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Fig. 2 Effect of pH on amount of metal ions adsorbed on
polyaminated cross-linked chitosan beads
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Fig. 3 Equilibrium isotherm for adsorption of Hg(Il ).
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Fig. 7 Effect of C,. ., On intraparticle diffusivity.
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Table. 1 The effect of the repeat experiment of adsorption and desorption on
equilibria and interparticle diffusivity.

Equilibria Breakthrough curve
Resin K (m®mol) @ (mol/m®) D,yx 10 ' (m®/s) @, (mol/m®)
Virgin 0.236 3360 3.68 1980
After four times repeat experiments 0.245 3390 3.68 2000
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Fig. 1 Adsorption uptake of O, and N, by CMS at 25C.
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Fig. 5 Effect of chlorination temperature on the
fixation of chlorine on carbons.
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Fig. 8 Adsorption uptake at 26C of 0,(QO) and N,(@)

by CMS prepared by chlorination and 0,(A)
and N,(A) by CMS prepared by activation.
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Table. 1 Properties and N,-PSA performance of carbon
molecular sieves.

No. Particle  Pelet Preparation o0, Packing Recovery Productivity
size diameter method adsorbed  density
[um]  [mm] [mmol/g]  [g/L] (%]  [Nm’/h/d
1 8 1.8 activated 0.38 660 43.2 174
2 5 1.8 activated 037 655 442 188
3 5 1.8 activated 037 683 45.7 187
4 5 13 activated 0.37 643 46.1 196
5 8 1.8 chlorinated  0.46 653 48.1 227

*:at 25°C
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1. Introduction

With the rapid development of the plant cell cultiva-
tion technology, the development of an effective method
for recovery the cell cultivation products from their
dilute and chemically similar compounds existing solu-
tions becomes more and more important. Considering
the high concentrating factor of adsorption method, it
has been proposed as an alternative for the primary re-
covery of cell cultivation products'’. However, to
exploit the selectivity of adsorption method, two as-
pects of effort should be made: 1) to develop adsorbents
which are inherently more selective, 2) to select elutes
which have different affinity to individual adsorbates.

In this work, we focused mainly on to develop a mo-
lecular simulation approach for studying the selectivity
of adsorption and desorption in liquid phase. Firstly,
to establish an appropriate molecular model to
describe adsorbate/solvent/surface system and eluci-
date the interactions among adsorbate, adsorbent and
solvent. Secondly, to develop a computational method
for predicting the selective properties of adsorption and
desorption by conjunction the molecular simulation
method with adsorption theories such as solvophobic
theory and net adsorption energy theory. Finally, to
discuss the probability of molecular simulation for
investigating the effects of the surface chemical
structure of adsorbent on selectivability of adsorbent.

2. Simulation
2.1 potential energy

The simulations were carried out by using
molecular mechaniecs (MM) and molecular dynamics
(MD) methods. The DREIDING force field was used
for the calculation of the total potential energy as

follows® **:
E=Z 1K(R- R +‘.2""-21K,,(s_.9°)=+mzwg % K1 doos (ndl]
1 _ 2 (R,), "_ @_u "}
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Fig. 1 Structural formula of berberine alkaloids

Adsorbate

Surface

Fig. 2 Schematic diagram of the dome-shape model for
adsorbate/solvent,/surface system. (a) top view,
(b) side view

2.2 system model

The five antibacterial berberine alkaloids showed
in Fig. 1 were employed as adsorbates. They are discov-
ered in Coptis japonica Makino originally, and have
been successfully produced by cell plant cultivation.
The solvents used were water, methanol, ethanol,



acetone, cyclohexane and N,N-dimethylformamide
{DMF).

Three types of solid surfaces were employed as fol-
lows: 1) a basal plane of graphite with dimensions of
4,66X4.67nm"’, 2) =0 groups, and 3) -OH groups were
bonded on the above mentioned graphite surface in a
regular square array of various densities to mimic the
activated carbon surface, respectively®’.

For presenting adsorbate/solvent/surface adsorp-
tion system, a dome-shape molecular model was
developed!’. An adsorbate molecule, a solvation shell
constructed around the adsorbate molecule with solvent
molecules, a thin reflecting wall created outer of the
solvation shell with the same solvent molecules, and a
solid surface were included in this model. The sche-
matic diagram is shown in Fig. 2.

