adsorption solution theory (MPSD—IAST). The performance of a model was valued with the
average relative discrepancy between the experimental data and the model-predicted values.

Introduction

Multicomponent adsorption data are necessary informa-
tion for designing a separation process based on adsorp-
tion.! Experimental collection of the adsorption equilibrium
data of a mixture is a very tedious and time-consuming
process. Therefore, it is preferable to estimate the multi-
component adsorption equilibrium on the basis of the
adsorption isotherms of pure components. While a number
of models have been developed for this purpose, prediction
of the multicomponent adsorption remains a challenge. It
becomes even more difficult if the mixture is at the
supercritical condition. The prediction of multicomponent
adsorption equilibrium will significantly affect the predic-
tion of multicomponent sorption kinetics. Any error in the
former would cause a large error in the latter.? Adsorption
is an efficient tool in dealing with separation problems of
gas mixtures composed of small molecules. Because the
critical temperature of such gases is low, the mixture is
usually supercritical at the temperature of engineering
interest. Therefore, appropriate selection of the model is
important. The applicability of the models available in the
literature was tested with the experimental data of the
supercritical mixture presently. The models tested include
the following: (1) the extended Langmuir (EL) model, (2)
the loading ratio correlation (LRC) model,?~5 (3) the ideal
adsorption solution theory (IAST) of Myers and Prausnitz,®
(4) the Flory—Huggins vacancy solution model (FHVSM),”?
(5) the model based on micropore size distribution and the
extended Langmuir equation (MPSD—EL),10-13 and (6) the
model based on micropore size distribution and the ideal
adsorption solution theory (MPSD—IAST).14:15
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Experimental Section

Apparatus and Materials. Activated carbon JX101
(Tangshan Activated Carbon Company, China) with a
particle size of 0.35 mm to 0.45 mm and a bulk density of
0.45 g/mL was used for the adsorbent. The sample was
characterized on the basis of the adsorption isotherm of
COy at 273 K, which was collected on a volumetric setup.
The details of the apparatus were previously described.16:17
This apparatus has been used for many other studies, and
it was used for collecting the adsorption isotherms of pure
components presently. The carbon sample has a surface
area of 1500 m2/g. The micropore volume is 0.5 mL/g, and
the total pore volume is 0.52 mL/g. High purity methane
(=299.99%), nitrogen (=99.999%), and hydrogen (=99.999%)
were used as the adsorptives. The experimental conditions
covered a temperature range of 283 K to 313 K. The
pressure range was 0 to 1 MPa for the measurements of
pure component adsorption and 0 to 0.6 MPa for the
measurements of mixture adsorption.

The basic methods of collecting multicomponent adsorp-
tion data applied in the literature are the following: (1)
the volumetric method,'® (2) the gravimetric method, (3)
the open flow method including the differential adsorption
bed (DAB) method,!320 and (4) the dynamic adsorption
method.?! Each method has some advantages and disad-
vantages. The dynamic method was selected in the present
work. This method is just to collect breakthrough curves.
It needs less time to reach equilibrium for supercritical
gases and is especially convenient for the experimental
condition of invariable pressure or invariable concentration.
The measurement result can be directly presented in a
figure.

All constraints for the dynamic method* to correctly yield
the equilibrium data were carefully considered and satis-
fied.22 The experimental apparatus is schematically shown
in Chart 1. The adsorber is a stainless steel tube of a 250
mm length and 12 mm i.d. It was immersed in the water
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Chart 1. Schematic Diagram of the Dynamic
Adsorption Measurement Apparatus
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PR, pressure regulator; MFC, mass flow controller; BP,
back-pressure regulator; P, pressure transducer; T, T-type
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Figure 1. Breakthrough curves of the mixture through the
adsorption bed.

bath of a thermostat. Two mass flow controllers were used
to control the flow rates of the stream entering the
adsorber: one for the ternary gas mixture and the other
for the carrier gas (helium). A back-pressure regulator was
used to maintain the pressure at the desired level. The
system pressure was measured with a pressure transducer
(PAA-23/8465.1-80). The deviation of pressure readings
from linearity is £0.1% for the full scale of 8 MPa. Three
T-type thermocouples were used to measure the temper-
ature at the entrance, midpoint, and exit of the adsorption
bed. The composition of the exit stream was online ana-
lyzed by a residual gas analyzer (RGA100, Stanford
Research Systems). The apparatus was connected to a
computer. All experiments were automatically conducted
according to a prescribed program.

