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ABSTRACT

The work on this project was initiated on September 1, 1989. The project consisted of

three different tasks. 1. A thermodynamic model to predict VLE and calorimetric properties

of coal liquids. 2. VLE measurements at high temperature and high pressure for coal model

compounds and 3. Chromatographic characterization of coal liquids for distribution of

heteroatoms. The thermodynamic model developed is an extension of the previous model

developed for VLE of coal derived fluids (DOE Grant no. DE-FG22-86PCg0541). The model

uses the modified UNIFAC correlation for the liquid phase. Some unavailable UNIFAC

interactions parameters have been regressed from experimental VLE and excess enthalpy data.

The model is successful in predicting binary VLE and excess enthalpy data. Further refinements

of the model are suggested.

An apparatus for the high pressure high temperature VLE data measurements has been

built and tested. Tetralin-Quinoline is the first binary system selected for data measurements.

The equipment was tested by measuring 325°C isotherm for this system and comparing it with

literature data. Additional isotherms at 350°C and 370°C have been measured.

The framework for a characterization procedure for coal derived liquids has been

developed. A coal liquid is defined by a true molecular weight distribution and distribution of

heteroatoms as a function of molecular weights. Size exclusions liquid chromatography,

elemental analysis and FTIR spectaoscopy methods are used to obtain the molecular weight and

hetroatom distributions. Further work in this area should include refinements of the

characterization procedure, high temperature high pressure VLE data measurements for selective

model compound binary systems, and improvement of the thermodynamic model using the new

measured data and consistent with the developments in the characterization procedure.



PROJECT OBJECTIVE AND SCOPE

The objective to this project is to develop a thermodynamic model for phase equilibria
t,

and calorimetric properties of coal derived fluids. Through efforts of a previous project (DE-

. FG22-86PC90541), a model for phase equilibria of coal derived liquids is already available. In

this project, this model is to be extended to include calorimetric properties as weil. The

modification involves the use of the modified UNIFAC correlation with suitably regressed

parameters, combined with an appropriate equation of state to represent compressibility of the

liquid phase. To accomplish this satisfactorily, the proposed work includes three tasks: (1)

Refinement of the characterization procedure to include distribution of sulfur, oxygen, and

nitrogen heteroatoms in coal liquids. This is to be accomplished by size exclusion

chromatography of coal liquid samples, followed by elemental and FTIR analysis of separated

fractions. (2) Measurement of high temperature (up to 400"C) and high pressure (up to 1000 psi)

VLE data for binary systems of selected model compounds. The VLE apparatus assembled as

a part of the previous project will be used for this purpose, and (3) Development of the

thermodynamic model. The final product will include a computer program which with

measurable properties of coal liquids as input, will give results for phase coexistence properties

and excess enthalpies in the liquid phase.
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TECttNICAL HIGHLIGHTS AND MILESTONES

A thermodynamicmodel forvaporliquidequilibriumand calorimetricpropertiesofcoal

• derived fluids has been developed. The model is based on the UNIFAC activity coefficient

correlation and the method of continuous thermodynamics. A coal derived Liquid is defined as

a mixture of a few distributions of molecular weight, each distributions containing a molecular

species with fLxcd relative composfions of various functional groups. In addition to aromatic

tings, particular attention is paid to phenolic, pyridinic and thiophenic functionalities in coal

liquids, characterization procedure to include distribution of sulfur, oxygen and nitrogen

heteroatoms in coal liquids.

The model developed is capable of doing phase equilibrium calculations for continuous

and semi-continuous mixtures using representative one parameter single and multiple

distributions, and is capable of calculating calorimetric properties of coal liquids. The detailed

parametric study carried out under different conditions of pressure, composition, boiling range

has given very valuable information of the effect of averaging different types of distributions.

Three major inferences have been de,_ved out of the detailed parametric study.

1) Phenolic distributions have to be treated as separate distributions from other distributions

in order to avoid major errors in estimating thermodynamic properties.

2) Pyridinic distribution may be averaged with hydrocarbon distribution without causing

serious errors, but for accurate results pyridinic group should be included in separate

distribution.

3) Thiophenic distributions can be averaged with hydrocarbon distributions without affecting

the thermodynamic properties. Calculations with different combinations of three or more

distributions did not give any further useful information.

The boiling ranges of H-coal and Wilsonville distillates estimated as bubble point/dew

point temperatures are reasonably accurate for low and moderate boiling ranges_ THe high

deviation of temperatures for higher boiling ranges could be because of the following

. assumptions made in the work,

i) The bubble point and dew point temperatures estimated have been approximated as the

boiling range the given distillate.

2) The model uses the UNIFAC model which applies only at moderate temperatures and
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pressures. We have stretched applicability of this model in these calculations.

3) At high molecular weights, additional distributions with average molecules having mixed

oxygen, nitrogen and sulfur functionalities need to be defined.

The thermodynamic model predicted heat capacities of coal liquids in close agreement

with available experimental values. A very significant conclusion of this study is that detailed

information of distribution of heteroatoms especially oxygen in coal liquids is necessary if

accurate prediction of thermodynamics is needed. Analytical methods to obtain such information

need to be devise. Also, more high temperature, high pressure VLE and liquid enthalpy data

for coal model compounds are necessary to extend the UNIFAC correlation to apply at higher

temperatures.

A flow apparatus has been built for high temperature ( < 500") and high pressure ( < 200

psi) vapor liquid equilibria measurements. The apparatus has been tested by reproducing and

isotherm for the tet.ralin-quinoline system. Two higher temperature isotherms have been

measured for the same system. For refinement of the thermodynamic model described above,

binary systems for future VIE data measurements have been identified. They are (1) benzene-

ethyl benzene, (2) ro.cresol-benzene and (3) m-cresol ethyl benzene. These data should allow

regression of high temperature parameters for UNIFAC such that the model should give more

accurate predictions for higher boiling coal liquid fractions.

The framework for a characterization procedure for coal derived liquids has been

developed. A coal liquid is del'reed by a true molecular weight distruibution and distribution of

heteroatoms as a function of molecular weight. This defudti ,n is consistent with the treatement

of coal fluids in our thermodynamic model and the results of the characterization measurements

could be directly incorporated in the thermodynamic model for pre.diction of VLE and

enthalpies. Size exclusions Liquidchromatography, e!tementalanalysis and FTIR spectroscopy

methods are used to obtain the molecular weight and heteroatom distributions. The

characterization procedure is demonstrated by generating molecular weight distributions and

distributions of phenols, pyridines and hydrocarbons for four coal derived liquid _rnples.

In what follows, the details of the three areas of effort, namely, thermodynamic mode,

VIE measurements and characterization procedure are presented. A short section on further
_

work necessary in these areas is also provided.



PART I

THERMODYNAMIC MODEL FOR VLE AND LIQUID ENTHALPY

MODEL FOR DEFINED POLYNUCLEAR AROMATIC COMPOUNDS

Through a previous project funded by DOE-PETC (DE-FG22-86PC90541), a

thermodynamic model was developed for VLE calculations with coal fluids [1,2]. This model

involved the UNIFAC correlation [3] for the liquid phase and the Hayden - O'Connell

correlation [4] for the vapor phase. Coal fluids were characterized by molecular weight

distributions and functional group compositions. The same functional groups were used as in

the work of White and coworkers [5,6]. The functional groups are listed in Table 1.

VLE calculations for coal fluids were carried out by the method of continuous

thermodynamics [7,8]. Coal fluids were defined by molecular weight distributions each with

an average molecule of fixed relative compositions of functional groups. Separate distributions

were defined for nitrogen and oxygen containing compounds. Two parameter beta density

functions were used, with the parameters defined in terms of the mean and the variance of the

distribution. Known distributions corresponding to a phase were discretized to a finite number

of points by the method of Gaussian Quadratures. Generally, ten quadrature points were used

to represent each distribution. Phase equilibria calculations were then carried out for the multi-

component system made up of the discrete components each with know_,', composition of

functional groups. The prooess was reversed to convert the computed compositions of discrete

components in a coexisting phase to continuous distributions of molecular weight.

In the current work, our objective is to modify the thermodynamic model to allow

computation of excess enthalpies in the liquid phase in addition to the VLE properties. For

application of the model to coal fluids, we plan to use the same continuous thermodynamics

procedure as outlined above. We devoted the first year of the project to the development of a

thermodynamic model for VLE and excess enthalpies of mixtures of aromatic compounds such

., as the ones that exist in coal liquids. This required a databank of VLE data and excess enthalpy

data for binary and ternary systems of such compounds. A VLE databank was already available

from our work on the previous project. During the first few months of this project an excess

enthalpy databank was compiled. The systems, number of data points and literature references
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for the databank were listed in a previous technical report.

The original UNIFAC correlation used in our initial VLE model was not designed to

predict enthalpies. However, a later modification of the UNIFAC model [9], which has a more

extensive temperature functionality for the binary group interaction parameters, was developed

to correlate both VLE data and liquid enthalpies simultaneously. The interaction parameters in

this model, were in fact, regressed from both VLE and enthalpy data. In this work, we have

developed the modified UNIFAC model for tb_ functional groups given in Table 1. Table 2

gives the UN'IFAC group volume parameter R and group surface area parameter Q for ali the

sixteen groups. R and Q represent reduction in R and Q for each hydrogen substituted by

another group. Most of the binary interaction parameters for these groups were already

available [9], but a few had to be regressed from VLE and enthalpy data. Benzene-thiophene,

OH-thiophene and pyridine-thiophene interactica parameters were regressed from only VLE-

data, thiophene-paraffinic CH= parameters were regressed from only enthalpy data, whereas

pyridine-amine para.meters were regressed from both VLE and enthalpy data. No interaction

parameters could be obtained for groups 10 and 14, namely indole ring and diarylthiophene

linkage, because of lack of experimental VLE and enthalpy data for systems containing these

functional groups. Such data are, therefore, very much needed.

Excepting for the group interaction parameters for indole ring and diaryl-thiophenic

Linkage, the new thermodynamic model for multi-component aromatic compounds has been

developed. The model uses the modified UNIFAC correlation for the liquid phase and the

Hayden-O'ConneU correlation for the vapor phase. The model also uses the Ioback's

modification of Lydersen's method [10] for estimation of critical properties and acentric factors,

Lee-Kesler correlation [11] for vapor pressures and modified Rackett equation [12] for liquid

densities. Thus, the model is the same as our previous VLE model [1,2] with modified

UNIFAC correlation replacing the original UNIFAC method. The modified UNIFAC equations

for activity coefficients and excess enthalpies are given in the Appendix.