3. Theory

Many theoretical, semi-empirical and quasi-
theoretical approaches have been proposed to elucidate
the adsorption phenomena in liquid phase. Among the
theories proposed so far, two theories have been proved
more useful. The one is the solvophobic theory devel-
oped originally to deal with the general aspects of ad-
sorption from a solvent onto a solid surface, which has
been adapted for predicting the preferential adsorption
of organic homologues from dilute aqueous solution
and predicting the sequence of solvent eluotropic
strength®’. The another one is the net adsorption energy
concept, which has been proved to be a useful
semiquantitative screening method for estimating the
relative adsorption capacity of different organics’
However, the calculations in using above theories are
very complicated, and a lot of physicochemical proper-
ties of adorbate are needed. Therefore, the practical use
of these theories are limited. In view of this point, the
simply calculation approaches which conjunction the
theories with molecular simulation method were devel-
oped as follows.

3.1 development of Solvophobic-MD approach

According to the solvophobic theory, the associa-
tion of adsorbate B with adsorbent C to form adsorbed
complex BC in solvent can be expressed by the same
process occurring in the hypothetical gas phase in the
absence of solvent and the solvent effect. The relation-
ship of the free energy changes corresponding the above
processes can be written as follows:

AG= = AG™ + AG., (2)
AGE, = AG%.- AG: - AG: (3)

The free energy change related to the solvent effect
accounts for the following steps. First, a cavity neces-
sary to accommodate the solute molecule is formed
within the liquid. Second, the solute enters into the cav-
ity from the gas phase and an interaction takes place
with the surrounding solvent molecules. By combining
the solvophobic theory and molecular simulation
method, the process of a solute molecule i transferring
from a gas phase into a solvent phase can be dia-
grammed as Fig. 3, and the free energy change related
to the solvent effect for species i can be given as
follows®’:

AGT = E, —E.-E; + RTIn(RT | PV) (4

where, E? is the total potential energy of the species
1in the gas phase, E: is that of the solvent without con-
taining any species dissolved, and Eis is that of i/solvent
system, Subscript i presents B, C and BC here.

Thus, the free energy change of adsorption in the

-__S_? l_v En_t _ Solute in
20000 gas phase
o 3900 &
Es %00 o%%%% + O
@) e)
RES IR E
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@avi | of cavity

. %gééﬁ 8 gga_ oo
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Interaction between A
solute and solvent int,i

Solute in
solvent phase

Fig. 3 Schematic representation of a solute molecule
transferring from a gas phase into a solvent
phase
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solvent phase A Gmﬂ can be calculated by the MD

simulation, and Lhe1 equilibrium adsorption capacity,
which is related to the equilibrium constant, can be
correlated with A GSGTSSUE
3.2 development of Net Adsorption Energy - MD

approach

For a solute/solvent/surface system, the adsorp-
tion of a solute can be considered as a substitution proc-
ess of a solute molecule in liquid phase for the solvent
molecules which have the same projection area as the
solute molecule at the surface phase. The accomplish-
ment of an adsorption process is related to three sets of
affinities: the affinity of the solute for the adsorbent sur-
face; the affinity of the solute for the solvent; and the af-
finity of the solvent for the adsorbent surface. The
adsorption mechanism can be schematically repre-
sented as Fig. 4, and the net adsorption energy of a
solute/solvent/surface system can be therefore written

as follows™":

AE:« = {(Ea)smf —(Ep) s} — n{(Ey) ur — (Es)s}

(5)

where, (Es)s and (En)gus are the potential energies of
solute in the bulk solvent phase and in the surface phase

respectively, (Es)s and (Es)gq. are the potential ener-

(a) Adsorption systerm (before adsorption)
o,

@ Solute (B)
Liquid phase (S) O Solvent (S)
" Surface phase (surf)

Isolated state (isolat)

—*HL” O_Oj
AE(b) = n{( E)isotar - (Es)gurs}

AE(e) = ( Egluy- (Epls

Isolated state (isolat)
—
——— |

AE(d) = n{( Egs~ (E)isotar}

et °1 = AE(b) + AE(c) + AE(d)

Fig. 4 Schematic representation of adsorption
mechanism based on the net adsorption
energy concept

gies of solvent in the bulk solvent phase and in the

surface phase respectively.

4. Results and discussion
4.1 prediction of preferential adsorption and desorption
by Solvophobic-MD approach

Figure 5 shows the values of A Gm:e for the adsorp-
tion of alkaloids onto graphite from solvent. Based on
the definition of A G"e:e, the more negative the value of
A Gn:e netse is, the easier the adsorption occurs. While,
the more positive the value of A an is, the easier the
desorption occurs. Therefore, by comparing the values
of A Gm:e, the relative solvent strength can be predicted.
For example, the sequence of eluotropic strength of
solvents for palmatine may follow the order of water <
methanol < ethanol < cyclohexane < acetone < DMF;
while for berberine, it is considerable to be water <
methanol < cyclohexane < ethanol < acetone < DMF.
For all berberine alkaloids, the adsorption from their
aqueous solution may be most favorable, to the con-
trary, the poor adsorption in DMF solution implies
that DMF is a powerful eluent. It is obviously that the
useful information about the selection of an appropri-
ate eluent solvent can be obtained from the value of
AG 7.