Determination of the Equilibrium Amount Ad-
sorbed for Each Component. The dynamic method yields
breakthrough curves such as those shown in Figure 1,
where ¢y and ¢ are the initial concentration and the
concentration at time ¢, respectively. The amount adsorbed

30 L 50
445
25 | 1
L <— p 4 40
20: 335
© r ]
o - 30
3 T ——= 12
“"O [ —————— e, pr— T —— SEp— 425 ~
420
10 - ]
! 415
5i J10
[ 1s
ol v v | !

L M PRI B
750 1000 1250 1500
i1S

Figure 2. Recorded temperature and pressure at the center of
the adsorption bed.
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of a component can be evaluated from the breakthrough
curves of the mixture.232¢ For a given adsorption bed, we
have the mass balance of component k:

j(')tuiAcyk’i dt = fotueAcyk,e dt + €ALy, p/RT + mn;, (1)

where u; and u, are the linear flow speed at the entrance
and exit of the adsorption bed, respectively; A and L are
the section area and length of the adsorption bed; ¢ is the
total concentration of the gas stream; y.; and y;. are the
concentration of component 2 in the gas stream at the
entrance and exit of the adsorption bed, respectively; ¢ is
the fractional void of the adsorption bed and can be
evaluated in the volumetric setup of the adsorption mea-
surement; and m is the mass of the adsorbent. The amount
adsorbed of component % is then

t
l/;(uiyk,i — Uy )Ac dt — ALy, p/RT

n, = m (2)

The stream composition at the bed entrance is maintained
constant, but that at the exit is a function of time for a
definite period and the breakthrough curve is thus formed.
The integration was evaluated numerically with the com-
pound Simpson formula.

Discussion on the Reliability of the Dynamic Method.
There are rigorous constraints for the dynamic method to
guarantee the equilibrium data are reliable.* The invari-
able temperature, invariable pressure, dilute concentration
of the gas mixture, and plug flow are the major conditions
with which the experiments must comply. As shown in
Figure 2, the temperature and pressure of the adsorption
bed are almost constant. All the other concerns have also
been carefully taken into account in our experiments.?? As
a test of the reliability of the dynamic method, a compari-
son between the adsorption isotherms of a pure gas
determined by both static and dynamic measurement
methods was made. It is well accepted that the volumetric
method is perhaps one of the most reliable ways to collect
the adsorption equilibrium data, and the dynamic method
yielded almost the same isotherm, as shown in Figure 3.

Experimental Conditions and the Results. The ad-
sorption equilibrium data of pure CH4 Ny, and Hs on
activated carbon JX101 are listed in Tables 1-3 for
temperatures of (283, 298, and 313) K and pressures up to
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Figure 3. Comparison of the adsorption isotherms of CH4 on
activated carbon obtained by static and dynamic adsorption
measurements: @, by the volumetric method; O, by the dynamic
method.

Table 1. Adsorption Data of CH4 on Activated Carbon

Table 2. Adsorption Data of N2 on Activated Carbon
JX101

T/K
283 298 313

107%p/Pa n/mmol-g=! 10-5p/Pa n/mmol-g~! 10-5p/Pa n/mmol-g~!

.1950 .0863 .1800 .0400 .2250 .0489

.4800 .1965 .3900 .0942 .5100 1152

.9000 .3472 .5700 .1566 .8400 .1895
1.3650 4988 .8400 2278 1.2600 2731
1.8000 6341 1.0950 .2964 1.6950 .3638
2.2500 .7608 1.4700 .3880 2.1750 .4491
2.7300 .8790 1.8450 4729 2.7450 .5437
3.2400 1.0068 2.1900 .5437 3.3300 .6388
3.7800 1.1261 2.5200 .6141 3.9600 7351
4.3680 1.2522 2.8800 .6897 4.6800 .8408
5.0700 1.3928 3.2700 .7661 5.4600 .9482
5.8200 1.5360 3.6900 .8565 6.2700 1.0520
6.6000 1.6708 4.3500 9705 7.0800 1.1513

7.4100 1.7995 4.9650 1.0790 7.8900 1.2485
8.2500 1.9219 5.5650 1.1760 8.7000 1.3523
9.2250 2.0557 6.1350 1.2655 9.6300 1.4462
10.2300 2.1900 6.6900 1.3457 10.3650 1.5211

7.3500 1.4329

8.0400 1.5298

8.9550 1.6365

9.8100 1.7350

Table 3. Adsorption Data of Hz on Activated Carbon
JX101

JX101 /K
/K 283 298 313
283 298 313 10-5p/Pa n/mmol-g~! 10~%p/Pa n/mmol-g~! 10~°p/Pa n/mmol-g~!

