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Li Zhou

Introduction

It is my great honor to be invited by JSAd to introduce the activities in the adsorption-related area of China to Japanese
adsorption community. However, it is not an easy job. There is not a national organization for the adsorption community
in China ; therefore, it is difficult for me to get familiar with all the adsorption-related activities in our country. What
I can do is to report the research activity in the High Pressure Adsorption Laboratory at Tianjin University.

Quite a few big foreign adsorption-related companies, including Air Liquid, Air Product, UOP, etc., came to China in
recent years. In addition, some domestic companies were developed from previous research/design organizations or
University research groups. An engineering team from the previous Southwest Chem. Tech. Res. & Design Institute and
the research group headed by Prof. Xie You-Chang might be the well-known examples. Their research activities in the
field of adsorption are mainly focused on industrial projects. Most of them serve to solve problems in environment
protection or process engineering, especially in petroleum processing. Only few people engaged in the research for pure
scientific interest. As for my group, research activities are application-oriented fundamental studies. I could not afford
the energy and time to organize a team serving industry ; however, our research topics must have application potential
in order to get the research support.

Our research activities are focused on the problem stemming from the clean alternative fuels, basically the problem in
the storage and separation/purification of hydrogen and natural gas. As is acknowledged, application research would be
only trial-and-error if the underling principle or mechanism is not made clear. On the other hand, theory-guided
application research is usually fruitful. Both hydrogen and methane (the major component of natural gas) are supercritical
gases at the temperature of engineering interest. Therefore, supercritical adsorption must be understood in order to
effectively develop technologies of potential application based on adsorption. Therefore, a lot of experiments and
theoretical reasoning were undertaken in our lab for better understanding of the fundamentals of supercritical adsorption,
and the progress made in this respect promoted the development of application technologies.

Progress in understanding supercritical adsorption

The difference between supercritical adsorption and subcritical adsorption is superficially reflected in the experimen-
tally collected adsorption isotherms. Adsorption isotherms have been classified into five or six types,' but all of them are
increasing functions of pressure or the gas phase density. However, the supercritical adsorption isotherms may have a
maximum and the following descending section,? which cannot be explained and modeled based on the available
mechanisms of adsorption. Many efforts have been dedicated to explain the behavior of supercritical adsorption,®~® and
all of them succeeded partially in modeling different experimental isotherms. However, most methods seem not to be
related with the traditional analysis methods available for the subcritical adsorption ; therefore, a theoretical gap exists
in the adsorption theory. In addition, information regarding the adsorption mechanism at above-critical temperatures and
the structural characteristics of adsorbents cannot be gained in applying these models to the experimental data as was
usually done with the traditional adsorption theory. Some researchers thought the supercritical adsorption was a new type
beyond the reach of present adsorption theory and claimed a new classification of adsorption isotherms.” In my opinion,
however, supercritical adsorption can totally be described by the conventional adsorption theory and isotherm equations
if we understand the mono-molecular layering mechanism of the adsorption and can determine the difference between
the surface excess and the absolute quantity of adsorption.

Why must the supercritical adsorption follow the mono-molecular layering mechanism? The answer can be found in



the BET theory.® This theory claims that the first molecular layer adsorbed on the solid surface is due to the interaction
between the gas molecules and the solid surface, and the second and subsequent layers are due to the interaction between
the adsorbate molecules, which leads to the condensation of adsorbates above the first adsorbate layer. This claim was
experimentally proven later.® The adsorption heat of the first layer was found to be a double of that of the second and
subsequent layers, and the latter was almost equal to the latent heat of condensation. As is well known, condensation of
fluids cannot occur at above-critical temperatures ; therefore, the second and subsequent layers cannot exist in the
adsorbed phase at supercritical adsorption. Multilayer adsorption might occur in the critical zone, but not at the
temperature beyond the critical zone no matter how high the gas phase pressure is. Research works which indicated the
linear relationship between the hydrogen uptake quantity and the specific surface area of adsorbents,!*!! and that the
evaluated volume of adsorbed phase is less than the pore volume'? added more experimental proofs to the mono-
molecular layering mechanism of supercritical adsorption.