The thermodynamic model was tested with experimental VIE and excess enthalpy data

for binary systems. For VLE data comparisons, bubble point temperature calculations were
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carried out, and computed temperatures _ind vapor compositions were compared with the

experimental data. Average absolute percent errors for these quantities are listed in Table 4.

In ali 52 binary systems were evaluated for a total of 1720 temperature points and 1103 vapor

composition points. Average percent errors of 1.8 N for the temperature and 8 N for vapor mole

fractions of component 1 reflects a good agreement with experimental data. These results are

• equivalent to the results obtained using the original UNIFAC correlation.

Results are also given for excess enthalpies of 88 binary systems in Table 5. Errors are

presented in two forms. In addition to average absolute percent errors we also give average

absolute deviation in excess enthalpy in Ioules/mole. The reason for doing this is that for some

systems where excess enthalpies are very small, average percent errors do not qualify the results

properly; for example; see the results for the systems benzene - 2 methyl pyridine and benzene -

3 methyl pyridine. An average absolute error of 63 J/tool for 2855 data points shows a

reasonable accuracy for a correlation of this type. One point to note here is that a group

contribution correlation like UNIFAC is not sensitive to the structure of a molecule and cannot

differentiate between isomers with same organic formula. In a number of cases, excess

enthalpies for different isomers vary appreciably. Although this is a weakness of the model, we

believe ',..hatthis model is quite appropriate for applications to coal liquids which contain a maze

of compounds and exact identification of individual compounds is impossible.

In what follows we show the extension of the above model to compute VLE and excess

enthalpies of coal derived liquids. Some limited comparisons of the model with experimental

data are also shown.



APPLICATION TO COAL DERIVED FLUIDS

In this report, we present the results of application of our thermodynamic model

for VLE and calorimetric properties of coal liquids. The thermodynamic model for

defined mixtures was presented in a previous report (October 1, 1990) and includes

the following methods" "

1. Group characterization of compounds by the method of White and

Coworkers [1,6]

2. Modified UNIFAC correlation of Larsen et al [9] for the activity coefficient

in the liquid phase

3. Truncated virial equation with Hayden-O'Connell correlation [4] for vapor

phase

4. Joback's modification of Lydersen's method [10] for estimation of critica/

pressure and acentric factors

5. Lee-Kesler correlation [11] for vapor pressures

6. Modified Rackett equation [12] for liquid densities

7. Rowlinson-Bondi [10] corresponding states method for pure liquid heat

capacities.

8. Joback's group contributions method [10] for ideal gas heat capacities.

The group characterization of aromatic compounds and the details of the

thermodynamic model were described in the previous section. In particular, the model

development included generation of UNIFAC group parameters for the modified

UNIFAC correlation. The functional groups and their UNIFAC volume and surface area .

group parameters are given in Table 2 and UNIFAC binary group interactions

parameters are presented in Table 3. A number of binary interaction parameters are

unavailable because of lack of VLE and enthalpy data.

The main objective of this work is to apply the method of continuous

thermodynamics to VLE and calorimetric properties of coal liquids and to determine .

the best representation of coal fluids by continuous distributions. In particular, we

wish to determine the parameters for distribution functions that are most suitable for -

this purpose. Coal derived fluids consist of mainly polynuclear aromatic compounds



with finite amounts of oxygen, nitroger_ and sulfur heteroatoms. Molecular weight

would be a good parameter for purely hydrocarbon compounds. Separate distributions

may be defined for compounds containing heteroatoms. Or, alternatively a bivariate

• distribution with molecular weight and a second parameter representative of the

composition of the heteroatoms may be used. Here, we have used univariate function

• with molecular weight as the single parameter. Various distributions are employed,

one for hydrocarbons, one for hydrocarbons containing oxygen, one for hydrocarbons

containing r_itrogen, and one for hydrocarbons containing sulfur.

ThermQdvnamic Mod_l for Coal Fluids

The thermodynamic model developed in this work is a combination of the

continuous thermodynamic method and the thermodynamic model for defined

mixtures. As an example, the procedure for the bubble point temperature calculation

using our model is outlined below.

For a given coal fluid initially single or multiple continuous distributions with

molecular weight as the characterizing parameter, have to be defined. Molecular

weight range, MWi to MWf, mean molecular weight, MW and variance of molecular

weight, O=uw, must be known to generate a ¢._ntinuous distribution. The mean and

variance are first scaled between 0 and 1 by the following equations,

MW=MW,-MW,

MW,) (21



where eM and o=e are the mean a'nd the variance scaled between 0 and 1.

Distribution parameters e and/Y are next calculated from,

e_,(1-e.) -e. (4)¢= 2
OM

P==(0___1) (5)

Equations 4 and 5 are inverted forms of the following equations.

= (6)0 =.-----
¢+13

o==_ =P (7)
(=.p)=(=.p*l)

The corresponding univariate distribution function is then given by,

F(=+13)_y.-1(1 _y)p-1 (8)
=r(=)r(p)

where the distributed variable y is given by

MW-MW_ (9)

Y= MWFMWI

t



note that y is bounded between 0 and 1'.

For each distribution, the relative compositions of different functional groups

are considered independent of molecular weight. The bubble point temperature

calculation involves computaion of temperature and vapor phase composition from

the knowledge of pressure and liquid phase composition• The first step in the

calculation involves discretization of the continuous distributions by using the

Gaussian quadrature technique. The number of quadrature points are chosen

according to the desired accuracy of the calculation. In this work we have used ten

quadrature points to represent a distribution. To generate the quadrature points, the

continuous distribution F(y) first has to be scaled to the range -1 < x < 1. The

transformation for this is simply given by,

x=2y-1 (10)

The weighting functions and the compositions of the quadrature points are then

determined using equations 1 1 through 14.

f : F(x) dx= r.,_ wl F(x_) (11)

1 (12)

,, (1w,=n

x,=_cos.(2/-1)_] (13)[ 2n "

Mole fraction of each quadrature point is defined by

z,=_jF(x_w / (14)



where 17i is the mole fraction of the con'tinuous distribution j.

The distributions are thus converted to n discretized quadrature points with known

composition. These n quadrature points are now treated as n components of a

multicomponent system, and the bubble point temperature, vapor phase compositions

are calculated using the thermodynamic model described before. The discrete

compositions of the vapor phase are next converted to a continuous distribution as

follows. First the mean molecular weight MW and the variance O_MWcorresponding

to distribution _ in the vapor phase are calculated as

Til

_IA/2

O MW =

"q/

where W k is the mole fraction of quadrature point k in the vapor phase and r/j is the

mole fraction of the continuous distribution j in the vapor phase or

= n (17)

'w

From MW and O=Mw,the continuous distribution F(y) is generated using equations 1

through 9 as described before. A dew point calculation is carried out in a similar way

when the vapor phase composition is known instead of the liquid phase.

Furthermore, a procedure is also developed for the computation of heat

capacities of coal liquids. The liquid phase distributions representing a coal liquid are

initially discretized by the method of quadratures. Each quadrature point is considered
6

a pure liquid. The heat capacity of the coal liquid is then computed as a sum of three

terms as follows
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The firstterm istheexcess heatcapacitywhich isobtainedfrom themodifieaUNIFAC

correlation,the second term representsthe residualpure liquidheat capacities

summed over ali the quadrature points. Rowlinson-Bondi [10] corresponding states

method was used for this term and is given below:

c_-c_=1.45.0.4s(1-T_-_.0.2s=[17.11
R

1

+ 25.2(1 -T_ 3 TT'. 1.742(1 -TJ"] (19)

The ideal gas heat capacity required in equations 18 and 19 was calculated using

Joback's group contribution method [10]

c_= (__.,/ni& a- 37.93) +(_/n]&b+O.2.10) T

,,

where c, ° is in J/(mol °K} and T is temperature in °K. The group contributions &a, Ab,

Ac and Ad corresponding to the sixteen groups of Table 1 are tabulated in Table 6.

Thus a method for computation of heat capacities of coal liquids is available and uses

• the same functional group characterization of coal liquids as in our VLE model

t

Definitign qf Conl;inuous Distributions.and Corresoondina Averaq.Q Mole¢ules
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Although we have made an assumption that for each continuous distribution,

the relative composition of the functional groups is independent of molecular weight,

this functional group composition must be known. Furthermore, for the results to be

reflective of thermodynamics of coal fluids, the functional group compositions must

correlate with available experimental data for coal liquid distillates. Fortunately, some

data of this type appeared in the literature recently [6]. in ali the calculations for the

parametric study, the compositions of the different groups in the average molecule are

chosen such that the composition is close to a representative coal liquid. In particular,

we have defined four continuous distributions" 1) hydrocarbon distribution, 2) phenolic

distribution, 3) pyridinic distribution, and 4) thiophenic distribution. The individual

groups in each of these distributions are:

1) Hydrocarbon distribution" Benzene, benzo group, naphthenic eH= and paraffinic

CH2 family.

2) Phenolic distribution: This distribution contains ali the same groups listed for

hydrocarbon distribution in the same ratio. In addition, it includes a hydroxyl

group (-OH) with the ratio of hydroxyl to benzene group of 1:1.

3) Pyridinic distribution: This distribution contains ali the same groups listed for

hydrocarbon distribution in the same ratio. In addition it includes a pyridinic

group with the ratio of pyridinic to benzene group of 1"1.

4) Thiophenic distribution: This distribution again contains ali the same groups

listed for hydrocarbon distribution in the same ratio. In addition, it includes a

thiophenic group with the ratio of thiophenic to benzene group of 1:1.

Same parameters are used to generate each of these four distributions. .

Of ali the groups listed in Table 1 and in the original data of White and

coworkers [6], only the following groups appear in the average molecules of the four

distributions: benzene, benzo group, paraffinic CH=, naphthenic CH=, hydroxyl group,

pyridine and thiophene. Ali the hydrocarbon functional groups are thus lumped into

the first four groups. Specifically, ali paraffinic alkyl groups have been lumped in;o

• paraffinic CH=, ali hydroaromatic groups are lumped into a naphthenic CH=. "

Furthermore, a multi-ring aromatic is represented by a benzene group and multiple

benzo groups. Although more detailed group definitions could have been used, such

t2

_
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an exercise would introduce more complications in the calculations without adding

appreciably to the useful information that could be derived from the results.