On the other hand, since the adsorption capacity
can be correlated with A Gmlassoc directly, the outline of
relative adsorption capacities of individual berberine

alkaloids can be given from comparing the values of
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Fig. 5 Free energy change related to the solvent effect
on the adsorption of alkaloid onto graphite in
solvent
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their A Gso;moc , and the difference in »_\Gsofsso

gests a certain extent selective adsorption or

assoc
1 for

the adsorption of alkaloids onto graphite from solvent.

“will sug-
desorption.Figure 6 shows the values of A G50

For example, since palmatine holds the lowest
AG_ " in water and the highest value in DMF, it is
revealed that palmatine holds the largest adsorption ca-
pacity in aqueous solution and the smallest adsorption
capacity in DMF solution among the five berberine al-
kaloids. This result implies that palmatine may be se-
lective separated from the other four berberine
alkaloids with some degree by using the processes of
aqueous phase adsorption and eluting by DMF.

To test the approach, the adsorption experiments of
the berberine alkaloids onto ACF from aqueous solu-
tion were carried out. It is found that the predicted ad-
sorption capacities are in good agreement with the
experimental data®’.

4.2 prediction of preferential adsorption and desorption

by Net Adsorption Energy - MD approach

Based on Fig. 4 and Eq. (5), the lower -_\.Ene:d, value
corresponds to the larger amount of alkaloid adsorbed,
and the higher AE“:d , value relates to the poor adsorp-
tion of alkaloids. From analyzing and comparing the
calculated net adsorption energies for alkaloids onto
the graphite from solvents, the similar results as
that given by using Solvophobic-MD approach were
obtained®’.

Being different with the Solvophobic-MD approach,

the Net Adsorption Energy - MD approach does not con-
cern the volume change of solute transfer from the lig-
uid phase to the surface phase. The predicted
adsorption capacities by latter were not so good as that
given by the former. However, the latter one has an ad-
vantage of simplicity which may lead it to be a practi-
cally useful method to study the liquid phase

adsorption properties.

4.3 effects of surface oxygen of activated carbon on

alkaloid adsorption

The influence of density and type of surface oxygen
on adsorption of alkaloid onto activated carbon was in-
vestigated using molecular dynamics simulation
method in vacuum. The simulation results showed that
the berberine alkaloids were favorable to be adsorbed
on the negative charged carbon surface. The vdw attrac-
tion of the carbon surface to the alkaloid molecule
dominated the adsorption only at the lower surface den-
sity of oxygen. The results also indicated that a good
adsorptive selectivity for a certain berberine alkaloid
can be obtained by controlling the density of surface

oxygen"’.

5. Conclusions

Molecular simulation study on liquid phase ad-
sorption and desorption of alkaloids has been carried
out by employing berberine alkaloids as model
adsorbates and carbon surface as model adsorbent. The
main conclusion remarks are summarized as follows:

1. A dome-shape model for adsorbate/solvent/
surface system, in which the necessary but least amount
of solvent molecules were included, was proved to be
simple and effective to elucidate the liquid phase ad-
sorption properties.

2. The developed Solvophobic - MD simulation ap-
proach and Net Adsorption Energy -MD approach were
proved to be useful for predicting the preferential ad-
sorption and desorption of alkaloids onto and from the
graphite surface. This method is of great significance in
the adsorptive separation not only for alkaloids but
also for the other physiological compounds produced
by cell plant cultivation.

3. The knowledge about the adsorptive selectivity of
the five berberine alkaloids were obtained by compar-
ing their adsorption energies on carbon surfaces with
various site densities. It was revealed that the adsorp-
tive selectivity of berberine alkaloids on activated car-
bon can be improved by controling the density of

surface oxygen.
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ZMPC 2000
INTERNATIONAL SYMPOSIUM ON
ZEOLITES AND MICROPOROUS CRYSTALS
Second Circular / Call for Papers
Sendai International Center, Sendai, Japan
August 6-9, 2000

International Symposium on Zeolites
and Microporous Crystals

The Organizing Committee cordially invites you to participate in
the International Symposium on Zeolites and Microporous
Crystals (ZMPC 2000). It will be held during August 6-9, 2000 in
Sendai, Japan. The Japan Association of Zeolite will organize
this meeting as a continuation of ZMPC'93 and '97.

Scope

The Symposium is aimed at promoting the fundamental and
applied studies of zeolites, microporous and mesoporous
materials, and layered compounds.

