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In this quarter, the GC calibrations of compound #9, #11 and toluene were

established. The results were accurate and reproducible using wide bore

capillary column. A three-component mixture - toluene, tetraline and compound

#9- also could be analyzed with a modified injection procedure.

The experimental procedures of modified membrane separation were finalized

based on the literature review. The coal-liquid separation couldbe described as an

ultrafiltration process. For microporous membrane separation, two transport

phenomenons, molecular diffusion and convection, Were the most important

mechanisms, :The hindrance factors of those mechanisms were necessary to

evaluate the separation performance of the membrane and to design the catalytic

membrane reactor. Experimentally, with the relation of rejection and permeate

flux, the hindrance factors can be calculated based on the simplified Niemi-

Palosaari method. In this quarter, we first tested the 40/_ pore membrane. The

preliminarily results indicated that the concentration polarization was observed

due to the low Reynolds number, i.e. low feed flow rate. The experimental

instrumentation and procedures will be improved in the future. These factors

will be used to conduct the modification of the membrane and the catalytic

membrane reactor.

The model compound for catalytic membrane was compound #9, 1-[4-

[2(Phenylethyl) benzyl] napthalene. The hydrogenolysis of this compound will

generate toluene which can be selectively removed by a modified membrane, thus

the reaction conversion can be enhanced. The reaction can represent one of many

typical coal liquid upgradings. Three 1" long modified membranes were prepared 0
and sent to USC to perform catalytic membrane reaction.
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Executive Summary

In this quarter, the GC calibrations of compound #9, #11 and toluene were

established. The results were accurate and reproducible using wide bore

capillary column. A three-component mixture - toluene, tetraline and compound

#9 - also could be analyzed with a modified injection procedure.

The experimental procedures of modified membrane separation were finalized

based on the literature review. The coal-liquid separation could be described as an

ultrafiltration process. For microporous membrane separation, two transport

phenomenons, molecular diffusion and convection, were the most important

mechanisms. The hindrance factors of those mechanisms were necessary to

evaluate the separation performance of the membrane and to design the catalytic

membrane reactor. Experimentally, with the relatior, of rejection and permeate

flux, the hindrance factors can be calculated based on the simplified Niemi-

Palosaari method. In this quarter, we first tested the 40/_ pore membrane. The

preliminarily results indicated that the concentration polarization was observed

due to the low Reynolds number, i.e. low feed flow rate. The experimental

instrumentation and procedures will be improved in the future. These factors

will be used to conduct the modification of the membrane and the catalytic
membrane reactor.

The model compound for catalytic membrane was compound #9, 1-[4-

[2(Phenylethyl) benzyl] napthalene. The hydrogenolysis of this compound will

generate toluene which can be selectively removed by a modified membrane, thus

the reaction conversion can be enhanced. The reaction can represent one of many

typical coal liquid upgradings. Three 1" long modified membranes were prepared

and sent to USC to perform catalytic membrane reaction.
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Technical Progress by Task

Task 2 Characterization of Model Compounds

The compound #11, 1,4 Diethyl-2-[(2'-methoxyphennyl)thio]benzene, was provided

by PETC. This model compound contained sulfur, which represented the sulfur

compound in coal liquids. The boiling point was 181-182°C at the pressure 3

mmHg. The compound was completely dissolved in toluene. The GC calibration

of compound # ll/toluene mixture using a wide-bore capillary column showed a

good consistent analysis. Figure 1 shows the calibration results. The maximum
error was within + 0.02 wt%.

The model compound #9, 4 (1-naphthylmethyl) bibenzyl, or, 1-[4-[2(Phenylethyl)

benzyl] napthalene, was purchased from TCI America. This compound was

dissolved very well in tetraline at room temperature. The results of GC analysis

were shown in Figure 2. The reproducibility of GC analysis was excellent. The
maximum error was estimated less than 0.005 wt%.

One product from the catalytic reaction of model compound #9 was toluene (see

Task 4). Therefore, the GC analysis of toluene and compound #9 in tetraline was

necessary in order to evaluate the simultaneous separations in membrane. Two

samples were prepared. One was 1.9 wt% of toluene in tetraline, and the other

was 3.6 wt% of toluene and 0.51 wt% of compound #9 in tetraline. One of the

difficulties in GC analysis was that the boiling point of tetraline was between

those of toluene and compound #9. In order to prevent large amount of solvent

(i.e. tetraline) saturating the FID of the GC instrument, the injected sample

needed to be purged before entering the GC column. However, during the purge,

toluene would be purged out before tetraline because of the lower boiling point of

toluene. Thus no or very low toluene could be measured. This was solved by

modifying the temperature of the injection port and the procedure of the purge.