This study was intended to address the thermodynamics of H-Coal and

Wiisonviile distillates studied by White and coworkers [6] whose published functional

group compositions data show that oxygen, nitrogen, and sulphur heteroatoms are

primarily in the phenolic -OH, pyridine and thiophene groups. We have, therefore,

included these three additional groups in our study. For coal distillates with non-

negligible concentrations of other functional groups, such as, ether linkages, amine,

sulfide etc., similar studies as ours could be carried out.

The average molecules for the four distributions were generated in the following

manner. Arbitrary, but realistic ratios were chosen for the relative compositions of the

four hydrocarbon groups. These ratios were considered the same for ali distributions.

In addition, for the phenolic, pyridinic and thiophenic distributions, hydroxyl, pyridine

and thiophene groups were added to the respective average molecules in amounts

equal to the molar compositions of the benzene group. The group compositions of the

average molecules of the four distributions, normalized to a molecular weight of 100

g/tool, are listed in Table 7.

An assumption that is made in defining the four distributions is that oxygen,

nitrogen and sulfur functionalities each appears on separate molecules, and that the

concentrations of compounds containing two or more of oxygen, nitrogen and sulfur

functionalities on the same molecule are negligible. This assumption is justifiable for

low molecular weight coal liquids (< 200). However, to apply these studies to high

molecular weight coal liquids additional distributions with average molecules

containing two or more of hydroxyl, pyridine and thiophene groups need to be

defined. The consequences of our assumptions will be later tested when the model

is applied to predict boiling ranges of H-coal and Wilsonville distillates. In the next

section we present the results of the calculations using our continuous

. thermodynamics model with the distributions and the average molecules defined as

" described above.



Results and Discussion

Here, we report results for thermodynamics of coal liquids obtained from the

continuous thermodynamics model presented in the previous sections. Ali the results

presented here are for bubble point, dew point calculations, and liquid heat capacities.

In ali our calculations, we used the hydrocarbon, phenolic, pyridinic and

thiophenic distributions described before, the distribution parameters and the

corresponding average molecules given in Table 7. Initially, results were obtained

with the feed composed of the above distributions in various combinations and

compositions. The objective was to investigate whather the compounds containing

the oxygen, nitrogen and sulfur heteroatoms need to be represented by separate

distributions or could be averaged with the hydrocarbons into a single continuous

distribution.

These results are organized into three studies. In the first study, we study the

effect on the thermodynamic properties, when the feed consists of two separate

distributions (hydrocarbon distribution and one of the other three distributions) or a

single equivalent distribution with the same composition of the functional groups. The

properties compared include bubble point temperature, dew point temperature, group

compositions of coexisting phases and liquid heat capacities, lt should be noted here

that when the feed is represented by a single distribution, the functional group

composition of the liquid and vapor phases computed are identical, even though the

molecular weight distributions corresponding to the two phases are different. This is

because corresponding to each distribution there is an average molecule with fixed

relative group compositions. Therefore, the results for two distributions will compare

well with those for a single distribution, when the calculated molecular weight

distributions corresponding to the two distributions are close to overlapping; or, the

" average molecules corresponding to the two distributions exhibit similar behavior.

Differences in results would be expected if the average molecules corresponding to

two distributions represent vastly different types of functional groups.
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We have furthered our investigation by comparing the results obtained when

the feed consists of three distributions in certain mole fractions or two equivalent

distributions obtained by averaging two of the three distributions or a single

distribution obtained by averaging ali three distributions. Each of these studies is

valuable to arrive at final recommendations for the application of the continuous

thermodynamics approach to coal fluids. Finally, we show comparisons of our model

results with some experimental data available in the literature.

Two Di,strib, uti.ons Ver_u_ One Equivalenl; Di_tribul;i0n Case

For this and ali the later studies, results are reported for bubble point and dew

point temperatures and the functional group compositions in the computed coexisting

phases i.e. vapor phase for the bubble point calculation and liquid phase for the dew

point calculation. Additionally, heat capacity of the liquid phase is computed as

described before. Comparison of heat capacities is not done for calculations involving

thiophenic distributions, because UNIFAC binary interaction parameters for thiophenic

group were regressed using only VLE data. Excess enthalpy data are not available for

mixtures involving thiophenic compounds. The calculated coexisting phases are

represented by different molecular weight distributions for different cases; therefore,

to better exhibit the differences between different calculations, we con_pare the group

compositions calculated per unit mass instead of per unit mole of the coexisting

phases. The procedure used to calculate the composition of a group from the results

of a bubble point temperature calculation is outlined below.

In a calculation where the coal liquid is described by two distributions in the

liquid phase, the bubble point temperature, the overall distribution composition in the

vapor phase, and the function F(y) corresponding to each distribution (equation 8) are

computed using the model explained before. The above information is also

determined for the equivalent single distribution calculation. For a given range of

molecular weights the distributed variable y is related to molecular weights by

equation 9. The mass of material (ml=) of molecular weight from MW1 to MW= per

t5



one mole of distributions is given by,

(21)

m12-/y:= MWF(j/) dy= MWT_MW/J Mw1 MWF( MW) d(MW')

where Yl and Y2 are the values of the distributed variable corresponding to MW1 and

MW2. Using equation 9, m12 may be written as

(22)

m,2 = MWI/y:' F_ dy + (MW,- MW_/y:' yF(_d.,v

The above integral is computed for each distribution.

When the integration is from the initial molecular weight MWi to the final

molecular weight MW, the corresponding result from equation 22 gives the mass of

the total material (mi) per unit mole of distribution j. In this calculation, the first

z integral becomes unity and an analytical expression is available for the second integral

and is given below.

(23)

dv=r(a)r(p)
, .[o -r(a+p)

where a and/t are the distribution parameters, and a is a + 1.

Furthermore, if r/u is the calculated mole fraction of distribution j in the vapor phase,

the mass of the.material corresponding to distribution j per unit mole of the vapor is

simply given by mir/i.

i

Now, suppose that we wish to calculate the composition of group k in 100g

of the vapor. As each distribution is defined by a fixed average molecule, from Table

7, we calculate moles of group k per unit mass for each distribution j. If these are
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denoted by IJ_, the required moles of group k (nk) per lOOg of the vapor is calculated

from the following equation,

 ,, jmj,ljxi (24)

In the first study on two distributions versus single distribution calculations, a

hydrocarbon and a phenolic distribution corresponding to the mean molecular weight

of 176.3 g/tool are considered based on the composition given in Table 7. The results

of bubble point and dew point calculations with feeds comprising of 0.05 to 0.95

mole fractions of each of the distributions are shown in Table 8. For the feed

comprising of equimolar mixture of the two distributions, the group compositions of

the coexiting phases are tabulated in Table 9 and the distributions themselves are

plotted in Figures 1 and 2 for the bubble point and dew point calculations respectively.

The comparisons of bubble/dew point temperatures and liquid heat capacities

calculated using two distributions and an equivalent single distribution show

differences between the two sets of values, but these results by themselves are not

enough to justify two distribution calculations, lt is the differences between the

calculated group compositions of coexisting phases that we believe are more

significant, and want to draw attention to. The vapor/liquid phase compositions listed

in Table 9 show high deviation of as much as 25% for the composition of hydroxyl

group in the redistributed vapor/liquid phases.

This study shows that the phenolic distribution has to be considered as a

separate distribution to avoid large errors in estimating thermodynamic properties of

oxygen containing coal derived fluids. Figures 1 and :2 show the plots of the

distributions for the liquid, and the vapor phases for the two and single distribution

bubble point and dew point calculations. The separation of the two distributions in

the vapor phase in Figure 1 and liquid phase in Figure 2 is responsible for the

differences in the computed thermodynamic properties.
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In the second part of the study a hydrocarbon and a pyridinic distribution

corresponding to the mean molecular weight of 176.3 gms./mol are considered. The

temperatures at pressure of 1.013 bars are shown in Table 10. lt can be seen that

even at significant composition of the pyridinic distribution the deviation in

bubble/dew point temperatures and liquid heat capacities are less. The redistributed

group compositions of the coexisting phases are tabulated in Table 11. The

comparison of pyridinic group composition for the two calculations shows about 18 %

difference in the composition which cannot be ignored. The liquid, vapor phase

distributions for the two, and single distribution calculations are shown in Figures 3

and 4. Sepsration of pyridinic and hydrocarbon distributions is observed, but the

separation is not as large as in the c:lse of phenolic distribution.

In the next calculation hydrocarbon and thiophenic distributions of mear_

molecular weight of 176.3 gms/moi are considered. The temperatures are tabulated

in Table 12. Comparisons of the temperatures show negligible differences between

the two and single distribution calculations. The redistributed group compositions in

the coexisting phases are listed in Table 13. The thiophenic group composition

remains almost the same for the two calculations. This study clearly shows that the

thiophenic distribution can be averaged with a hydrocarbon distribution without

affecting the phase equilibrium properties of the coal derived fluid. The liquid, vapor

phase distributions for the two, single distribution calculations are shown in Figures

5 and 6. The curves corresponding to two distributions practically overlap.

Three, Two Eauiv_lent. 0n_ Eauivalent Distributions study

\

In this study three independent distributions, namely, hydrocarbon (I), phenolic

(11)and pyridinic (111)with mean molecular weight of 176.3 gms/mol _._ used to see

the effect of phenolic distribution on averaging of the other two distributions, and to

" further see the differences in the results when ali three distributions are averaged into

one. Bubble point and dew point calculations are carried out for three sets of

distribution compositions (xi = 0.1, x, = 0.4), (xi = 0.3, x, = 0.4) and (x, = 0.5, x, = 0.4).
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Significant results from these calculations are shown in Table 14. In general, little

differences in results are observed between three and two equivalent distributions

calculations, but results for equivalent single distribution calculations vary considerably

from the other two sets. This once again shows that the thermodynamic properties

of coal liquids are very sensitive to the distribution of phenolic compounds. The

distributions of coexisting phases corresponding to (x,=O.3, x,,=O.4} calculations are

plotted in Figures 7 and 8. Again large separations are observed between phenolic

and the other two distributions.