10-%p/Pa_n/mmol-g-* 10-5p/Pa n/mmol-g' 10-p/Pa n/mmol-g-! 3900 0116 6300 0171 7100 0146

8400 0287 9300 0287 13950 0338
1650 2543 1050 0853 1800 1217

1.2750 0500 1.2000 0396 2.0800 0519
4350 6328 2400 2051 3900 2623

17100 0668 16200  .0495 27500 0722
8400 1.0393 4200 3911 6450 4381

21600 0883 2.0400 0638 3.4350 0889
1.3500 14713 7200 6367 9750 6367

26400 1059 25200 0818  4.0850  .1046
19800  1.8793 11400 9511  1.3800 8400

3.2250 1277 2.9400 0918 49400  .1303
26550  2.2459 15000 11807  1.8600  1.0889

3.9600 1565 3.4800 1089 5.8450 1554
3.3600  2.5613  1.8900  1.3978  2.4600  1.3238

47100 1834 3.9600 1247 67850  .1816
40200  2.8377 22800 15925  3.0300  1.5446

54750 2150 45300 1425 7.7150 2063
47400  3.0953 27000 17837 35850  1.7244

62700 2448 51000 1648 85650 2307
55050  3.3384  3.2400 19919 41400  1.8978

7.0050 2669 57300 1841 9.4450 2510
6.3000  3.5665  3.6600 21519 47400  2.0660

7.8750 2981 6.4800 2105  10.3200 2732
71550  3.7849 41550  2.3231 54720  2.2603
80100  3.9807 46800 24931 62700  2.4558 8.7600 .3295 72000 2318

97950 3657 7.9800 2567

8.9700 4.1814 5.2650 2.6737 7.1520 2.6490
9.9600 4.3810 6.0300 2.8808 8.0400 2.8300
6.7800 3.0646 8.9700 2.9972
7.5900 3.2459 9.9150 3.1609

8.3700 3.4153

9.2100 3.5751

10.0050 3.7132

1 MPa. The adsorption equilibrium data of the CH4 + Ny
+ Hy mixture with different compositions were collected
for the same temperatures but for lower pressures of up
to 6 x 10° Pa. The experimental conditions in different runs
are given in Table 4, and the experimental data obtained
are listed in Tables 5—11, where p is not the total pressure
but the sum of the partial pressures of components and n;
is the sum of the component adsorbed amounts.

Model Description

Most models for predicting the multicomponent adsorp-
tion equilibrium are based on the model of single compo-
nent adsorption equilibrium. Model parameters evaluated
from the single component adsorption were then used in
the model for predicting the equilibrium of multicomponent
adsorption.

Description of the Single Component Adsorption
Models. The adsorption equilibrium of pure gases was
measured for each component, and then, the data were

8.7300 2765
9.4650 2981
10.2000 .3219

Table 4. Experimental Conditions of Multicomponent
Adsorption

run T/K 100ycH, 100y, 100y,
la 283 36.48 27.75 35.77
1b 298 36.48 27.75 35.77
1c 313 36.48 27.75 35.77
2 298 52.78 23.61 23.61
3 298 25.27 23.80 50.93
4 298 30.188 44.925 24.887
5 298 28.47 12.03 59.50

fitted to an isotherm model. The parameters contained in
a model were evaluated in the process of data fitting.

The Langmuir Equation. The well-known Langmuir
model fits typical type I isotherms. It is usually expressed
in the form of fractional surface coverage:

_n__bp
0= =1 3)

There are two parameters in the model: the saturation
adsorption capacity, n°, and the affinity coefficient, b, which
are to be evaluated for each component.



638 Journal of Chemical and Engineering Data, Vol. 50, No. 2, 2005

Table 5. Equilibrium Data Obtained in Run 1a

Table 10. Equilibrium Data Obtained in Run 4

amount adsorbed/mmol-g~!

amount adsorbed/mmol-g~!

p/100 kPa ncH, nN, nH, ng p/100 kPa ncH, nN, nH, ng
0.5671 0.3707 7.695 x 1072 1.108 x 1072  0.4587 0.6502 0.2419 0.1073 7.45 x 1073 0.3566
1.051 0.5921  0.1130 1.856 x 1072 0.7237 1.023 0.3512 0.1500 1.214 x 1072 0.5133
1.555 0.7779 0.1436 2.76 x 1072 0.9491 1.515 0.4778 0.1898 1.786 x 102 0.6854
2.109 0.9422  0.1742 3.69 x 1072 1.153 ‘ ) ) ) -2 )
2.607 1.1041  0.2056 4.325 x 1072 1.353 32(732 8?8?% 83222 3%(1)2 i }8—2 gggg;
3.167 1.2476  0.2397 5.379 x 1072 1.541 3'205 0.8342 0'3272 4'179 % 102 1'203
3.908 1.4375  0.2800 6.686 x 10:2 1.784 3.9859 0.9691 0'3723 5'055 % 10-2 1'392
4.761 1.6277  0.3163 8.284 x 1072 2.027 : : : : o ’
5.779 1.8463 0.3638 9.935 x 1072 2.310 4.827 1.108 0.4157 5.926 x 107 1.583