After several trial and errors, the sample containing toluene and compound #9

could be measured simultaneously in less than 20 minutes. Figure 3 shows the

calibration curve of toluene. The reproducibility was fair and the error was less

than +0.25 wt%. More calibrations of toluene will be performed to improve the

accuracy in the future.
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Task 3 Modification of Existing Membranes and Characterization

Three 1" long tubes were prepared according to the request of USC (sub-

contractor, University of Southern California). They will be sent by December,

1993. Based upon the ultrafiltration theory and the experimental result of

separation in the last quarterly report, the modified membranes giving 50%

rejection of coronene/tetraline solution should be suitable for the catalytic

membrane reactor. The mean pore diameter of these modified membranes was

less than 26,_, possible around 20/_. The He and N2 permeances were near or

slightly less than 20 m3/m2/hr/atm at room temperature. These tubes were

characterized by measm4ng the He and N2 permeances at room temperature.

Table 1 lists the results.

Task 4 Separations of Model Compounds Using Modified Membranes

Ultrafiltration Theory: Statistical-Mechanical Model

The theory of liquid-phase transport using microporous membranes was

reviewed. The experimental procedures to measure membrane separation are

finalized based on our study. The transport phenomenon of macromolecules in

liquid-filled pores (membrane) is different from that of gas-phase. In the case of

coal-liquid separation using microporous ceramic membranes, it is in the

category of ultrafiltration. Basically, two mechanisms play in this domain,

molecular diffusion and convective flow. Molecular diffusion is determined by the

characteristics of solute and solvent as well as their interaction forces, such as

electrical potential. Convective flow is simply the function of fluid mechanics,

such as viscosity and pressure. Both are also the function of temperature. When

these two mechanisms apply to porous media, each transport mechanism is

further modified by the pore size, pore shape and pore density (or porosity) of the

membrane as well as any interaction forces between solute and membrane

surface. Usually, they are expressed by the hindrance factors of diffusion and

convection. Theoretically, these factors can be calculated based on the ratio of

molecular size to pore diameter and further modified by the related interaction

forces, if any. However, since the pore diameter of our modified ceramic



membrane is unable to be measured by the pore size analyzer (< 20,_) or any other

reliable method and the molecular size of compound #9 is not available, it is not

possible to calculate hindrance factors, not to mention any interaction forces that

may exist. In addition, because our modified membranes inherit pore size

distribution and irregular pore shape (tortuosity - 3.9) makes the estimation of

hindrance factors more difficult.

Mason and Lonsdale proposed a statistical-mechanical model, which gave a

general description of the hard-sphere solute/solvent transport in porous media

(1). Ultrafiltration was one of its special cases. Niemi and Palosaari further

simplified this model and presented an experimental method to calculate the

these parameters, which could properly describe a given membrane separation

(2). They derived equations to correlate the experimental data and theory, then

directly calculated two important parameters, effective diffusivity (D eft) and

effective convective flow through the membrane. Once the bulk diffusivity (D _) of

solute was known (from literature or experiment), the hindrance factor of

diffusivity (Hd) could be calculated for a given membrane system by Equation 1.

Based on this semi-empirical approach, the advantage was that all parameters

could be determined without knowing pore diameter and molecular size.

D eft = Hd "D _ [1]

Experimentally, the rejection (R,%) is obtained from the compositions of feed and

permeate by GC analysis (Eqn. 2). The permeate flux (Jv, m3/m2/s) is varied with

pressure d_'op across the membrane. According to Equation 3, the reflection

coefficient (_) and solute diffusive permeability (P,m/s) can be calculated from the

- slope and intercept, respectively. Equation 4 and 5 are used to calculated the D eff

and hindrance factor of convective flow W, respectively.

C_
R = 1- -"'" [2]Cfm

1 P 1 1

g = _ *_--_+ -_ [3]



D eft= P " L [4]

W =1-_ [5]

where Cpm: concentration of permeate near membrane surface (kg/m 3)

Cfm : concentration of feed near membrane surface (kg/m3)

L : pore length or effective membrane thickness (m)

Since the size of toluene is much smaller than the membrane pore diameter,

initially both hindrance factors can be assumed - 1. That means, the effective

diffusivity and convection are assumed to be closed to those in the bulk solution.

, However, these factors will still need to be determined by experiment using a
similar method in the future.

EvaluationofCompound #II Separation

Experiment

Three membranes were tested for their separation performance of compound #11.

The membranes Si417 and Si478 were calcined in air at 500°C for 2 hours to

remove coronene deposition from the last experiment of coronene/tetraline

separations. A concentration of-0.8 wt% compound #11/toluene was prepared for

the separation test. The permeation and separation were carried out at room

temperature. Before separation, the toluene flux was measured at AP from 100 to

400 psi. The mixture or pure toluene was circulated by a HPLC pump which

could deliver flow at 20 cc/min at pressures from 100 to 400 psig. The feed

pressure was adjusted by a back pressure regulator installed in the reject line.

The permeate line was open to atmosphere. The detailed procedure was described

in the last quarterly report. The concentration of each sample was analyzed 2 to 4

times and reported the averaged values.
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Results and Discussion

Table 1 summarizes the separation results of three membrane tubes with

different pore diameters and the toluene permeance. It is assumed that the feed

concentration is approximated by that of bulk feed stream since there is no way to

estimate that true value. The mean pore diameter of these membranes are

measured by the pore size analyzer. The rejection of coronene in Si478 gives the

best value up to 35% at AP=400 psi, however the flux is near three times lower

than that of a fresh membrane. Pore size analysis shows that the majority of

pores for Si478 is less than 26._, possibly around 20._. For Si417 and 50/_

membranes, the rejection were 27% and 22%, respectively, at AP=100 psi.