E_timation.of boiling ranges for experimental d_ata

In this section bubble point and dew point temperatures are estimated as boiling

ranges for the experimental data obtained from the work of White and coworkers [1 ].

The distillates considered in this study are H-Coal and Wilsonville distillates. Since,

the concentrations of nitrogen, sulphur groups were very low, two distributions have

been considered as follows,

Distribution 1 • Benzene, Benzo group, Napthenic CH=, Paraffinic CH 2, Pyridine and

Thiophene.

Distribution 2 • Benzene, Benzo group, Napthenic CH=, Paraffinic CH= and Hydroxyl

group.

For the first distribution the relative ratios of the different groups are fixed as given

in the data. In the second distribution the ratios are the same as in the first

distribution apart from having the hydroxyl group to benzene group in the ratio of 1"1. '

These ratios of the groups of the distributions are then scaled to the mean molecular

weight of the distillate. Mean molecular weights of the distillates were obtained from

the work of Allen [13]. A mass balance calculation is Carried out with the actual

number of hydroxyl groups given in the experimental data as the basis. This gives the

• number of ali other groups in the second distribution. Then, a mass balance is carried

" out for the amount of benzene groups in the first distribution, using the number of

" groups in the actual data, and the groups in the second distribution. By, this way the

overall composition of the first and second distributions can be evaluated. Distribution
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parameters were chosen such that variance for each distribution was adjusted to give

a well behaved bell-shaped curve. For each distillate the overall composition of the
f

two distributions and the individual group composition -,., the distributions are

tabulated in Tables 15 and 16 for the H-Coal distillates and in Tables 17 and 18 for

the Wiisonviile distillates.

Bubble point and dew point temperatures calculated for the different distillates

are tabulated for single and two distributions calculations in Tables 19 and 20. lt can

be seenthat the temperatures predicted for both the H-Coal and Wilsonville distillates

are quite close to the experimental boiling range for low and moderate boiling fractions

and the errors increase towards the high boiling fractions. These errors could be due

to the following reasons,

1) The temperatures given as boiling range for each of the distillates have only beer_

approximated as bubble point and dew point temperatures.

2) The model uses the UNIFAC model which applies only at moderate temperatures

and pressures. We have stretched applicabili_ of this model in these calculations.

3) At high molecular weights, additional distributions with average molecules having

mixed oxygen, nitrogen and sulfur functionalities need to be defined.

Comoarison wil;h Exoerimental Heat Caoacitv Data:

Limited heat capacity data on coal liquid distillates are available in the literature.

One such data set is that of Gray and Holder [14,15], who have measured heat

capacities of SRC il coal distillates. They have also reported data on elemental

analysis and molecular weights of these fractions. For two of these fractions

(Fraction 6 and Fraction 8), we have generated distribution parameters for a phenolic

distribution and a hydrocarbon distribution with trace amounts of pyridine and

thiophenic groups. The distribution parameters, compositions of distributions and

group compositions of the average molecules are given in Table 21. These were then

used to compute liquid heat capacities at various temperatures. Comparison between •

calculated and experimental heat capacities are shown in Table 22. Very good

50



agreements are observed.

• Conclusions

A thermodynamic model for coal fluids has been successfully devel,)ped. The model uses

l:he continuous thermodynamic framework to approximate the unknown compounds in the

respective molecular weight ranges and an average molecule method for defining the group

composition for the distribution. The characterization of' the fluid is done in terms of functional

groups for which the thermodynamic parameters are available from literature. Group

contribution techniques have been used to account for liquid and vapor phase non-idealides.

The model developed is capable of doing phaseequilibrium calculations for continuous and

semi-continuous mixtures using representativeone parametersingle and multiple distributions,

and is capable of calculating calorimetric propexties of coal liquids. The detailed paz-anetric

study ca'Tied out under different conditions of pressure, composition, boiling range has given

very valuable information of the effect of averaging different types cf distributions. Three major

inferences have been derived out of the det_ed parametric study.

1) Phe_.e_c distributions have to be treated as separate distributions from other

distributions in order to avoid major errors in estimatingthermodynamic properties.

2) Pyridinicdistributionmay beaveragedwithhydrocarbondistributionwithoutcausingserious

errors,butforaccugatere.sultspyridinicgroupshouldbe includedinseparatedistribution.'

3) Thiophenicdistributionscan be averagedwithhydrocarbondistributionswithoutaffecting

thethermodynamicproperties.C.alculationswithdifferentcombinationsofth,-eeor more

distributions did not give any further useful information.

The boiling ranges of H-Coal and Wilsonville distflla_ estimated as bubble .point/de w pointo

temperatures are reasonably accum= for low and raodera_ boiling ranges. The high deviation

of temperatures for higher boiling ranges could be because of the following assumptions made

inthe work,
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i) The bubble point and dew point temperatures estimated have been approximated as the

boiling range the given distillate.

2) The model uses the UNIFAC model which applies only at moderate temperatures and

pressures. We have stretched applicability of"this model in these calculations. 3) At high

molecular weights, additional distributions with average molecules having mixed oxygen,

nitrogen and sulfur functionalities need to be defined.

The thermodynamic model predicted heat capacities of coal liquids in close agreement with

available experimental values. A very significant conclusion of this study is that detailed

information of distribution of heteroatoms especially oxygen in coal liquids is necessary if

accurate prediction of thermodynamics is needed. Analytical methods to obtain such information

need to be devised. Also, more high temperature, high pressure VLE data on model coal

compounds are necessary so that UNIFAC model may be extended for accurate predictions at

high temperatures.
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APPF..NDIX

Modified UNIFAC Correlation

Activity coefficient of component i in a mixture:

L.,-_ = I,.,,-£+ L,.-rD _ (:)

.¢c - combinational part

• _'¢_'_" - residual part

(z)

d

_. - mole fraction of component _.

"_ k,_ "number of groups k in molecule i

g,_ - volume group parameter for group

#,

d

_. - activity coefficient of group k at mixture composition

"_ - activity coefficient of group k at a group composition_
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corresponding to pure component i

_ _. - surface area parameter for group k

B_. - __ "K _ --(_)

• ._

cc_,A - total number of groups k in the mixture

'_" . - .e.x _C- (:t._./T) ---(8)

(k_ - tX,,_.,_ + O..m_._z. _ z,_. _s) ._.0,_,3 T --- (9)
-t- 3" -- zcfi_" _a)

0,. - binary group interaction parameters

Excess Emhalpy ofMixture:

I -r - P.,X T a --(10)
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' :l'nl, I o 1

Punct:ional Group._ n iI._r_{I ill l lie (:llaractertT.ai:ion Procedure

(.!,'o.t.Ip_.!I_ Na___me SLrucLul'o C,'oup ID Nsm____ee Structure

1 Hormnrom_at I C r_] 8 Pyr I dene _ .
(Benzene ) Lyj

9 Q,iIno IIne ,_
I11ng

I

(NBphLhalene)

I0 Indole Rlnl
+I_I,

:] "I'i"I_i-omatIcs _.-.'h H

uLVJ 1 1 Am Ille -- NII

( l"yi'ene ) 12 Thl ophelle

13 Aryl Thiophene

5 Te krnnromaL ics

" {Chrysene )

la, Dlaryl Lhlophene -- S •

6 [lellzo-Croup e/_ IB llaphLherllc Cll2 -- CII --
Group

IB ParaL'l'l, rilc CI13 -- CII
Group

"r llydroxyi -- 011
Ill

n The Junctional groups are taken from the work oE White and Coworkers [3,41

•-- bonded l:o an aromat:ic ring
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TABLE 2

Functional Groups and Their Modified UNIFAC Parameters

Group lD Name RK QK -',R z_Q

1 Monoaromatic 3.1878 2.4000 0.1661 0.2800
(Benzene)

2 D iaromatics 4.9808 3.4400 0.1661 0.2800
(naphthalene)

3 T:5aromatics 6.7738 4.4800 0.1661 0.2800

4 Tetraaromatics 7.5042 4.7200 0.1661 0.2800

(Pyrene)

5 Tetraaromatics 8.5668 5.5200 0.1661 0.2800
(Chryene) ....

-6 Benzo-G roup 1.7930 1.0400 0.1661 0.2800

7 -OH 1.0000 1.2000

8 Pyridine 2.9993 2.1130 0.1661 0.2800

9 Quinoline 1.7646 1.0330 0.1661 0.2800
Ring

10 Indole Ring 1.3447 0.7440 0.1661 0.2800

1 -NH 2 0.6948 1.4000 0.2047 0.5128

12 Thiophene 2.8572 2.1400 0.1661 0.2800

13 Aryl Thiophene 1.7946 1.3400 0.1661 0.2800

14 Diarylthiophene 0.7320 0.5400
q

" 15 Naphthenie 0.6744 0.5400 0.2274 0.2700

16 Paraffinie 0.9011 0.8480 0.2272 0.2816
-CH 3 Group
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TABLE 3

Modified I/NIl=AC Interaction Parameters a(ij,n)

ID 1-6 7 8,9 I0 Ii 12,13 14 15,16

.... , , , , ., ,. .|

712.6 99.33 NA 72.6 -4.9129 NA -1.447
1=6 -1.459 0.2329 -0.4299 0.1686 -0.5638

9.000 1.530 0.0 -0.0673 -1.612

7 587.3 311.8 NA -176.5 -1027.2 NA 637.5
-0.6787 2.405 -0.1073 -7.588 -5.832

9.000 9.000 -I.016 -314.6 -0.8703

8 -62.93 28.72 NA 41.4541 80.77 NA -52.03
9 -0.1398 -0.2570 0.8617 0.5597 -0.5553

-0.9703 9.000 -29.324 5.410 0.0

I0 NA NA NA NA NA NA NA

II 902.7 -173.7 8.7782 NA NA NA 346.5
-5.763 1.642 0.8038 1.595
0.0 0.0 12.9992 0.0

. .. , ,..

12 0.7595 -399.1 84.07 NA NA NA 20.35
13 0.6514 7.451 -0.0999 0.3211

.0.4134 -91.24 11.62 10.40
m , |

14 NA NA NA NA NA NA NA

15 62.88 972.8 273.8 NA 420.7 355.3 NA
16 .0.2493 0.2687 0.1763 -2.2.56 0.6484 .