5.845 1.257 0.5061 7.142 x 1072 1.835

Table 6. Equilibrium Data Obtained in Run 1b

amount adsorbed/mmol-g—!

p/100 kPa ncH, ny, n, ng
0.5773 0.2639 5.592 x 1072 8.580 x 1073  0.3284
1.105 0.4401 8.753 x 1072 1.556 x 1072 0.5432
1.554 0.5824  0.1133 2.253 x 1072 0.7182
2.123 0.7159  0.1402 3.061 x 1072 0.8868
2.610 0.8340 0.1677 3.774 x 1072 1.0395
3.183 0.9657  0.1966 4.674 x 1072 1.209
3.954 1.127 0.2290 5.467 x 1072 1.411
4.771 1.279 0.2589 6.652 x 1072 1.605
5.763 1.451 0.2989 8.126 x 1072 1.832

Table 7. Equilibrium Data Obtained in Run 1c¢

amount adsorbed/mmol-g~!

p/100 kPa ncH, nN, nH, ng
0.6015 0.1917  4.541 x 1072 7.98 x 1073 0.2451
1.068 0.3055 6.877 x 1072 1.056 x 1072  0.3849
1.533 0.4179 9.089 x 1072 1.793 x 1072  0.5268
2.133 0.5303 0.1174 2.481 x 1072 0.6725
2.586 0.6149  0.1321 3.035 x 1072 0.7774
3.170 0.7248 0.1574 3.596 x 1072 0.9181
3.951 0.8528  0.1868 4.789 x 1072 1.088
4.799 0.9944  0.2123 5.859 x 1072 1.265
5.778 1.108 0.2420 7.003 x 1072 1.420

Table 8. Equilibrium Data Obtained in Run 2

amount adsorbed/mmol-g~!

p/100 kPa ncH, nN, nH, nt
0.6411 0.3982  4.93 x 1072 7.42 x 1073 0.4549
1.035 0.5772  6.958 x 1072 1.19 x 1072 0.6587
1.574 0.7876  8.718 x 1072 1.682 x 1072  0.8916
2.065 0.9562  0.1096 2.215 x 1072 1.088
2.531 1.1105 0.1324 2.546 x 1072 1.268
3.077 1.276 0.1566 3.553 x 1072 1.468
3.779 1.472 0.1869 4.01 x 1072 1.699
4.635 1.687 0.2130 5.041 x 1072 1.950
5.660 1.895 0.2439 6.338 x 1072 2.202

Table 9. Equilibrium Data Obtained in Run 3

amount adsorbed/mmol-g~!

p/100 kPa ncH, nN, nH, nt
0.6469 0.2108 5.916 x 1072 1.658 x 1072 0.2866
1.024 0.3054 7.639 x 1072 2.777 x 1072 0.4096
1.547 0.4185 0.1014 3.978 x 1072 0.5598
2.113 0.5301  0.1277 5.038 x 1072 0.7082
2.541 0.6181 0.1514 5.953 x 1072 0.8289
3.255 0.7453  0.1825 7.778 x 1072 1.006
4.016 0.8580  0.2165 9.971 x 1072 1.174
4.862 0.9895  0.2460 0.1170 1.352
5.836 1.122 0.2816 0.1401 1.544

The Langmuir—Freundlich (L—F) Equation. There is one
more parameter compared to the Langmuir equation to
account for the surface heterogeneity:

_n__bpf 4)
n® 1+ (bp)

The parameter g is considered as an index of the surface
heterogeneity.

Table 11. Equilibrium Data Obtained in Run 5

amount adsorbed/mmol-g~!

p/100 kPa ncH, nN, nH, ny
0.6491 0.2374 2962 x 1072 1.694 x 1072 0.2839
1.020 0.3440 4117 x 1072 2.718 x 1072 0.4123
1.531 0.4634 4.862 x 1072 4.295 x 1072 0.5549
2.085 0.5912 6.286 x 1072 5.563 x 1072 0.7097
2.580 0.6929 7.635 x 1072 7.11 x 1072 0.8403
3.215 0.8180 8.908 x 1072  8.445 x 1072  0.9916
3.941 0.9388  0.1047 0.1032 1.147
4.826 1.090 0.1243 0.1262 1.340
5.822 1.244 0.1413 0.1553 1.541

The Flory—Huggins Vacancy Solution Model (FHVSM).
The vacancy solution model in conjunction with the Flory—
Huggins activity coefficient equation yields an adsorption
isotherm equation for a single component:

0 20
_[n” 6 iy
P= (b 1- 9) eXp(1 - ahﬁ) ®)

As in the L—F model, there are three parameters to be
evaluated in data fitting: n9, b, and ay,.