Supercritical adsorption isotherms were explained based on the mono-molecular layering mechanism and the Gibbs
definition of adsorption shown in Eq 1'3.
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where 7 is the surface excess quantity and #° is the absolute quantity of adsorbate in the adsorbed phase; o(z) is the
density profile of fluid in the direction perpendicular to the solid surface; o is the gas phase density ; o« is the density
of the adsorbed phase, and V. is the volume of the adsorbed phase. The definition equation clearly indicates that the
difference between the excess and the absolute quantity is the product of the gas phase density and the volume of the
adsorbed phase. This difference can be neglected at low pressures and the isotherm can be recognized as Type-I before
reaching the maximum. All isotherm equations developed for the Type-I isotherm can apply for the isotherms at such
conditions. However, this difference becomes larger and larger as pressure increases following the increase of oy and V.
Since there is no limit for pressure at supercritical temperatures and hence for 04, the product of oy Va can be large enough
to make 7 deviate seriously from 7°. The absolute quantity of adsorbate is always a mono-modally increasing function
of pressure, and all isotherm equations were developed for the absolute quantity of adsorption ; therefore, they cannot
describe the behavior of the supercritical adsorption if the difference between » and »#° becomes considerable. While o4
keeps increasing with the increasing pressure, the density of the adsorbed phase, 0q, is limited by the strength of the
adsorption field above the solid surface and the looser interaction among the adsorbed molecules according to the mono
-layering mechanism of adsorption. It is possible that =0 or even negative corresponding to the condition of py= 0. and
0g> 0a, Tespectively. It is clear that an isotherm equation applied for type-I isotherm can also apply for the supercritical
adsorption if the difference between # and #° can be properly

accounted for. We need, however, to determine the quantity of #°
based on the experimental data of 7, which was considered an
essential problem and a major challenge in the study of super-
critical adsorption.***®

The author proposed a method based on a simple yet sound
principle.’®~1° It is seen in Eq 1 that n=#° if Va0, can be neglect-
ed compared to z. This condition has been met if either the
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amount adsorbed is little or the density of gas phase is not dense,
for example, under the condition of high temperature or low
pressure. Therefore, we can use the experimental values of # that
comply with the constraint 7= 7° to set up a formulation for the
absolute adsorption. An isotherm covering a wide range of

pressure may contain points corresponding to different states of
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surface concentration. Only those corresponding to dilute concen-

trations may be of use in the formulation since 7= »° must be piMPa

valid if the surface adsorbate concentration is dilute. It was Fig. 1 Adsorption isotherms of CO, on activated
shown that the isotherm that corresponds to dilute surface con- carbon at near- and supercritical tempera-
centration can be linearly constructed.'® Because of linearity, the tures. Dots : experimental ; Curves:
formulation of the absolute adsorption contains only two param- predicted by the model



eters, and their values can be reliably determined. This formulation becomes the generator of the absolute adsorption
quantity for a given set of temperature and pressure.

The volume of the adsorbed phase can be determined if both % and #° are known. Therefore the difference term in Eq
1 does not contain any unknowns in the data fitting process. Conventional isotherm equations derived for the Type-I
isotherm can thus be substituted into Eq 1 as the term of #° to describe the supercritical isotherms.?® Parameters
contained in the isotherm model maintain their traditional physical meaning and provide information about the adsorp-
tion and adsorbents. Conventional adsorption theory has thus been expanded to the area of above-critical temperatures.
Such a model can well describe all the experimental isotherms of supercritical adsorption available until now. Adsorption
of the critical fluids or the adsorption for the critical zone is a special case of supercritical adsorption. The above-
mentioned model works also for this case if the adsorbent is microporous and the isotherm type did not change on crossing
the critical zone as did those shown in Fig. 1. However, if the adsorbent is mesoporous and the isotherm type (i.e., the
mechanism of adsorption) changed on crossing the critical zone, other modeling methodology is required.?!

Progress in developing application technology
The progress in understanding supercritical adsorption prompted the solution of some cruxes in the engineering studies
and new technologies were developed for the clean alternative fuels.

Adsorptive storage of hydrogen

Hydrogen is an ideal alternative fuel for petroleum because its combustion is clean and because it is renewable.
However, there are three technical barriers facing the epoch of hydrogen energy. First, how efficiently the hydrogen is
stored, especially on board of vehicles. Second, how efficiently the hydrogen is regenerated from water, the combustion
product of hydrogen. Third, how can the cost of PEMFC be reduced at least by a factor of 100. The third barrier may
be overlooked because fuel cell is only an option of hydrogen combustion. The second barrier is out of the reach of the
present discussion. Adsorption is a form of enhancing hydrogen storage and, hence, attracted many efforts in the study
of adsorptive storage for hydrogen. Novel materials, from superactivated carbon and carbon nanotubes to MOF (metal
organic frameworks) have been tried for hydrogen storage.??~** Understanding the storage mechanism with the novel
materials is very important in saving the research time and investment especially when the reports on their vial potential
are controversial. To investigate into the nature of the proposed storage methods, we collected a series of adsorption
isotherms of hydrogen on superactive carbon?® as well as on carbon nanotubes.?®?” Some of them are reproduced in figures
2 and 3 for activated carbon AX-21 and multiwall carbon nanotubes, respectively. Both sets of isotherms, especially the
one at 77 K, show typical features of supercritical adsorption. Therefore, the same rule governs the hydrogen uptake
capacity for carbon nanotubes as for activated carbon. The basic rule of supercritical adsorption includes two points :
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Fig. 4 Hydrogen adsorption isotherms in MOF-5. A: at 78 K; B: at 298 K