1.103 8.773 0.0 0.0 -?-626

a(I-6-12,13),a(7-12,13),a(8,9-12,13)areregressedwithVLE dam.
a(12,13-15,16)isregressedwithEnthalpydata.
a(8,9-II) arc regressed with both V[IE and Enthalpy data.
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TABLE 4

Results forBubble Point Temperature and Vapor Composition Calculations
Using Modified UNIFAC Model

Binary System No. of Average % Average %
• Data Points Error in T Error in Y

, , i .. , . ,

Benzene 3I(T) 0.8570 9.1722
Thiophene # 10(Y)

Benzene 69(T) 1.9131 5.1940
Pyridinc 25('_

, .., , ,. ,,.,

Benzene 169(T) 2.9616 6.9052
Am'line 90CD

, , i . . , ,. . ...

Benzene 216(T) 1.8884 2.9112
Toluene 109(Y)

, , ,,, ,

Benzene 11(T) 1.3443 2.3540
Ethylbenzene ll(Y)

Benzene 34(T) 1.7707 2.4029
M-Xylene 34CY)

Benzene 26(T) 1_5540 0.9851
P-Xylene 26CY')

, . , . ,.i. ,

Benzene 8('I") 1.6202 0.1038
N,N-Dimethyl Aniline 8(Y)

Benzene 9(T) 10461 3.1094
Isopropylbenzene 9(Y)

i i , IL m, ii

Benzene 10(T) 1.2542 2.2070
Propylbenzene 10(Y)

Benzene 46(T) 14850 0.2605
Biphenyl 46(Y')

, • |.,

Benzene 24(T) 2.1194
M-Terphenyl O(Y)

li i , i i ,

Toluene 72(T) 1.4465 2.4394
' Pyridine 6(Y), , i i i | ,

Toluene 84(T) 2.0256 10.8208
" Annine  3(V)

........... ,, .,,. i i
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Toluene II(T) 2.7777
2-Methyl Pyridine O(Y)

Toluene 11(T) 1.4562
3-Methyl Pyridine OCY) "

Toluene 4CT) 1.8225
Ethylbenzene 0(Y) _ "

Ethylbenzene 62(T) 1.0552 2.1602
Aniline 62(Y) ,

Ethylbenzene 18(T) 1.1385 7.9160
Isopropylbenzene 18(Y)

Ethylene 17(T) 0.4289 2.5260
Butylbenzene 17CY)

Pyridine 8(T) 0.7835 2.7865
M-Xylene 8(Y)

M-xylene 6(2"3 1.2567 8.0557
Aniline 6(Y) _..__._

P-Xylene 18(T) 1.0674 0.9739
M-Xylene 9(Y) ------- __.___

P-Xykene 6('I") 1.2025 8.4868
Aniline 6(Y')

1,2,4-Trimethyl Benzene 5I(T) 0.3489
1,2,3-Trimethyl Benzene O(Y)

1,3,5-Trimethyl Benzene 50(2") 0.5668
1,2,3-Trimethyl Benzene 0(Y)

1,3,5-Trimethyl Benzene 32(T) 1.0189
1,2,4-Trimethyl Benzene 0(Y)

2-Methyl Napthalene 58(T) 1.4186 5.4723
1-Methyl Napthalene 58(Y)

Phenanthrene 3(T) 2.1987
Anthracene O(_F)

Pyridine ll(T) 2.2266 17.0578
2.MethTl Pyridine ._-.---- II(Y)

Pyridine li(T) 0.9493
3-Methyl Pyridine 0(Y)
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Aniline 30(T) 0.7103 1.4953
N-Methyl Aniline 30(Y)

Aniline 27(T) 0.5045 2.1073
. N-n-Dimethyl Aniline 27(Y) ....

2-Methyl Pyridine 10(T) 6.1544 18.0343
• 2,6-Dimethyl Pyridine 10(Y)

2,6-Methyl Pyridine ll(T) 3.9893 29.6194
3-Methyl Pyridine li(Y) ......

N,n-Dimethyl Aniline 27(T) 0.7138 1.0883
N-Methyl Aniline 27(Y)

Quknolinc 12(T) 1.1660 4.3191

IsoquinoEne 12(Y) ,.

Isoquinoline 12(2") 0.8264 27.6807
Quinaldine 12(Y) .......

7-Methyl Quinoline 10(T) 0.3954 7.1141
!..epidene 10(Y) .....

M-cresol 66(T) 1.5502 6.3089
Quinoline * 66(50

Benzene 28(T) 1.7562 3.8859
Phenol 28(Y') .....

Toluene 9(T) 0.6996
Phenol 0(Y)

i|li

Pyridine 12('I') 3.1919 74.3372
Phenol ll(Y)

Thiophene 10(T) 0.2512 5.5832
Phenol # 10('Y)

i

M-Cresol 69('1") 13860 31.1774
Tetralin * 69(Y')

Tetralin 37(T) 0.6623 5.1041
Quinoline * 37CY)

Thiophene 14(T) 0.2526 13.1334
• Toluene 7(Y)

" Thiophene 14(T) 0.7841 2.2036
• Pyridine # 14(Y)
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Piperidone 66('I") 5.5489
r ridin, 0(Y) .......
Pyridine 9(T) 0.7649 4.3009 i

Aniline "" 9CY)"tW

Benzene 34C10 1.3744 12.5415
Ouinoline" 34(Y)

Benzene 27(T) 0.8564 10.9231
Tetralin ° 27(Y)

Overall 1720(T') 1.8062 8.0090
IIO3('Y')

(T) -- The number of temperature data points
CT) --- The number ofvapor composition data points
• -- High pressure data
# --- Using newly regressed binary interaction parameters
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TABLE 5

Results for Excess Enthalpy by Using Modified UNIFAC Model

' Binary System No.of Absoulte Deviations Average % Error
Data in Excess Enthalpy, in Excess Enthalpy
Points J/tool

Cyclohexane 8 4.4513 0.5233
Thiophene #

Benzene 59 2.2492 I 58.2891
Pyridine _.___--

• Pyridine ii 26.8556 2.1952
Aniline#

Cyclohexane 93 57.7333 7.2725
Pyridine _.__--

Toluene 43 19.8477 16.2037
Pyridine -------

Pyridine,2-Ethyl 9 54.1300 77.5984
Pyridine ------

Cyclohexane,Methyl I0 56.9289 6.1590
Pyridine .-----.

Pyridine 15 38.0833 9.9522
Benzene,1,2-Dimethyl

Pyridine 28 39.3582 14.0854
Benzene, l,4-Dimethyl

Pyridine 12 73.8650 38.8631 . .

Ethylbenzene .___--

Pyridine 12 52.5098 4.8154
Cyclohexane,Ethyl

Benzene 8 47.0442 6.1324
Phenol

Benzene 43 350.9881 71.0156
• Aniline ---'--'--

Benzene 40 75.5735 190.3318 '
. Pyridine,2-Methyl
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Benzene 22 28.5969 1161.5625

Pyridine,3-Methyl

Benzene 3 37.5455 292.8181
Pyridine,l-Methyl

Benzene 832 10.1069 2.1524
Cyclohexane

i

Benzene 10 89.6113 30.9559
Cyclohexanol

Benzene 112 10.5422 20.5445
Toluene

• Benzene 33 28.6231 63.9526

Pyridine,2,6-Dimethyl

Benzene 17 5.7439 35.1822
Pyridine,3,5-Dimethyl

Benzene 12 16.9049 148.9306
Pyridine,2-Ethyl i

Benzene 11 84.5816 14.3806
Cycloheptmae

Benzene 55 49.6259 8.9338
Cyclohex'ane,Methyl

Benzene 57 36.5643 34.9124
Benzene, 1,2-Dimethyl

Benzene 59 49.8355 34.1748
Benzene, 1,3-Dimethyl

Benzene 302 6.2461 7.3904
Ben_ene, l,4-Dimetbyl

Benzene 29 12.1703 32.4906
Benzene,Ethyl ...... .

Benzene 11 131.8362 53.9280
Aniline,N-Ethyl

Benzene 9 113.9381 19.7111

Cyclohexane,Ethyl

Benzene I0 98.9285 15.7436
Cyclooctane , -
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Benzene 7 58.1111 67.9549

Isopropylbenzene

Benzene II 25.7376 26.2918

. Propylbenzcne .

Benzene 13 52.4021 19.6778

• Bcnzcne,L%4-Trimcthyl

Benzene 22 88.7598 28.6476
Bc_Tcne, 1,3,5-Trimethyl

Benzene i0 35.3474 25.1707

Butylbenzene l

Benzene 10 31.0849 336.4721

Aniline,N,n-Dkncthyl .....

Benzene,Pentyl I0 47.4181 23.85I0
Be_!cne

,,,,

Benzene 10 47.2223 19.2350

Benzene,Hexyl ....

Benzene 12 I1713 65.2720

Methane,diuhenyl
i

Benzene 7 54.2927 44.2034

Bipheny!_2-Dime_yl

Cyclohexane 12 643.6700 67.4826
Phenol

i f

Cyclohexane 40 378.4697 410273
Am'line

Am'line 7 407.0656 22.2282

Toluene,3-Hydroxy

_c 7 119.6497 74.1871

An,Ui_ne,N-Methyl

Benzene, 1,2-Dimethyl 11 393.8580 46.3470
Aniline

Benzcne,l,3-Dimcthyl 12 526.0680 53.8331
• Aniline ...._.._----

Benzene,1,4--Dimcthyl 12 430.6073 48.7207
. Aniline
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Aniline 6 195.2658 49.0029
Anl_line,N-n-Dimethyl .
___

Cyclohexane 16 273.8348 29.2520
Pyridine,2-Methyl '

Pyridine,2-Ethyl 8 7.6963 155.15 22
Pyridine,2-Methyl - "

Cyeloh exane,Methyl 9 146.3841 15.215 2
Pyridine,2-Methyl

i

Pyridine,2-Methyl 15 24.0724 13.8001
Benzene,l,2-Dimethyl

Pyridine,2-Methyl 12 19-.3583 14.7703
Ethylbenr-ene

Cyclohexane 8 341.1441 32.3450
Pyridine,3-Methyl .