Generally no separation is observed at higher pressures and there is no

significant difference between these two membranes. It may be due to the

concentration polarization because of high pressure across the membrane. The

local concentration of compound #11 near the membrane surface may be much

higher than that in the bulk feed stream. Since the rejection is calculated based

on the concentrations of bulk feed (not a good assumption), these values were

likely under estimated.

The molecular weight of compound #11 is 272 g/mole, and its kinetic diameter is

not available from the literature. From the molecular structure, it is not possible

to estimate its size since the molecule is linear and flexible. The median pore

diameter of Si478 is estimated to be between 15~20._, which might not be able to

provide a complete separation cut. That means, the separation selectivity of

toluene and compound #11 cannot be infinite.

The separation of compound #11 was not investigated further because (a) the

quantity is limited (it is the intermediate product of other projects of PETC); and

(b) the chemical properties and reaction are not well established. So this

compound is not chosen for the study of the catalytic membrane reactor.

However, we will still measure its hindrance factors just for evaluation of the

membrane performance.
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Evaluation of CQm]_Qund#9 Separation

After meeting with USC, the model compound selected is #9 since it is

commercially available, and can be carried out in catalytic reaction as follows.

Toluene is generated from the hydrogenolysis of compound #9. In the catalytic

membrane reactor, the toluene will be selectively removed to the shell side, thus

enhancing the conversion of compound #9. This reaction represents one of the

typical coal-liquid upgrading reactions, hydrogenolysis. Therefore, the

separation selectivity of toluene and compound #9 becomes crucial in the modified
membrane. The criterion of the future membrane modification will be based on

the selectivity of toluene from compound #9 through size exclusion.

Experiment

A fresh 40/_ membrane tube was used first to establish the base line. The 1" long

membrane was heated under N2 flow at 500°C overnight to remove moisture

before performing the separation test. The feed concentration was assumed as

above. In the experiment, the pressure across the membrane was kept below 100

psi. The circulation of the feed was - 18 cc/min, which gave a Reynolds number of
about 1178.

Results and Discussion

Figure 4 shows the separation result of compound # 9/tetraline using 40/_

membrane based on Eqn. 3. The solute diffusion permeability is 7.8E-8 m/s and

reflection coefficient is 0.55 (i.e. W=0.45). Only the solute diffusion permeability

can be presented now. The effective diffusivity (D eft) cannot be estimated due to

the lack of total effective membrane thickness. It is because that support could not

be negligible in the resistance of liquid-phase transport. Although the pore size of



the membrane support is very large ( > 10 _tm), its contribution of hindrance effect

may still be significant due to its thickness ( ~ 1 ram).

With the current delivery pump of feed, these data may not be reliable due to the

concentration polarization. The operation of experimental conditions will

continue to be improved in the next month.

Future Work

• Increase feed circulation rate to increase Reynolds number, thus the bulk

feed concentration is close to that near the membrane surface.

• Modify membrane to increase permeance without sacrificing selectivity,

i.e. decrease pore size.

• Study the effect of temperature on hindrance factors since they are

important in the catalytic membrane reactor.

• GC calibration of toluene and compound #9 in tetraline solvent.
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Table 1 : He and N2 Permeances of r' long Si.Modified Membranes at 20°C

Mem. ID Permeonce (m3/m2/hr[atm)
He N2

Si258 15.2 4.9

Si265 21.0 10.2

Si267 20.3 11.1
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Table 2 :Separation of Comp # llfroluene Mixtures at Room Temperature

Mem. Pore Ap Comp.#11 Conc. (_t%) Rejection Pe_rm_ance_ (l/m2_
(/_) (psi) Feed Permeate (%) Mixture Toluene

Fresh 50 100 0.876 0.639 27.1 1.3268 1.3043
200 0.790 0.740 6.3 1.1824 1.2168
300 0.816 0.700 14.2 1.1355 1.1778
400 0.809 0.817 ~0.0 1.1307 1.1024

Si417 34 100 0.867 0.673 22.4 1.2105 2.3673
200 0.813 0.782 3.8 1.1753 1.9148
300 0.860 0.780 9.3 1.0469 1.5941
400 0.821 0.820 0.0 1.0136 1.3691

Si478 <26 100 0.817 0.666 18.5 0.2274 0.3917
200 0.785 0.624 20.6 0.2121 0.3611
300 0.755 0.628 16.8 0.2172 0.3451
400 0.869 0.566 34.9 0.2130 0.3279
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Figure 1 :The Calibration of Com. #11 in Toluene Solvent
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Figure 2 :The Calibration of Comp. #9 in Tetraline Solvent
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Figure 3 :The Calibration of Toluene in Tetraline Solvent
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Figure 4 : Separation of Compound # 9/Tetraline Using 40_ Membrane
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