The MPSD—Langmuir Model. The MPSD model as-
sumes that the surface heterogeneity of the adsorbent is
induced solely by the micropore size distribution (MPSD).
Assuming a distribution function, f(r), for MPSD, one can
have the amount adsorbed of a single component, i, as the
integral of the local isotherm, n;(r, P, T), over an appropri-
ate range of micropore sizes for the component. That is,

n, = f “nr, P, T) fir) dr (6)

where r; and ry are the lower and upper limits of the pore
half-width accessible to the adsorbate, respectively. The
local adsorption isotherm assumes the following form of
the Langmuir equation:

0 b(r)P
n(r, P, T)=n, (T)—1 0P (7

The parameter b is defined as the local affinity, which is a
function of pore size, r, and temperature:

b(r)=b, exp[% (8)

where b., is the adsorption affinity at temperature infinity
and E(r) is the adsorbate—pore interaction energy, which
is taken as the negative of the adsorption potential
minimum and is a function of pore size. For slit-shaped
micropores, as was assumed for activated carbon, the
potential energy was usually calculated with the 10-4-3
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form of the Lennard-Jones equation. Gamma distribution
was assumed for the MPSD:

qv+1rv exp(—qr)

I'ad+v) ©

fir) =

where g and v are the distribution parameters. Finally, the
adsorption isotherm for a single component, i, was ex-
pressed explicitly as

n=[" n’ by, explE(r, i/RTIp; _¢""'r" exp(—qr)
i Fming b1 4 bO,i eXp[E(r, l)/RT]pl ra+v)

10)

where 7yin; is the minimum half-width accessible to the
adsorbate molecules. Pore size distribution is regarded as
an intrinsic characteristic of the adsorbent; therefore, the
parameters characterizing carbon structure (¢ and v) and
the isotherm parameters (n,° and b,;) were determined on
the basis of simultaneous optimization in fitting the model
to the isotherm data of different adsorbates at multiple
temperatures.

Description of the Multicomponent Adsorption Mod-
els. The Extended Langmuir (EL) Model. In extending the
Langmuir equation into the multicomponent system, all
assumptions made for the adsorption of pure gases are
maintained. The amount adsorbed of component i becomes

n; bp;
0=—=—-—"-— (11)

niO m
1+ ) bp;

1=

The extended Langmuir equation might be the simplest
model for multicomponent adsorption. It is expressed
analytically and explicitly; therefore, it yields a much faster
computation for the study of adsorption dynamics. How-
ever, this model is inadequate for representing a real
adsorption system. Sometimes the Langmuir equation
cannot fully describe the adsorption data of single compo-
nents either. In addition, the thermodynamic consistency
requires that the saturation adsorption capacity is the
same for all components,?> but such assumption is unre-
alistic for molecules of widely different sizes. The param-
eter values of the saturation adsorption capacity obtained
from the model of single component adsorption differ from
species to species. The prediction accuracy must be affected
if this parameter takes one value for all the components.

The Loading Ratio Correlation (LRC) Model. The Lang-
muir—Freundlich equation was extended to multicompo-
nent adsorption in the same way as was done for the
Langmuir equation:

n; p)*"
=—=—"—"—"— (12)

n; = ,
1S bp)t

1=

The extended equation was usually named as the loading
ratio correction (LRC) model. It allows for the effect of
surface energetic heterogeneity. Because of its mathemati-
cal simplicity, the LRC model is frequently applied in
dynamics studies of adsorption columns. However, this
model does not have a sound theoretical foundation, which
should be kept in mind in application. Besides, it has the

same problem with the parameter of saturation adsorption
capacity as was encountered in the extended Langmuir
equation.