Cyclohexane 4 411.1825 38.3736
Pyridine, C-Methyl •i i

Cyclohexane 58 104.6445 25 .3411
Toluene

Toluene 12 9.6997 194.5425

Pyridine,2-Ethyl _ ------

Toluene 36 11.1498 30.1182
Benzene, 1,2-Dimethyl

Toluene 17 7.8555 24.0693
Benzene, l,3-Dimethyl _

Toluene 41 10.5744 74.5894
Benzene, l,4-Dimethyl _

Toluene 42 15.1196 207.3125

Ethylbenzene

Toluene 13 33.7337 6.6094

Cyclohexabe

Toluene 9 23.3137 1336.0083

Propylbcnzene _
Toluene i0 8.7413 8.9046
Benzene, 1,2,4-Trimethyl
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Toluene 13 31.2283 29.5875
Benzene, l,3,5-Trimethyl

• Toluene 31 448.4926 88.7460
Butylbenzene .

• Benzene,Pentyl 10 53.2507 197.5197
Toluene

,i

Toluene 12 58.4376 142.5095
Be_Tcne,Hexyl

iiiii

Cyclohexane 16 87.9217 26.0513
Toluene,Aloha-Hydroxy ..

' Ethylbenzene 15 61.5304 17.9306
Toluene,Alpha-Hydro__..._

Pyridine 9 3604.3687 86.8568
Toluene,3-Hydroxy _.__---

Benzene, l,3-Dimethyl 16 41.4094 8.1421

Toluene,3-Hydroxy ___----

AniIine,N,n-Dimethyl 7 459.3392 46.7522
Toluene 3-Hydroxy

Pyridine,2-Ethyl 12 15.9191 39.0544
Ethylbenzene --..-------

Ethylbenzene 78 20.6167 83.2954

Benzene, l,2-Dimethyl
Benzene, 1,4-Dimethyl 13.7734 43.8987
Benzene, 1,2,4-Trimethyl

18.8022

Benzene, l,4-Dimethyl [13 3.7571 109.:2237 ___i '

Benzcnc, l,3,5-Tfirncthyl

Ethylbenzene I I0 2.5633
Propylbenzene

Ethylbenzene " 22 2.8324 16.1456 ------_IButylbenzene

Ethylbenzene _ _ 7.0679 '

• Ethylbenzene 10 2.7466
Benzene,Hexyl ..__.

_
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Propylbenzene 10 1.2272 182.4438
Butylben_zcne

Benzene,Pentyl 10 3.3086 39.9310
,m

Propylben_en e .

Propylbenzene 10 2.2893 9.6166
Ben!ene,Hexyl

Benzene,Pentyl 11 0.9336 20.7365

Butylbe_,_ne

Butylbenzene 8 1.1900 14.5547
Ber_.ene,Hexyl

iii

-Benzene,Pentyl 9 1.0942 59.8774
Benzene,Hexyl -

Overal...._l 2855 63.3098 44.7794

# .--- Using newly regressed binary interaction parameters
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Table 6
...

Joback's Group Contributions for Ideal Gas Heal: Capacities

-9 840E-6 -9 _4.0E-8
1 -I2.84 0.3444 • ""
2 -33.62 0.661 2 -2.971 E-4. 8.400E-9
3 -54.40 0.9780 -5.844.E-4. 1.1225-7
4. -70.90 1.1800 -8.684F.-4 2.478 E-7

. 5 -75.18 1.2948 -8.717E-4 2.160E-7
6 - 8.56 0.2296 -6.560E-6 -6.360E-8
7 - 2.81 0.1110 -1.1 60E-4 4.940E-8
8 - 1.87 0.2832 3.530E-5 -1.010E-7
9 2.41 0.1684 3.858E-5 -7.370E'8
10 7.5 2 0.0918 1.037 E-4. -9 ._605-8
11 26.90 -0.041 2 1.640E-4 "9-760E'_3
12 8.14 0.23 '_4 2.114E-5 -8.4.70E-8
13 1 2.42 0.1196 2.4,425-5 -5.290E-8
14. 19.60 -0.0056 _.0 20E-5 -2.760E-8
15 - 6.03 0.0854 -8.000E-6 -I .800E-8
1 6 19.50 -0.0081 1.530E-4. -9.670E-8
Naphthenic -20.50 0.1620 - 1.600 E-4, 6.2_0 E-8

CH group 0.5570 -9.000E-4, 4.690E-7
Naphthenic -90.90

C groul= -5.440E-5 1.190E-8
Paraffinic -0.909 0.0950

CH2 groula .2.650E-4. 1.200E-7
Paraffini¢ -23,00 0.2040

CH groula -6.410E-4. 3.010E-7
Paraffini¢ -66.20 0o4.270 .,

C grouD 0.0762 -4.860E-5 1.050E-8
Substituted .1.21

Amine - NH ' -3.200E-4 1.460E-7
Substituted -31.10 0.2270

Amine- N

For groulas with aromatic dngs i.e. groups 1-6, 8-10 and 12-13,-following are me
increments in conl:ributions for each H substiojdon:

• 8.370E-8

- 6.11 0.0436 -1.404E-4
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Table 7 i

Group Composhion of Average Molecule of Molecular

Weight 100 gins/mpi Corresponding zo Hydrocarbon, Phenolic

Pyridinic and Thiophenic Distributions T

Compositions of Groups, in gmoles of groups/100.0 gins

Group Hydrocarbon Phenolic Pyridinic Thiophenic
distribution distribution distribution dis_ribuzion

Benzene 0.35 25 0.3326 0.2.757 0.2720

4,,,6 0.4.150 0.34.39 0.33£2Benzo 0.-_a

Naphthenic CH_. 0.8£63 0.8452 0.7010 0.6515

Para#'inic CHz 2.,3496 _..-,-......'__a_ 2.0724. 2.04-_-3

-OH ..... 0.3328

Pyridine • , 0.2757 ------

Thiophene ........ 0.2.720

T Following is the iis_ of parameters used for ali the dis'a'ibutions"

MW_-125, MWf--225, MW-176.3, _--4.00, 8-0.513,
o,

o'2ra--0.04., ct- 2.6911, .8- 2.554.7

i

s
|
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' Table 8

Bubble Point and Dew Point Teml_eratures for Two Distributions"

and Equivalent Single Distribution, Second Distribution: Phenolic

• Distribution, Mean Molecular Weight= i "/6.3 gms/mol, P = 1.0i3 bars

' Feed Composition* Two Dis-_ibution One Diszribution
in mole frac'jons Case Case
of distributions

X, Temp Yt Licluid Teml: Liquid
(K_ C_,J/mol°K (K) C_

0-°5 Bubble Point 521.0 0.974 45-=.0 -=20.9 . 457.9
Dew Point 552.1 0.880 -=3_,.7 549.4 509.7

0.80 Bubble Point 525.1 0.881 483.9 -=24.-= _60.6
Dew Point 550.7 0.5-=9 -=8,1.1 553.7 -=13.2

0.50 Bubble Point 530.9 0.715 498.2 -=2.9.3 464.1
Dew Point 567.9 0.470 571.7 -=59.4 = 17.9

0.50 Bubble P_int 533.7 0.813 500.9 .=31.7 465.9
Dew Point 570.5 0.392 570.¢ 562.3 =..20.2

Q

0.40 Bubble Point 536.3 0.500 .=00.7 534.1 467.6
Dew Point 57:2.5 0.317 566.9 565.1 ,2.2.,

0.20 Bubble Point 5443.7 0.2=,7_ 492..3 538.8 4,71.1
Dew Point 575.2 0.167 553.9 570.9 527.2

0.05 Bubble Point 543.0 0.061 479.7 542.4 473.6
[:)ew Point 576.¢ 0.04_5 538.4 575.2 530.5

" t'ne distribution i=ar_mecers and average molecules for this Table and Tables ,.

7,91 and 1 1 are F_d in Table 4,

" In mis case and ali later Tables X, Y corresl:ond _o mole fractions of dis_i-

budon in _e liquid and val:or phases for bubble point calculation, and the

vapor and liquid ghases for dew point calculation.
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' Table 9

Calculated Functional Group Compositions in the

Coexisting Phases for the Bubble Point/Dew Point

Calculations of Table 5; Xt =0.5, X, = 0.5 Case.

Groups Feed • (liquid/vapor) Vapor/liquid phase composition for "
composition in Bubble Point/Dew Point calculation
moles/10Ogms, in moles/100 gins. Two distribution

case.

Bubble Point Dew Point

Benzene 0,3425 0,3_9 0.3403

Benzo 0._272 0.4_02 0.42_,6

Napthenic CH z 0.8709 0.8767 0.8651

Paraffinic CH= 2.5745 2.5920 2.5579

-OH 0.1 663 0,1 276 0.2,032

• This is also the calculated composition of the coexisting phase in case of

Single dis-_ribudon calculation.
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. Table 10

9,ubble Point and Dew Point Temperatures for Two Distributions and E.quivaient

Single Distribution, Second Distribution: Pyridinic Distribution,

• Mean Molecular Weight = 176.3 gins/tool, P= 1.013 bars

• Feed Composition Two Distribution One Distribution
in mole fractions Case Case
of distributions

...

X, Temp Y= L/quid Temp liquid

(K) C_,J/moI'K (K} C,,J/moi'K

(_.95 Bubble Point 520.5 0.965 456.8 520.7 456.7
Dew Point 549.4 0.923 508.3 549.1 508.2

0.80 Bubble Point 523.0 0.854 456.1 523.6 455.7
Dew Point 553.4 0.716 507.5 552.4 507.4

0.60 Bubble Point 52.6.5 0.688 455.0 52.7.4 454.4
Dew Point 558,2 0.488 506.3 556.8 506.3

0.50 Bubble Point 528.¢ 0.595 454.3 52.9.4 4=-3.8
Dew Point 560.4 0.389 505.7 55,=.0 505.7

0.443 Bubble Point 530.4 0.494 453.6 531.3 453.1
Dew Point 562..5 0.199 505.1 559.0 505.2.

0.2.0 Bubble Point 534.5 0.2.58 452..0 535.2 451.7
Dew Point 566.4, 0.I39 503.9 565.6 503.9

0.05 Bubble Point ,=37.9 0.071 450.7 ,,8.1 450.6
Dew Point 569.1 0.033 ,=03.0 568.9 503.0
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Table 11

Calculated Functional Group Compositions in the

Coexisting Phases for the Bubble Point/Dew Point
J

Calculations of Table 7; X,=0.5, X, = 0.5 Case.

Groups Feed' (liquid/vapor) Vapor/liquid phase composition for
composition in Bubble Point/Dew Point calculation
motes/lOOgms, in moles/100 gins. Two distribution
case.