The major topics of the symposium will be:

1. Mineralogy and Crystal Chemistry

2. Synthesis and Characterization

3. lon Exchange and Modification

4. Adsomtion, Diffusion and Permeation

5. Computational Chemistry

6. Intercalation and Crosslinking

7. Host-Guest Interactions, Quantum Size Effect

8. Catalysis

9. Other Applications

Scientific Program

The program will consist of plenary lectures, invited lectures and
contributed papers.

Plenary Lectures

M. W. Anderson (UMIST, UK), “Growth Models of Microporous
and Mesoporous Materials"

F. Fajula (France, ENSCM), "Unique Surface and Catalytic
Properties of Mesoporous Aluminosilicates”

J. M. Newsam (Molecular Simulations, USA), "High Throughput
Experimentation in Zeolite Chemistry: Prospects for
Combinatorial and Computational Techniques"

T. J. Pinnavaia (Michigan State University, USA), "Mesoporous
Molecular Sieves with Wormhole Framework Structures”

T. Tatsumi (Yokohama National University, Japan), “Ti-
containing Hydrophobic Zeolites and Mesoporous Molecular
Sieves as Liquid-phase Oxidation Catalysts"

J. Weitkamp (University of Stuttgart, Germany), "Base Catalysis
on Microporous and Mesoporous Materials - Recent Progress
and Perspectives”

A Partial List of Invited Lecturers

D. E. Akporiaye (Norway), M. A. Camblor (Spain), B. Chmelka
(USA), J. F. Haw (USA), R. F. Lobo (USA), L. McCusker
(Switzerland), M. Nakano (Japan), M. Payne (UK), V.
Ramamurthy (USA), P. Ratnasamy (India), J. Sauer (Germany),
F. Schiith (Germany), M. Tsapatsis (USA), R. A. van Santen
(The Netherlands), I. Wang (ROC), O. M. Yaghi (USA), J. Yu
(China)

Instruction for Authors

All authors (oral and poster sessions) are requested to submit
an abstract of two pages (1.5 line spacing on A4 or 8" X 11" size
paper with margins of at least 2 cm in a camera-ready form),
including tables, figures, and references. The first page should
include the title of the paper, the name, affiliation and address
of the authors underlining the name of author to whom

correspondence should be addressed. On the right top of the
corner of the abstract, the number of the topics in the Scope in
which the paper is to be accommodated, and the authors'
preference (Oral, Poster, or Either Oral or Poster) should be
indicated.

Selection of the papers and the mode of presentation will be
made by the Organizing Committee based on the two-page
abstracts. Four copies of the abstract should be sent to Prof. A.
Miyamoto, Chairman of the Symposium, by October 31, 1999.
Notice of the acceptance and mode of presentation will be sent
to the authors by January 31, 2000.

Proceedings

The Proceedings of the Symposium will be published after a
scientific review as a special issue of Microporous and
Mesoporous Materials including plenary lectures, invited
lectures, and oral papers. Manuscripts will be due at the
Symposium (August 6, 2000).

Symposium Site

The Symposium will take place at the Sendai International
Center. Sendai Tanabata Festival will be held during the
Symposium. Main streets are decorated with elaborate
decorations and streamers attached to bamboo poles.

Language
All submitted papers and presentations must be in English.

Correspondence

Prof. Akira Miyamoto, Chairman, ZMPC 2000

Department of Materials Chemistry, Graduate School of
Engineering, Tohoku University, Aoba-yama 07, Sendai 980-
8579, Japan.

Facsimile +81-22-217-7235, Phone +81-22-217-7233

E-mail zmpc2000 @ aki.che.tohoku.ac.jp

Pre-symposium

“Catalysis and Characterization on Advanced Micro- and Meso-
porous Materials", August 5, 2000 at Cooperative Research
Center, Akita University, Akita-city, Japan.

Correspondence: Prof. S. Nakata, Akita University

Fax & Tel. +81-18-889-2437, E-mail snakata@ipc.akita-u.ac.jp

Post-symposium

“State-of-the-Art Science of Micro- and Mesoporous Materials
Synthesis”, August 10-11, 2000 at Rihga Royal Hotel Waseda,
Shinjyuku, Tokyo, Japan.

Correspondence: Prof. M. Matsukata, Waseda University

Fax & Tel. +81-3-5286-3850, E-mail mmatsu@ mn.waseda.ac.jp

Home Page Address
http://www.zmpc2000.aki.che.tohoku.ac.jp

Key Dates

October 31, 1999 Deadline for extended abstract
January 31, 2000 Notice of acceptance
February 29, 2000 Final circular

May 31, 2000 Deadline for registration
August 6, 2000 Symposium begins
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