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The equilibrium and kinetic adsorption data of H2 and D2 on the micropore molecular sieve Y were
collected at 77 K with the volumetric setup, and adsorption rate constants of deuterium evaluated from
kinetic adsorption isotherms are larger than that of hydrogen at low pressure. In order to further study
the influence factor of hydrogen isotope separation, the breakthrough curves of H2 and D2 mixture on
this adsorbent were measured with the single column adsorption apparatus. Effects of different flow
olecular sieve
ydrogen isotope
dsorption
eparation
odel

rate and pressure on separation efficiency were investigated, and up to 1.52 of the separation factor is
obtained at the total gas pressure of 0.4 MPa and flow rate of 129.79 cm3/min with the adsorption bed
length of 1.0 m. However, the ratios of the adsorbed amount of deuterium over hydrogen are only 1.18
and 1.17 at 0.0139 and 0.0175 MPa, respectively. Based on the difference between equilibrium adsorption
and dynamic adsorption in the column, the key factor of separating H2 and D2 mixture depends on their
dynamic difference. Lastly, a model for the fixed adsorption bed was built to simulate the concentration
distribution of H and D , and the simulation results agree well with experimental results.

T

2 2

. Introduction

The heavy isotope of hydrogen, deuterium, is an important mate-
ial in nuclear industry. It also has important application in medical
ure and as a tracer. Moreover, deuterium and tritium is consumed
ess than 10% in the nuclear fusion reactor, thus, they must be recov-
red and separated in order to reuse them [1]. Therefore, searching
or a low-cost separation method is critical for the application of
euterium. However, the separation between hydrogen isotopes is
ifficult because of the similarity of isotope properties. Industri-
lized methods, such as cryogenic distillation, laser, and thermal
iffusion, are highly energy consumptive [2–4]. Nevertheless, the
eparation cost is usually low if the separation is based on the dif-
erence of components in adsorption [5–7], and the adsorbent is

decisive factor of feasibility and separation cost. According to
he research results of equilibrium adsorption before, the highest

dsorption capacity for H2 and D2 is observed on the molecular
ieve Y that pore size is approximate 0.7 nm [8], therefore, this
dsorbent was selected to study equilibrium and kinetic adsorp-
ion behaviors of H2 and D2 with a volumetric setup and a single

∗ Corresponding author. Tel.: +86 0517 83050008; fax: +86 0517 83525369.
E-mail address: chuxiaozhong@hytc.edu.cn (X.-Z. Chu).
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© 2009 Elsevier B.V. All rights reserved.

column adsorption apparatus. Furthermore, a model was built for
simulation of the concentration distribution for binary hydrogen
isotopes in the column.

2. Experimental

2.1. Materials and instruments

The molecular sieve Y was provided by the Molecular Sieve
Factory, Nankai University, China. The adsorbent was grinded and
sifted to particle sizes of 0.4–0.5 mm. The pore size is approxi-
mate 0.7 nm and other major parameters of Y are listed in Table 1.
Hydrogen of purity above 99.995% was provided by Liu-Fang High-
ech Co., China. Deuterium of purity above 99.9% was provided by

Haipu Gas Industry Co., Beijing. Mass flow controller is of precision
1.5% that was provided by Shengye Technical and Development Co.,
Beijing. Reconstructed gas chromatography 6890 was provided by
Lunan Chemical Instrument Co., China [9]. AS-3100Plus specific sur-
face area and pore size analyzer was provided by Beckman Coulter,
USA. KK8 gas compressor was provided by DURR TECKNIK, German.

Pressure transducer and molecular pump were provided by Pfeifer
Vacuum, and the pressure sensor is of precision 0.2%. Rotary pump
was provided by Vacuum Pump Co., Wuxi. The concentration of feed
gas was analyzed with the gas chromatography, and the volumetric
ratio of H2, D2 and He in the mixture is 3.49:4.36:92.15.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chuxiaozhong@hytc.edu.cn
dx.doi.org/10.1016/j.cej.2009.04.068
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Nomenclature

Ci sorbate concentration in fluid phase (mol/m3)
ε voidage of the column
εp voidage of the adsorbent
� superficial velocity (m/s)
L adsorbent bed length (m)
z distance measured from column inlet (m)
t time (s)
� density of adsorbent in bed (kg/m3)
�s apparent density (kg/m3)
�g gas density (kg/m3)
Ki overall mass transfer coefficient (m/s)
qi adsorption amount (kg/mol)
qt adsorption amount at the time t (mol/kg)
qsi saturation adsorption amount (mol/kg)
qe equilibrium adsorption amount (mol/kg)
bi affinity of adsorbate to adsorbent
pi partial pressure (MPa)
� specific surface area per unit volume adsorbent