Bubble Point Dew Point

Benz=.ne 0.3141 0.3215 0.3055

Benzo 0.391 7 0.4010 0.3810

Napthenic CHi, 0.7986 0.8175 0.7767

Para#7nic CH= 2.3610 2.&1 68 2.2962

Pyridine 0.1379 0.1112 0.1 688

"Trnis is also the calculated composition of the coexisting phase in the c2se of

Single dis-Lriburjon calculation.
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, Table 12

Bubble Point and Dew Point Temperatures for Two Distributions and Equivalent

Single Distribution, Second Distribution: Thiophenic Distribution

Mean Molecular Weight= 176.3 gins/tool, P = 1.013 bars

Feed Composition Two Distribution One Dis'_ribution
in mole fractions Case Case
of distributions

X, X. Temp Y, Y. Temp
(K) (K}

0.95 0.05 Bubble Point 520.4. 0.961 0.039 51 9.7
Dew Point 549.9 0.918 0.082 548.0

0.80 0.20 Bubble Point 522.0 0.826 O.174. 51 9.8
Dew Point 553.7 0.750 0.250 548.0

0.60 0.4.0 Bubble Point 523.3 0.611 0.389 51 9.8
Dew Point 555.8 0.585 0.4.1 5 54.8,1

0.50 0.50 Bubble Point 523.4. 0.497 0.503 51 9.9
Dew Point 555.9 0.509 0.491 548.1

0.443 0.60 Bubble Point 523.1 0.385 0.61 5 519.9
Dew Point 555.4. 0.4.31 0.561 548.2.

0.20 0.80 Bubble Point 521.9 0.177 0.823 520.0
Dew Point 552.9 0.252 0.74.8 54.8.2

0.05 0.95 Bubble Point 520.5 0,04.1 0.959 520.0
Dew Point 54.9.7 0.075 0.925 54.8.3
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' Table 13

Calculated Functional Group Compositions in the

Coexisting Phases for the Bubble Point/Dew Point

Calculations of Table 9; X_=0.5, X, = 0.5 Case.

Groups Feed" (liquid/vapor) Vapor/liquid phase composition for "
com13osition in Bubble Point/Dew Point calculation
moies/100 gins. in molesll00 gins. Two distribution

case.

Bubble Point Dew Point

Benzene 0.31 22 0.31 20 0.3130

Benzo 0.3894 0.3891 0.3903

Napthenic CH z 0.7939 0.7933 0.7958

Paraffinic CH= 2.3d,69 2.3452 2.3525

Tniophene 0.1360 0.1368 0.1335

"inis is also the calculated composition of the coexisting phase in the case of

Single distribution calculation.
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"Tabl.e 14

Comparison of Results Using Three, Two Equivalent, and
One Ecluivalent Dis_ibutions

X,=0.1 X,,=O _ X_=0.3 X,,=0.& X.=0.5 X,.=0._
3- _ 1 3_ 2_ __ 3_ 2_ Z

Bubble point 541.3 541.5 539.0 537.0 537.5 535.1 532.9 533.2 531.2
temperature

Dew point 575.5 575.2 570.4 572.7 572.2 566.0 56£.6 569.3 56i .5
temperature

0.0977 0.0S8-' 0.1"-_.30

Molesef-OH 0.116 a, 0.1171 0.1330 0.1063 0.1076 0.1330 .
--o

in 100 gins of
vapor (BPT
Calculation)

Moles of-eH 0.1518 0.1527 0.1230 0.1609 0.1627 0.1350 0.1713 0.172_- 0.i_30
in 100 gins of
licluid(DFr
Calculation)

Moles of 0.1398 0.14,88 0.1379 0.0722 0.0933 0.0827 0.0236 0.0324 0.276
Pyridine 100
grns of v-dgor
{BPT Calm.t-
iatien)

Liauid C_, 44_3.2. 4.83.1 _,60.5 _,89.3 &89.1 462.1 _,95.3 _,95.2 &63._-
J/me|'K
(BPTCaicu-
ladoni

LiQuidC_ 553.8 554.3 514.9 560.1 561.5 51 6.1 567.5 568.4, 517.3
j/met.lC, '.
(DFr Calcu- ,.

lation)

BPT and DPT st"andfor bubble point temperature and dew point temperature respec:ivety.
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Table 15

Feed Group Composition Data for Two Distributions" Calculation for

H-Coal Distillates

Dis_ibution 1

Boiling Ranges (K)

(4,78- (505- (533- (561- (589- (61 6- (644- (672- (700-
505) 533) 561 ) 589) 616) 644) 672) 700) 728}

Mean Moh Wt. 143.8 160.9 176.3 195.6 213.1 233.7 249.6 262.1 295,2

Overail 0.367 0.191 0.151 0.115 0.089 0.134 0.200 -0.283 0.357
ComDosirJon

Group Composition in tool/mean tool. w_.

Benzene 0.726 0.831 0.768 0.850 0.905 1.063 0.954 0.939 0.883

Benzo grou= 0.0273 0.338 0.453 0.673 0.625 0.768 1.570 1.649 2.157

Nal=htt_enicCd= 1.643 1.728 1.7"74 1.613 1.876 1.71 7 1.31 0 1.356 1.493

Par'affinic CH= 3.467 3.752. 3.830 4.009 4,.810 4.821 4.073 4.739 ,=.4,$7

Hydroxyl grou= 0.726 0.831 0.768 0.8,=0 0.905 1.063 0.95a, 0.939 0.883

" For _is and Tables 13 to 15. dis'=-ibudongarameters were chosen such that
(MW,-MWt} == 80 gins/tool.

I" Ob=ined from (Allen. 1987}



Table 16

Feed Group Composition Dat= for Two Dis'cributionsCalculations for

H-Coal Dis;illates

• Distribution 2

• Boiling Ranges {K)

(4.78- (506- (533- (561 - (589- (61 6- (6_,4- (672- (700-
505) 533) 561) 589) 61 6} 644.) 672) 700) 728)

Mean Mol. Wt. 14.3.8 160.9 176.3 195.6 213.1 233.7 249.6 2_2.1 295.2

Overall 0.533 0.809 0.849 0.885 0.912 0.866 0.799 0.71 6 0.64.3
Composition

Grouo Composition in tool/mean tool. w-_.

Benzene 0.701 0.81 1 0.812 0.905 0.949 01.093 0.976 0.949 0.865

Benzo grou_ 0.263 0.329 0.4.80 0.717 0.555 0.790 1.605 1.867 2,I 13

Na_t_tttenic CH= 1.587 1.686 1.879 1.71 8 1.967 1.765 1,340 1,371 1.463

Q¢
Paraffini¢ CH= 3.350 3.660 4.057 4,.271 5.042 4.,,7 4,170 4.791 5.334.

F_idine 0.055 0.043 0.039 0.025 0.065 0.149 0.172 0.168 0.252

Tniol=hene 0.006 0.006 0.003 0,008 0.008 0.002 0.138 0,000 0.000
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Table 17

., Feed Group Composition Data for Two Distribu;ions Calculazion for

Wiisonville Dis_illates

Distribution 1

,

Boiling Ranges (K}

533-,=61 561 -,,,89 E89-61 6 616-64_ 64_-,-672 672-700 700-728

Mean Mol.Wt. 176.3 195.6 213.1 233.7 249.6 262.1 295.2
.,_

Overall 0.4035 0.2366 0.1807 0.1340 0.1 608 0.2210 0.2¢21
Coml_osidon

Groul=Composition in real/mean tool. wt.

Benzene 0.6588 0.6788 0.7278 0.86,'-2 0.8214. 0.2.210 0.7-=99

Benzo groug 0.3515 0.4964. 0.4968 0.6133 1.0245 1.4913 1.8662

Nagnmeni¢ Cd= 2.04.4.3 2.1717 2.4.493 2.2583 2.2752 2,1678 2.1,5=11
=

Paraffinic CH, 4.6708 5.2384. 5.9003 6.1 .=45 6.0834 6.1701 6.0889

Hydroxyl groul= 0.65a8 0.6788 0.7279 0.8652 0.8214 0.7012 0.7=-99

"j
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• Tabl¢ 18

FeedGroup CompositionDataforTwo Dis:ribu_ionsCalculationfor

WilsonvilleDis_illa_es

Dis:ribution2

. BoilingRanges(K}

533-561 561-5a9 589-616 616-64J, 64,¢-672 672-700 700-72B
Q¢

Mean Mol. W_. 176.3 195.6 213.1 233.7 2_,9.6 262.1 2,,,.2

Overall 0.5965 0.7634 0.8193 0.8660 0.2391 0.7790 0.7579
Composition

Group Composition in mol/mean tool. w_.

O

Benzene 0.6847 0.704.4, 0.7539 0..0,,8 O.S_-92 0.7122 0.7729

Benzo group 0.3657 0.5151 0.5140 0.6407 1.0592 1.-=146 1.8981

NaOhmeni¢ CH= 2.12¢8 2.ZE37 2.5343 ?..3589 2.3522. 2.201 6 2.1880

Paraffinic CH= 4.8¢76 5.=¢364 6.1048 6.470¢ 6.2894 6.2664 6.84.=1

Pyridine 0.03"/0 0.0332 0.0462 0.0481 0.0.=22 0.0828 O.1023

Thiophene 0.0212 0.023A 0.0210 0.0137 0.0125 0.01 "75 0.0000

51



"Table 19

Predicted Bubble Point and Dew Point for
H-Coal Distillates

EXPERIMENTAL TWO DISTRIBUTIONS 1 DISTRIBUTION
BOILING RANGE BP (K) DP (K) BP (K) DP (K) .

478 - 505 474.26 514.70 476.24 497.54

505 - 583 502.67 537.76 503.95 522.72

' 533 561 530.89 550.63 525.57 544.56

561 - 589 563.84 589.64 565.74 588.63

589 - 61 6 596.87 620.89 598.52 619.86

61 6 - 64-4. 652.1 6 664.02 653.51 662.25

644 - 672 709.74 717.73 692.22 695.05

672 - 700 716.58 728.59 720.00 724.10

700 - 728 787.87 791.87 720.4-3 724.36
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Table 20

Predicted Bubble Point and Dew Point for
Wiisonviile Distillates

EXPERIMENTAL TWO DISTRIBUTIONS 1 DISTRIBUTION
BOILING RANGE BP (K} DP (K} BP (K) DP (K)

533 - 561 534..05 551.98 526.99 552.75

561 - 589 563,73 583,39 563.242 583.03

589 -"61 6 595.4. 61 3.92 569.02 61 2.94.