The Ideal Adsorption Solution Theory (IAST). Myers and
Prausnitz proposed an IAST based on a sound thermody-
namic framework.® If the adsorbed phase is thermody-
namically ideal, the equilibrium relationships for the
adsorption of a mixture can be derived directly from the
isotherms of pure components. Integration of a pure
component isotherm according to the Gibbs equation yields
the relationship between the spreading pressure and the
equilibrium pressure for each component:

ﬂiOA . pioni d (13)
RT Jo p %P
The Langmuir equation was usually used to describe the
adsorption isotherm of single components for simplicity.
According to the theory of ideal solution,
Py,

;= P2 (14)
It yields for mixing at constant temperature and spreading
pressure that
0_

T = Tlmixture (15)
Specifying two independent variables, p and y;, the other
variables can be calculated. This model has some attractive
features. First, the IAST does not require any data of the
mixture; second, it is independent of the adsorption model
of pure gases, since it is an application of the solution
thermodynamics for the adsorption system.26 However, the
assumption included in the IAST was of limited applicabil-
ity, and the theory cannot predict nonideal behavior such
as the adsorption azeotrope.

The Flory—Huggins Vacancy Solution Model (FHVSM).
The FHVSM treated the adsorption equilibrium as an
osmotic equilibrium between two “vacancy” solutions hav-
ing different compositions. Vacancy is an imaginary entity
defined as a vacuum space that acts as the solvent of the
system. The nonideality of the adsorbed solution is ac-
counted for in terms of the activity coefficient. The depen-
dence of the coefficient on composition is described by the
Flory—Huggins equation. This model accounts for the
adsorbate—adsorbate interaction based only on the pure
gas data. For multicomponent adsorption equilibrium, the
distribution of the adsorbate between the gas and the
adsorbed phase can be obtained by equating the chemical
potentials of the adsorbate in two phases:

0
s T 1y

exp(a;,)
¢y = 7i o b 1+a.
n, Oi

1+a

w

1] Iny? xvs} (16)

where y;8 is the Flory—Huggins activity coefficient, which
is given by

=4 xS =t xS 7!

lnyiS:—an T +|1- Z ! (17
J=aij+1 Sa.+ 1

y

Solution was obtained by a trial-and-error method.
The Micropore Size Distribution—Extended Langmuir
(MPSD—EL) Model. Equation 10 was extended to the
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Table 12. Langmuir Parameters for the Adsorption of
Pure CHy4, N3, and Hy on Activated Carbon JX101

Table 13. L—F Parameters for the Adsorption of Pure
CHy4, N2, and H; on Activated Carbon JX101

component  T/K 10756/Pa! n%mmol-g=!  ARD/% component 7/K 10755/Pa~! n%mmol-g! q ARD/%
methane 283  0.2073 6.367 4.20 methane 283 0.1097 8.4168 0.8233 1.52
298  0.1541 6.041 2.68 298 0.1125 7.0125 0.91229 4.03
313 0.1215 5.724 1.45 313 0.0907 6.6222 0.9288 1.93
nitrogen 283  0.0847 4.677 2.07 nitrogen 283 0.0580 5.7337 0.9262 0.52
298  0.0610 4.637 2.38 298 0.06317 4.5435 1.0064 2.32
313  0.0522 4.307 1.47 313 0.0329 5.6808 0.9357 1.72
hydrogen 283  0.00973 4.206 4.65 hydrogen 283 0.02494 1.9963 1.0648 3.06
298  0.00123 26.0914 2.70 298 0.01698 2.44883 1.07739 1.88
313 5.7266 x 1076 4.6362 x 103 4.36 313 0.02182 1.74853 1.12929 1.31

multicomponent system in the same way that the Lang-
muir equation was extended:

00
0
S
Tmin,i

bO,i exp(E(r, I,)/RT)pl qv+1rv exp(—qr)
I'ad+v)

1+ wa exp(E(r, )/RT)p;
=
(18)

The parameters contained were optimized on the basis of
the data of single component adsorption.

The Micropore Size Distribution—Ideal Adsorption Solu-
tion Theory (MPSD—IAST) Model. The MPSD—EL model
has an explicit local isotherm; therefore, it is quite conve-
nient for simulation computations. However, the equal
saturation capacity constraint for different components will
seriously affect the fitness of the model to the equilibrium
data of pure component adsorption and, hence, results in
a poor prediction of the multicomponent adsorption equi-
librium. The ideal adsorbed solution theory (IAST) offers
an alternative solution. The MPSD—IAST model assumes
that micropore size distribution (MPSD) represents the
energetic heterogeneity of the adsorbent and uses the ideal
adsorbed solution theory to describe the local multicom-
ponent adsorption equilibrium within a given pore.