(m2/m3)
A specific surface area (m2/g)
� viscosity of the fluid (Pa s)
d internal diameter of the column (m)
dp adsorbent pellet diameter (m)
Rp pore radius of the adsorbent (m)
Dei effective axial diffusion coefficient (m2/s)
Di intraparticle diffusivity (m2/s)
Dai axial diffusion coefficient in the column
Dm molecular diffusivity (m2/s)
Dk Knudsen diffusion coefficient (m2/s)
Ds surface diffusivity (m2/s)
M mole mass (kg/mol)
T temperature (K)
�v molecular diffusion volume (cm3/mol)
� tortuosity factor of the adsorbent
Re Reynold number
Sc Schmidt number
k adsorption rate constant
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Fig. 1. Schematic apparatus for adsorption experiments: (1) vent, (2) vacuum exit,
(3) buffer bottle, (4) feed gas inlet, (5) liquid tank, (6) adsorption cell, (7) reference
Subscript
i component i

.2. Experimental apparatus and operation procedures
It is impossible to use microbalance at 77 K, therefore, the
quilibrium and kinetic adsorption data were collected with a vol-
metric setup in Fig. 1 that was commonly used for the adsorption
f nitrogen at 77 K to evaluate the BET surface area of adsorbents.

able 1
xperimental condition and parameters in simulation.

arameters Value Parameters Value

(m) 1 �g (kg/m3) 0.630
(m) 0.005 dp (m) 4.0 × 10−4

0.42 p (MPa) 2.0–8.0
(H2) 1.74(1) � (D2) 1.50(1)

(kg/m3) 624.20 A (m2/g) 367.04
s (kg/m3) 1300.43 u (m/s) 0.05–0.2∑

v)
H2

(cm3/mol) 7.07 � (m2/m3) 2.29 × 108∑
v)

D2
(cm3/mol) 6.70 Ds(H2) (m2/s) 2.5 × 10−9(2)∑

v)
He

(cm3/mol) 2.88 Ds(D2) (m2/s) 2.0 × 10−9(2)

Data of (1) and (2) are cited from Refs. [19,17], respectively.
cell, (8) pressure transmitter, (9) on-line data recorder system, (10) molecular pump,
and (11) vacuum pump V1 three-way vacuum valve V2, V3, V4 two-way vacuum
valve.

The variation of pressure with time, p(t), was detected by a pressure
transmitter and recorded in a computer via Labcards. The adsorp-
tion cell is initially in vacuum (0.01 Pa) for both equilibrium and
kinetic adsorption measurements. However, the pressure in the
adsorption cell was increased stepwise until 0.12 MPa for collect-
ing equilibrium isotherms, while only the initial pressure of the
reference cell was controlled in kinetic experiments and five levels
of initial pressure were measured. The temperature of the refer-
ence cell was kept constant within ±0.2 K, and the temperature
of the adsorption cell was kept constant at 77 K with liquid nitro-
gen of constant level. The absolute relative error calculated for the
adsorption amount was within 2.0 [10].

As shown in Fig. 2, hydrogen isotopes separation by cryogenic
adsorption was conducted by a single column adsorption appara-
tus. First, the adsorbent was regenerated at 150 ◦C by evacuation for
24 h before adsorption measurements, and then was filled in the
adsorption bed that was soaked in liquid nitrogen cylinder. Second,
the overall apparatus was adjusted to the desired flow rate and pres-
sure with carrier gas He after its evacuation. Thirdly, the feed gas
entered the column via a cold trap at 77 K, and then passed through
the column at the given flow rate and pressure, and simultaneously,
the concentration of the hydrogen isotopes was measured at the
outlet of the column with gas chromatography. Effects of different
flow rate and pressure on separation efficiency were investigated
in the experiments.

3. Model

3.1. Formulation of the model

To develop a generalized model for the adsorption bed, following
assumptions for H2 and D2 separation process on the molecular
sieve Y were given [11–14]:

• Ideal gas is postulated for H2 and D2.
• Plug flow is postulated for the gas passing through the adsorbent

bed.
• The pressure over the adsorbent bed is constant.
• The temperature of the adsorbent bed is constant.