first, the mono-molecular layering ; second, the inversely exponential dependence of the adsorption on temperature. It is
concluded, therefore, that a material with small specific surface area cannot undertake the duty of storing hydrogen at
ambient temperatures. The same rule applies for MOF if we compare the hydrogen isotherms collected at 78 K and 298
K?* that are reproduced in Figs. 4a and 4b with those shown in Figs. 2 and 3. The amount adsorbed at 78 K is considerably
higher than at 298 K ; therefore, physical adsorption functions in the adsorption of MOF. The isotherm at 78 K did not
show typical features of supercritical adsorption perhaps due to the uncertainty involved in the experimental data.
Saturation is almost reached even at less than the atmospheric pressure, which is abnormal for physical adsorption.
Another question for the set of data is why the pressure ranges tested for the two temperatures are so much different.
No matter what novel material the adsorbent might be, the storage capacity of the material cannot get rid of the control
of the supercritical adsorption rule as long as the interaction between hydrogen molecules and the surface atoms of the
material is governed by the Van der Waals force. Therefore, adsorptive storage at ambient temperature seems not to have
commercial interest. The appropriate way to enhance hydrogen storage is to use materials with high specific surface area,
such as superactivated carbon, and to keep the storage temperature rather low, for example, using liquid nitrogen as the
coolant. With this approach, considerable enhancement was achieved.?®

Natural gas storage in wet activated carbon

The natural gas reserve will be enlarged 2.6 times if the flammable ice is accounted for. Methane, as the major
component of natural gas, is renewable through decomposing biomass, which can be photosynthesized from the combus-
tion products, CO, and H,O. Methane is therefore an important sustainable alternative energy source. Natural gas has
already been applied as an alternative fuel for vehicles. However,

efforts to reduce the storage pressure and purification technology 40 ¥

have never stopped. Adsorption was also applied for the enhance- 35 275K R =14
ment of natural gas storage, and the ANG (adsorptive natural 5 y
gas) technology appeared quite a long time ago. Superactive o 30:

carbons with very high surface area were used as the adsorbent < 25f

of ANG. Although study efforts have been carried on until % 2 ]

recently, ANG technology is not now commercially accepted. (35 ;

The technical barriers for the commercial use of ANG technol- T Y

ogy include: 1) requirement for a guard bed to remove all the 0 3

C,+ components in order to maintain a constant storage capac- :

ity ; 2) too much thermal effect on fast charging/discharging to L

reach the normal storage capacity; 3) necessity of pressing o0&

carbon powder into pellets using a non-efficient operation proc-

ess with a considerable loss in the specific surface area of the p/MPa

carbons ; and 4) the total storage capacity is 1/4 lower than that Fig. 5 Enhanced storage of methane in wet active

carbon. Rw is the weight ratio of water over
carbon

of CNG, although the storage pressure is considerably decreased.
Professor Kaneko and co-workers presented a conceptual



innovation in the storage methods of natural gas.?? Instead of dry carbon, water-preadsorbed activated carbon was used
for the storage. Although their result was not repeated by other researchers, enhancement was observed for the condition
of 0-10°C and pressures 4-8 MPa as shown in Fig. 5.2 This enhancement results from the use of the pore space to form
hydrates, which augments the surface mono-molecular adsorption. There is, therefore, a constraint on pore sizes. It was
shown that only the pores larger than 2 nm are favorable for the new storage method.** Studies on charging/discharging
methane onto/from wet active carbons were also completed in the author’s lab. Although further studies are required for
the new storage technology, one can conclude, based on the experimental results available now, that all the drawbacks
of the ANG technology have been overcome in the wet storage method.

Separation of the CH,/N, mixture with adsorption

Methane is the major impurity of the air in coal mine Table 1 Separation coefficient of 9 adsorbents
wells, and often causes explosion disasters. Nitrogen is one Adsorbent e,
of the major components in some flammable gas streams, -
. . Activated carbon AX-21 20.13

e.g. natural gas, firedamp, coalbed methane and mixtures ]
. . .. . Activated carbon (from coconut shell) 12.93

yielded in the processing industry. Therefore, separation )
. . . . Activated carbon K02 5.90

between CH, and N, is an important operation practically. .
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CH, and N, have very low critical temperatures ; there-
fore, the adsorption must be supercritical. To enlarge the
separation coefficient, one must enlarge the difference in the equilibrium adsorption of the two components. Therefore,
we achieved good separation by enlarging the specific surface area of the adsorbent as shown in Table 1.2* Performance
study for such a PSA separation operation has recently been completed in our labh. Operational feasibility and satisfactory
performance of the separation were proven.