Applicability Test on the Models with
Experimental Data

The fitness of different models to the experimental data
is expressed as the average relative discrepancy (ARD),
which is defined as the average of the relative difference
between the experimental data and that predicted by a
model:

N vi,exptl - vi,calcd
NE

x 100 (19)

vi,exptl
where v; expi is the ith experimental value of a variable and
Vi caled 18 the corresponding value calculated with a model
and N is the total number of points in a data set. The
arithmetic mean of ARD(v)’s over all components is called
the general average relative discrepancy of a model (GARD-

(v)):

M

1
GARD®@W) =—) v, (20)
M,

13
1=

where M is the number of components in the mixture.
Verification of the Single Component Adsorption
Models. Models for the single component adsorption were
fitted to the experimental isotherms of pure CHy4, Ng, and
Hy by nonlinear regression, respectively. The evaluated
parameters are listed in Tables 12—15 for each component.

Table 14. FHVSM Parameters for the Adsorption of Pure
CHy, N2, and H; on Activated Carbon JX101

10-%6/
component 7/K mmol-g~1-Pa n%mmol-g~! aw ARD/%
methane 283 1.8848 8.8395  1.6938 0.77
298 1.1271 8.0250 1.3010 3.40
313 0.7908 7.6945  1.1707 1.51
nitrogen 283  0.4311 6.7217  1.1353 0.59
298 0.3025 8.0181 1.3050 3.57
313  0.2394 17.8291  2.3715 0.90
hydrogen 283 0.04097 4.1548 0.1114 4.67
298 0.03217 9.70745 0.00023 3.01

313 0.026816 22 —8.0272 x 1078  4.73
Table 15. MPSD Parameters for the Adsorption of Pure
CHy, N2, and Hz on Activated Carbon JX101

n%
component 7/K mmol-g~! 10755/Pa~?! q v ARD/%

methane 283 10.0222 4.3139 x 107° 21.5400 91.1036 0.75
298  9.9419 4.4436 x 107® 21.5400 91.1036 2.71
313  9.5713 4.9519 x 107° 21.5400 91.1036 1.16
nitrogen 283  7.1849 1.9706 x 10~* 21.5400 91.1036 0.74
298 7.4392 1.7863 x 10~* 21.5400 91.1036 2.83
313  6.6486 2.0915 x 1074 21.5400 91.1036 1.03
hydrogen 283 5.1454 7.0694 x 10* 21.5400 91.1036 4.59
298 12.365 2.6624 x 104 21.5400 91.1036 2.93
313 18.243 1.6687 x 1074 21.5400 91.1036 4.86

Table 16. Performance of the EL Model for the
Adsorption of a CH4 + N2 + Hy Mixture on Activated
Carbon JX101

run  100Ancm, 100Anx, 100Ang, 100GARD(z) 100GARD(x)

la 13.0 10.4 34.4 19.3 14.4
1b 13.4 6.7 33.1 17.8 12.6
lc 9.8 8.1 30.0 16.0 11.8
2 12.0 4.84 44.7 20.5 16.3
3 16.0 7.27 42.4 21.9 15.3
4 16.0 8.53 44.8 23.1 16.3
5 14.7 8.53 37.4 20.2 13.8

The fitness of a model expressed by the average relative
discrepancy (ARD) is shown in the last column of each
table. The relative discrepancy of these models is <5% for
the range tested. Therefore, these isotherm models fit the
adsorption equilibrium data of single components quite
well.

Verification of the Multicomponent Adsorption
Models. On the basis of the adsorption isotherms of pure
components and the model parameters evaluated thereof,
one can calculate the amount adsorbed of each component
in a mixture using the models described previously. The
average relative discrepancy of a model in predicting the
component adsorption, An;, was calculated by eq 19 for each
condition tested and is listed in Tables 16—21. The com-
position of the adsorbed phase can be determined on the
basis of the values of n;, and the ARDs for the molar
fraction of components could also be determined. The
general average relative discrepancies of a model in
predicting adsorption and composition (GARD(n) and
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Table 17. Performance of the LRC Model for the
Adsorption of a CH4 + Nz + Hy Mixture on Activated
Carbon JX101

run 100Anch, 100Anyn, 100Any, 100GARD(n) 100GARD(x)

la 4.1 16.7 35.8 18.9 18.1
1b 9.5 7.6 37.5 18.2 14.2
1lc 5.8 9.8 39.9 18.5 17.1
2 9.6 6.5 49.4 21.8 18.4
3 10.4 7.7 45.2 21.1 16.7
4 10.9 9.3 50.1 23.4 19.1
5 10.0 8.2 39.8 19.3 155

Table 18. Performance of the IAST for the Adsorption of
a CH4 + N3 + Hy; Mixture on Activated Carbon JX101

run 100Ancm, 100Any, 100Anm, 100GARD(z) 100GARD(x)

la 12.1 7.2 37.5 18.9 14.1
1b 13.1 4.8 28.2 15.4 9.9
1lc 9.5 6.6 24.6 13.6 9.3
2 11.8 5.9 39.6 19.1 13.3
3 15.8 6.5 39.2 20.5 13.4
4 15.4 7.7 40.8 21.3 13.8
5 14.8 6.9 34.1 18.6 11.8