Due to low H2 and D2 concentration in the feed gas, low flow
rate and large ratio of length to diameter of the column (L/d = 20),
assumptions proposed above are reasonable.

On the basis of mass balance for the H or D component i in the
2 2
adsorption bed, it is obtained:

∂Ci

∂t
= Dei

∂2Ci

∂z2
− ∂(uCi)

∂z
− 1 − ε

ε
�

∂qi

∂t
(1)
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ig. 2. Schematic flow diagram of the hydrogen isotopes separation apparatus: (1) f
ow controller, (8) vacuum pump, (9 and 11) gas collector, (10) gas compressor, (12
nd (17) data analysis system V(1–14) gate valve NV(1–2) needle valve P(1–2) press

The mass balance Eq. (1) describing the concentration distri-
ution along the column accounts for the rate of uptake in the
olumn, the axial dispersion, the convection term and the rate of
ass transfer into the particle.

It was proved that the flow rate at the entrance and exit can be
onsidered equal if the concentration of the adsorbed component
s less than 20% [15,16]. This assumption is absolutely valid for the
resent situation where the total content of adsorptive gas is only
.85%, so the flow rate of the gas is considered as a constant and
he variation of u along the adsorbent bed is omitted. Eq. (1) is thus
implified to:

∂Ci

∂t
= Dei

∂2Ci

∂z2
− u

∂Ci

∂z
− 1 − ε

ε
�

∂qi

∂t
(2)

here ∂qi/∂t is the rate of mass transfer into the particle that can
e expressed as the linear drive force equation [4,7]:

∂qi

∂t
= Ki(qei − qi) (3)

here qei denotes equilibrium adsorption amount that is calculated
y fitting adsorption isotherm of the component i with Langmuir
xpression (4):

ei = qsibiPi

(1 + biPi)
(4)
Over the relevant pressure range, the adsorption isotherms are
ell represented by the Langmuir expression according to Fig. 3.

he fitted values of maximum adsorption amount qsi and adsorp-
ion affinity bi are listed in Table 2. For binary components, the

Fig. 3. Adsorption isotherms of H2 and D2 at 77 K.
as, (2) carrier gas, (3 and 4) filter, (5) desiccator, (6) pressure reducing regulator, (7)
, (13) condensator, (14) liquid nitrogen tank, (15) back pressure regulator, (16) GC,
uge.

adsorption isotherm is described by the extended Langmuir Eq. (5),
and the values of qsi and bi are regarded same to the single ones.

qei = qsibipi(
1 +

∑n
i=1bipi

) = qsiRTbiCi(
1 + RT

∑n
i=1biCi

) (5)

The boundary condition is:

z = 0,
Dei∂Ci

∂z
= −u(Cf − Ci) (6)

z = L,
∂Ci

∂z
= 0 (7)

The initial condition is:

t = 0, Ci = 0, (8)

Eqs. (2), (3) and (5) together with the initial and boundary condi-
tions constitute the model of the present system. These equations
are numerically solved by the finite difference method [4]. Space
differential in the model was discretized by the central difference
form, then, we can obtain a set of ordinary differential equations
that were solved with the Gear method [17]. The values of involved
model parameters are listed in Tables 1 and 2.

3.2. Evaluation of model parameters

The overall mass transfer coefficient Ki is given by [18]:

1
Ki�

= 1
kf�

+ 1
kz�

+ 1
ˇks�

(14)

where kf is the mass transfer coefficient that represents the transfer
within the boundary layer on the particle surface; kz is the axial
mass transfer coefficient in the packed bed, and ˇks denotes the
intraparticle mass transfer coefficient. They are evaluated from the
following empirical equations [18,19]:

kf

u/ε

(
�

�gDm

)2/3

= 1.15

(
dpu�g

�ε

)−1/2

(15)
kz� = 2u

dp
(16)

ˇks� = 60(1 − εb)
Di

d2
p

(17)

Table 2
Fitted parameters of adsorption isotherms.

Parameter Hydrogen Deuterium

qsi (mol/kg) 5.94 6.08
bi (m3/mol) 3.17 4.55
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than that of D2 at low temperature, therefore, deuterium can be
preferentially adsorbed on the adsorbent in the column [23,24].
However, the sequence can be switched over for the condition of
higher pressure.
ig. 4. Dynamic adsorption isotherms of hydrogen at different initial pressures.