Removal of minor content of H,S with PSS process

Hydrogen sulfide causes a major contamination of natural gas. A large quantity of H,S was usually removed
effectively by solvent absorption, and a small amount of H,S was usually removed with adsorption. However, both
absorption and adsorption become uneconomical for removing a minor content of H,S due to the cost of regeneration of
solvent/adsorbent. The content of H,S must be lower than 6 mg/m? in the natural gas for fueling vehicles ; therefore,
deep sweetening of natural gas is an inevitable operation in a gas station serving CNG vehicles. Conventional adsorbents
used in removing H,S can be regenerated only at elevated temperatures and, therefore, instead of PSA, TSA (temperature
swing adsorption) is practiced. As a consequence, heating and heat exchange facilities are required. A new kind of sorbent
that is covered with a liquid layer was developed in our lab for removing the minor content of H,S in natural gas. Since
the layer of H,S adsorbed on the adsorbent surface is buried in the liquid phase, desorption of H,S from the solid surface
becomes easier and, hence, the sorbent can be regenerated at the ambient temperature. In addition, the sorption capacity
is more than the sum of the separate capacities of absorption in the liquid layer and the adsorption on the solid surface.?***
Process tests completed recently in our lab proved the feasibility and reliability of the PSS (pressure swing sorption)
technology for removing the minor content of hydrogen sulfide from natural gas. Because the sorbent is regenerated at
the ambient temperature, savings in both investment and energy as well as in the occupied space are expected.

Progress in PSA process and adsorption column design

Improvements in adsorbent, adsorption column and adsorption process usually result in big earnings industrially in
adsorption-related operations. Superactivated carbon plays an important role in the novel technologies based on super-
critical adsorption. However, the chemical activation technology of producing superactivated carbon has been refused by
industry due to the problem in environment protection. Physical activation is also possible to produce active carbons of
specific surface area of more than 2000 m2/g. However, the reaction time is usually as long as more than 150 hrs, requiring
a relatively high cost of energy. After several year’s efforts, the activation time was shortened to about 20 hrs in our lab.



The produced carbon was used as the sorbent in a new PSA process, and the adsorption pressure for extracting pure
hydrogen from the dry gas of refineries was reduced to less than 1 MPa.?® The feature of the new PSA process is to
disconnect the intercouplings between columns with the incorporation of two pressure-equalization tanks. As a conse-
quence, each column becomes independent on the others, and the time table of an operation cycle can be relatively
optimized. The physically activated supercarbon was also applied for the wet storage of natural gas and the separation
between CH, and N,.

Heat of adsorption exerts considerable effect on the performance of a PSA process, and many efforts have been
dedicated to alleviating the effect. The separate cylinder adsorption columns were changed to tightly stacked disks in our
lab. The exothermic and endothermic operations are arranged in the neighbor disks. As a consequence, the heat of
adsorption/desorption was partially compensated for, and the negative thermal effect of adsorption was remarkably
alleviated, the energy efficiency increased, and the total size of the equipment reduced considerably.®”

What is going on in the High Pressure Adsorption Laboratory at Tianjin University is certainly a small part of the
achievements of the whole country in adsorption-related areas. Because there has been a lot of interchange between the
adsorption communities of China and Japan in the past two decades, this article serves just as a continuant. The 4" Pacific
Basin Conference on Adsorption Science and Technology will be held at May 22-26, 2006 in Tianjin, and I was honorably
named as the organizer of the conference. As is well known, this conference is succeeding the Joint Japan-China-USA
Conference on Adsorption Science and Technology. Therefore, I do expect a big Japanese team of attendees at Tianjin’
s meeting. Tianjin is one of the central direct municipal cities of China. Although it did not change as fast as Beijing and
Shanghai previously, it has been considerably changed in the past two years. The conference will provide opportunity for
interchanging both academic and industrial information and cooperation. The tourists will find many places worth seeing
within about 110 km of Tianin: Beijing, The Great Wall, Ming tombs, Qing tombs, Panshan Mountain and the ancient
mountain temples.

I am looking forward to meeting our Japanese colleagues and friends at the 4" Pacific Basin Conference on Adsorption
Science and Technology, and expecting more prosperous cooperation between the two adsorption communities, which
will also contribute to enhancing the friendship between the two great nations.
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