Table 19. Performance of the FHVSM for the Adsorption
of a CHy + N2 + Hy Mixture on Activated Carbon JX101

run 100Ancm, 100Any, 100Ang, 100GARD(z) 100GARD(x)

la 2.7 5.5 24.9 11 8.3
1b 7.3 6.3 26.2 13.3 7.5
1lc 3.8 8.0 22.7 11.5 9.6
2 7.6 8.6 37.7 18 12.1
3 8.4 7.4 37.8 17.9 12.5
4 9.1 8.1 38.9 18.7 12.4
5 7.5 6.6 32.8 15.6 11.1

Table 20. Performance of the MPSD—EL Model for the
Adsorption of a CHs + N3 + Hy Mixture on Activated
Carbon JX101

run 100Ancu, 100Ann, 100Anm, 100GARD(n) 100GARD(x)

la 6.6 7.4 32.2 154 12.1
1b 9.0 4.9 29.8 14.6 10.0
1c 6.5 7.3 26.9 13.6 10.2
2 8.8 4.9 41.2 18.3 13.9
3 10.5 6.0 40.3 18.9 14.1
4 11.2 7.3 42.1 19.7 14.5
5 9.3 6.8 35. 2 17.1 12.6

Table 21. Performance of the MPSD—-IAST Model for the
Adsorption of a CH4 + N2 + Hp Mixture on Activated
Carbon JX101

run 100Ancha, 100Any, 100Anp, 100GARD(n) 100GARD(x)

la 5.3 4.7 37.2 15.7 12.4
1b 8.4 5.5 28.8 14.2 8.6
1c 5.9 5.2 24.9 12.0 8.4
2 8.3 7.5 40.2 18.7 12.8
3 9.9 7.0 39.6 18.9 13.2
4 10.2 7.8 41.1 20.2 13.2
5 9.1 6.2 34.6 16.6 11.7

GARD(x)) were calculated with eq 20 and listed in the last
two columns of these tables. To make a clear comparison,
these data are put together in Figures 4 and 5. As is seen
from the tables, the ARDs of most models for CH, and Ny
are reasonable, but no one model yields a reasonable ARD
for Hy. Hydrogen is a weakly adsorbed species, and a small
experimental error will cause a great relative discrepancy;
therefore, the weakly adsorbed component, hydrogen, can-
not be well predicted. The value of GARD(x) is remarkably
less than GARD(n) because the content of Hy in the
adsorbed phase is much less than CH4 and Ns. Although
not rigorous, GARD is a reasonable representative index
of model performance.

250

200 F

175

GARD(n)/%
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100 |
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1la 1 1c 2 3 4 5
Condition tested

Figure 4. General average relative discrepancy of models in
predicting the amounts adsorbed from the mixture CHs + Ng +
H; onto activated carbon: 1, LRC; 2, EL; 3, IAST; 4, MPSD—EL;
5, MPSD—IAST; 6, FHVSM.
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Figure 5. General average relative discrepancy of models in
predicting the composition of the adsorbed phase for the mixture
CH4 + N2 + Hs on activated carbon: 1, LRC; 2, EL; 3, MPSD—
EL; 4, TAST; 5, MPSD—IAST; 6, FHVSM.

Discussion and Conclusions

Some models for predicting multicomponent adsorption
are based on a model of single component adsorption;
therefore, the fitness of the single component adsorption
model to the experimental data is a prerequisite yet not a
complete condition that guarantees the fitness of the
multicomponent adsorption model. For example, The Lang-
muir—Freundlich model is good for single component
adsorption; however, the LRC model, obtained by extending
the L—F model to the multicomponent system, is worse
than the others, as shown in Figures 4 and 5.

Most models tested work well for the components CH,
and Ny, but no one model is good for the component Hy
and, hence, for mixtures containing Hy. This might be
caused by the large difference in the adsorption affinity
between components.

The average relative discrepancy of models in predicting
the composition of the adsorbed phase is ~5% less than
that in predicting the amount adsorbed. The sequence of
model performance is a little different too.

The FHVSM seems superior over the others in predicting
the adsorption equilibrium of the testing mixture; however,
the ARD for H; is also as high as 25% to 40%. Nonetheless,
the GARDs in predicting both composition and the amount
adsorbed are the lowest. The models based on micropore
size distribution and the IAST also work well. The EL and
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LRC models are the most convenient to use but show the
largest discrepancy with the experimental data, although
the difference with other models is not very much.
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