Assuming the pore diffusion and the surface diffusion in the
dsorbent occur simultaneously, Di, Dmi and Dei are estimated by
he following empirical equations [20,21]:

i = 1
�2

εp

(
1

Dmi
+ 1

DKi

)−1

+ 1
�2

�s
dqi

dCi
Dsi (18)

mi = 10−5T1.75(1/Mi + 1/MHe)1/2

p[(
∑

vi)
1/3 + (

∑
vHe)1/3]

2
(19)

Ki
= 2

3

(
8RT


Mi

)1/2
Rp (20)

ei = Dai
ε

�
(21)

ai = 2Rpu

Pe
(22)

1
Pe

= 0.73ε

Re · Sc
+ 0.5

1 + 9.49ε/(Re · Sc)
(23)

e = 2Rpu�g

�
, Sc = �

�gDmi
(24)

. Results and discussion

.1. Isotope difference in equilibrium adsorption

Since the difference between H2 and D2 in adsorption increases
s temperature and pressure decreases [22], adsorption isotherms
t low pressure were collected at 77 K with the volumetric method,
hich are shown in Fig. 3. The ratio of the adsorbed amount of D2

ver H2 at the given pressure is used as an index of isotope dif-
erence in equilibrium adsorption, and the results indicate that the
atios of the adsorption amount of D2 over H2 were only 1.18 and 1.17
t 0.0139 and 0.0175 MPa, respectively. Namely, isotope difference
n the equilibrium adsorption contributes less to the separation
actor.

.2. Isotope difference in adsorption rate constant
Kinetic adsorption isotherms of H2 and D2 on the molecular
ieve Y were measured at 77 K with the volumetric method for the
ve levels of initial pressure, which are shown in Figs. 4 and 5.
Fig. 5. Dynamic adsorption isotherms of deuterium at different initial pressures.

The data in Figs. 4 and 5 were dealt with the following model
that is expressed as [10]:

ln

[
(1 − qt/qe)

(1/c − qt/qe)

]
= k(c2 − c1)t + C ′ (25)

c1 = p1V1

V1 + Vad(T1/T2)
, c2 = qeRT1

V1 + Vad(T1/T2)
, c = c2

c1
(26)

where P1, V1 and T1 are the initial gas pressure, volume and tem-
perature in the reference cell, Vad and T2 are the volume and
temperature of the adsorption cell. The kinetic data were plotted
in ln[(1 − qt/qe)/(1/c − qt/qe)] versus t that is shown in Figs. 6 and 7.
Based on the slope of straight line, adsorption rate constants were
calculated and are listed in Table 3. Here, the isotope difference in
adsorption is expressed in the ratio of rate constants of D2 over H2,
Rk = kD2 /kH2 . Two important facts were observed. First, the sepa-
ration of hydrogen isotopes is of an optimal pressure because the
value of Rk increases first and then decreases with the increase of
the bulk pressure, moreover, it gives us a revelation that effective
separation of hydrogen isotopes should be at the low pressure. Sec-
ond, the adsorption rate of D2 is higher than that of H2 if the pressure
is low, which is due to kinetic isotope quantum molecular sieving
at low temperature, namely, the zero-point energy of H2 is larger
Fig. 6. The plot of ln[(1 − qt/qe)/(1/c − qt/qe)] ∼ t for H2.
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Table 3
Rate constants of adsorption for the different initial pressure.

Adsorbent/pore size k MPa−1 s−1 0.0093 MPa 0.015 MPa 0.022 MPa 0.031 MPa 0.064 MPa

Y 5.
0 6.

1.
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kH2 8.23
.6–0.7 nm kD2 10.60

kD2 /kH2 1.29

.3. Breakthrough curves of hydrogen and deuterium

Breakthrough curves were measured with the apparatus in Fig. 2
n order to further study which adsorption difference for hydrogen
sotopes was the most important in the process of pressure swing
dsorption. Here, separation efficiency is denoted by the separation
actor that is expressed as [19]:

ij = (x/y)i

(x/y)j
(28)

here x and y represent molar fraction of the corresponding
omponent in the adsorbed phase and gas phase at equilibrium,
espectively. The detailed calculation method was discussed in our
revious paper [25].

When length of the packed bed is 1m and temperature is 77 K,
reakthrough curves at the total flow rate 129.79 cm3/min are
hown in Fig. 8 with solid line for the four levels of pressure, and

reakthrough curves at the total pressure 0.4 MPa are shown in
ig. 9 with solid line for the four levels of flow rate. Other operation
onditions and the corresponding separation factors are listed in
able 4.

Fig. 7. The plot of ln[(1 − qt/qe)/(1/c − qt/qe)] ∼ t for D2.

ig. 8. Experimental and simulated breakthrough curves of H2 and D2 gas at differ-
nt pressures.
29 3.57 2.37 0.89
96 4.56 2.55 0.87
32 1.28 1.05 0.98

The results in Table 4 show that the separation factors increase
first and then decrease with the increase of flow rate or pres-
sure, and arrive at maximum value 1.52 at the total gas pressure
of 0.4 MPa and flow rate of 129.79 cm3/min. However, the sepa-
ration factor is approximately equal at the total pressure of 0.2,
0.4 and 0.6 MPa when other experimental operation conditions are
same, therefore, from considering the balance of energy cost and
selectivity, 0.2 MPa is selected as the suitable operation pressure. In
Figs. 8 and 9, there are profile peaks on H2 breakthrough curves, say,
the exit concentration C/C0 of hydrogen is larger than 1 before the
breakthrough of deuterium from the adsorption bed. It is because
the deuterium molecules have higher adsorption rate and adsorp-
tion affinity that can displace the adsorbed hydrogen molecules
[23,24]. Furthermore, the results indicate that H2 and D2 separa-
tion on the molecular sieve Y was of good effect due to their steep
mass transfer frontal.

Generally speaking, the mechanisms of gas separation based
on adsorption are three types: steric effect, equilibrium effect
and dynamic effect [7]. First, the separation of hydrogen and
deuterium mixture does not rely on the steric effect due to its
similarity of molecular size. Second, the equilibrium adsorption
difference is very small, which contributes less to this separa-
tion process. However, the dynamic selectivity of hydrogen and
deuterium in the column is much higher than selectivity of equi-
librium adsorption, so the separation of hydrogen and deuterium
mainly depends on their dynamic effect in the column. And this
dynamic effect is partly embodied in difference of the adsorption
rate constants that is due to kinetic isotope quantum molecu-
lar sieving, therefore, deuterium can be preferentially adsorbed
on the adsorbent [23,24]. Additionally, deuterium molecules dif-
fuse faster in pores of the adsorbent than hydrogen molecules at
low temperature when pore size is 0.8 nm or less [24,26], more-
over, the quantum spreading of H2 is wider than that of D2 at
low temperature and pressure [22]. Two reasons above cause the
value of D and K for deuterium larger than that of hydrogen,
ei i
which also have a little contribution on the dynamic separa-
tion.

Fig. 9. Experimental and simulated breakthrough curves of H2 and D2 gas at differ-
ent flow rates.
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Table 4
Experiment conditions and separation factors.

Total pressure, MPa Total flow rate, ml/min Flow rate of
H2, ml/min

Flow rate of
D2, ml/min

Partial pressure
of H2, MPa

Partial pressure of D2, MPa Separation factor

0.4 63.75 2.22 2.79 0.0139 0.0175 1.45
0.4 129.79 4.52 5.66 0.0139 0.0175 1.52
0.4 195.76 6.82 8.54 0.0139 0.0175 1.49
0
0
0
0
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.4 261.62 9.11 11.42

.2 129.79 4.52 5.66

.6 129.79 4.52 5.66

.8 129.79 4.52 5.66

.4. Simulated breakthrough curve

The breakthrough curves of hydrogen and deuterium in
igs. 8 and 9 were simulated by numerically solving the mathemat-
cal equations in Section 2 and the involved parameters are given in
ables 1–3 [4]. The dashed smooth curves in Figs. 8 and 9 indicate
hat the simulation results fit the experimental dots well. There-
ore, it is useful not only for discussing the effect of major design or
perational variables, but is also applicable in process simulation
27].

. Conclusions

The two experimental apparatus were designed by us to study
ehaviors of equilibrium and dynamic adsorption. The results show
dsorption rate constants of D2 are higher than that of H2 at low
ressure, however, the sequence can be switched over for the
ondition of higher pressure, and the ratio of adsorption rate con-
tants, Rk, increases first and then decreases with the increase of
as pressure. Furthermore, hydrogen isotope gas separation mainly
epends on their dynamic difference at low temperature and pres-
ure based on the difference between equilibrium adsorption and
ynamic adsorption in the column. In addition, a model proposed

or the column can predict the breakthrough curves under different
xperimental conditions and the simulated breakthrough curves
re in good agreement with the experimental ones.
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