616 - 644 639,35 64.7.75 637.08 64.8.85

644- 672 676.4.8 678.33 674..09 677.59

672- 700 701.12 710.18 702.2 707.93

700- 728 766.61 77E.78 762.4.3 771.82

=
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Tabl¢21

Distribution Parameters and Group Composi'dons used in
calculation of Liquid Heat Capacities of SRC 11

fraction 6 and fraction 8 for comparison with Da'_a of
Gray and Holder (1983)

Fraction 6 Fraction 8

Dist, 1 Dist, 2. Dist. 1 Dist. 2

MW_ -. 1O0 100 1 20 120

MWf 1 80 180 200 200

MW 140 140 1 61 161

O=MW 350 350 350 350

X 0,¢885 0,5115 0.74.90 0,2.510

Groups and their
Composi'dons in an
Average molecule
wi'_ Mol. w_. of

I00 gins/tool:

Benzene O.764.0 0.74.10 0.8150 O.784.0

Benzo - - - "

Naphmenic CH= 1,0910 1,0580 0,94.70 0,9120

Paraffinic CH= 1,0910 1,0580 0.94.70 0,9120

-OH - 0,74.10 - 0,7840

Pyridine 0,12,10 - 0.1120 -

Thiophene 0,004.1 - 0,0130 -
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Table 22

Model Comparison With Liquid Heat

Capacity Data of Gray & Holder (1983)

SRC II Fractions

Temperature (K) Liquid Heat Capacity (J/kg*K)
Fraction 6 Fraction 8
(Avg moi.vv_. -- 140) (Avg tool.wt. = 161 )

" Ex_m calc.

298 1980 1890 1910 1835
oo 1980 1896

323 . 2080 1 ,,,5

348 21 80 211 5 2060 1978

373 2280 221 9 2150 2110

398 2320 224.7 2230 2182

4.23 24-30 2333 2320 2232

4.4.8 2530 24.35 2420 2337

4.73 264.0 2554- 2520 2460
2620 2601

498 "--'-
2750 2761

525 "---"
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• O , • , i ,, i ,, , ,i ,11,11 "

Figure 1: Molecular weight distributions for the Bubble point "
" calculation of Table 5; X_=O.5, X,=O.5 case. A represents ali

distributions in the liquid phase. B,C represent hydrocarbon and
phenolic distributions in the vapor phase for two distribution
calculation and D is the vapor phase distribution for the single
distribution --'--"'-'"tJdI_UIQLIU_ ,
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ii 0 " ' ' '

Figure 2: Same as Figure 1 but for Dew point calculation of Table
5; X,=O.5, X,=O.5 case. A represents vapor phase and B,C,D
are for liquid phases.
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i

Figure 3: Same as Figure 1, but for the Bubble point calculation
of Table 7; Xt=O.5, X,=0.5; and C represents Pyridinicdistribu-
tions.
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31 0 .....

• Figure 4.: Same as Figure 3, but for Dew point calculations. A'
represents vapor phase and B,C,D are for liquid phases.
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Figure 5" Same as Figure 1, but for the Bubblepoint calculation
of Table 9; X,=O.5, X,=O.5 case; and C representsThiophenic
dis1:ribudons.
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3,0

. Figure 6: Same as Figure 5, but for Dew point calculation. A
represents vapor phase and B,C,D are for liquid phases.
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10 i , , ,

0.0
120 140 160 180 200 220 240

MOLECULAR ][EIGHT

Figure 7: Molecular weight distributionsfor the Bubble point calcu-
lation of Table 11; ×_=0.3, ×,=0.4, X.,=0.3 case. A represents
ali distributions in the liquid phase. B,C,D represent distributions'in
the vapor phase for three distribution calculation. E,F represent
vapor phase distributionsfor the two distribution calculation and G
is the vapor phase distribution for singledistribution calculation.
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MOLE CUL_LR WEI GET

i

...... _=_.,_.... ,,,,;,,_,,_,l_dation of Table 1 1;
" Figure 8: Same as elgure i uu_ ,u, _.- _,.............

X, = 0.3,Xi, = 0.4,X,, = 0.3 case. A represents vapor phase and B, C,D,E,F,
G are for liquid phases.

--

=
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PART II

HIGH TEMPERATURE HIGH PRESSURE
VLE MEASUREMENTS

- INTRODUCTION. "

Coal derived 1/quids consist of a very large number of heavy poly-nuclear aromatics
and substituted aromatic compounds. For the purpose of design and development of
facilities to convert coal as a efficient fuel in the future, it is necessary to characterize the
thermodynamic properties, especially the phase equilibrium of different fractions of the coal
derived liquids over a wide range of molecular weights. A lot of work has been doric to
develop the thermodynamic model for prediction of the data required to do necessary
calculations. For this purposc, measurement of the Vapor-Liquid Equilibrium data at the
elevated temperatures and pressures are important.

A static method has been commonly used for the measurement of the Vapor-Liquid
Equilibrium at high prcssurcs and has allowed the collection of accurate data in the
relatively low temperature ranges. However, since long residence time is required to attain
the equilibrium state, the static method has a disadvantage for measurements at very high
temperatures, where thermal decomposition of the components may occur. Another big
disadvantage of this system is that the state of equilibrium is difficult to maintained during
the process of sampling. Hence to overcome these problems, a flow type high temperature
high pressure apparatus was designed and fabricated for the VIE measurements of multi-
component system and coal liquids, with the provision of sampling facilities during the
normal operation without disturbing the cquih'brium of the system at elevated temperatures
and pressures.

Vapor- Liquid Equih'orium data will bc measured with this apparatus for the systems
of Quinolinc, Tetralin, Cresol, Pyridine, Thiophene etc. Initially the effort is to reproduce
the data which is already present in the literature. Once this is accomplished, final data for
the unknown test mixtures of coal liquids, at extreme conditions of temperatures and
pressures, will be measured.
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EXPER.IME'NTAL APPARATUS

The construction of high temperature high pressure apparatus to measure VLE data for both

known mixtures of aromatic compounds and heavy polynuclear coal liquids has been completed.

' Calibrations and checks on the various equipments of the apparatus have been carried out. A

Quinoline-tetralin binary mixture was the first system chosen for data measurements. The apparatus

• was first tested by reproducing a VLE isotherm already available in the literature. Additionally, two

higher temperature VLE isotherms have been measured.

The apparatus can be divided into four sections, i.e., Feed section, Equilibration section, Sam-

piing section, and lastly the Control-Panel section. The maximum designed temperature and pressures

for this system are 500°C and 2000 psi, respectively. Ali parts and tubing, including the ones exposed

to the high temperature zones, are made of stainless steel (type 316). The tubing used in the fabrica-

tion is mostly of 1/4 inch diameter and at some places of 3/8 inch diameter. The fittings used are

swagelok compression type, made of the same material SS-316.

This VLE apparatus consists of the equipment/components namely, Feed Tank, Positive dis-

placement Metering Pump, Pre-Heater Oven, Main Heater Oven, Vapor-Liquid Equilibrium Cell with

a circular coil of tubing around it in which the liquid gets heated before entering the cell, two Heat-

Exchangers, two Control Valves, one Safety Valve, one Pulsation Dampening Bottle and eighteen

Plug Valves (most of the fittings ax_ of 1/4" diameter), and two strainers. Details and specifications

of the equipment and components used are listed in the Appendix 1.

The purpose of designing and fabrication of this type of apparatus is to provide a steady supply

of test liquid mixture, into the vapor-liquid equilibrium cell, at a very small flow rate and under con-

trolled pressures. The liquid is heated, gradually to the equilibrium temperature in two ovens, before

it is introduced into the VLE cell to achieve the equilibrium between the liquid and the vapors. Once

we have reached this stage, vapor and the liquid will continuously be separated and sent to their

respective coolers, through the respective openings out of the VLE cell. The vapors and the liquid

streams are cooled and sent to the sample bottles through metering valves, for the collection of the

samples. The amount of the sample taken can be controlled by opening of the metering (needle)

valves for the desired time pe,rio& The excess amount of vapor and liquid streams are sent back to the

main feed tank.

o
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The main advantage of this type of flow apparatus is that a steady state continuous
system is established, as the amount of vapor and liquid being taken out of the system at .
equilibrium is continuously compensated by the fresh liquid-mixture stream coming in at the
equilibrium temperatures. This way, the system equilibrate after some time of its start-up,
by manipulating pressure and level control loops.

The Control Panel consists of one Pre-Heater controller, one Main Heater control
Panel, one Level and Pressure Chart Recorder, two Controllers for the pressure and levei
control valves, one Thermocouple Key and a Temperature Digital Display and two Pressure
Gauges. All these components of the apparatus are very carefully placed on a frame, built
from channels, fittings and wood panels.

During the assembling and fabrication of the apparatus, a number of problems
regarding the performance of the equipment, were faced. These are mentioned briefly in the
following lines:

After closing the cap of the VLE Cell, it was subjected to high pressure test for the
detection of leaks from the two O-Rings, placed.in the main lid and small flange of the cell.
It was found that at pressures of 600 - 800 psi, these two O-rings gave very small/tiny
(microscopic size) bubbles in the leak detection mcdi_ which looked like foam. Only, after
a number of efforts and attempts to get required polish, this problem was solved. The details
of the Vapor Liquid Equih'brium Cell is attached in Fig. 1 and 2. It is the most vital part of
the VIE apparatus. As it was mentioned before, the feed coming in this cell is heated
upstream the cell in two coils, first in the pre-heater and then in the main oven, so that
when the liquid enters the VLE cell, it reaches to vapor-liquid equih'brium. As shown in the
diagram, there are two O-rings used in the VLE cell assembly to seal it and keep the hot
vapors from coming out of the main lid and also through the flange of the cell. The severe
conditions of high temperature and pressures, mentioned above require O-ring made of
extraordinary type of material, which can resist these conditions, plus a very fine finish/polish
is required (16 rms circular-lay finish) at the inner surfaces of the flange, main lid and within
the groove of the VIE cell, in which the O-ring sits. Special custom made ventilated silver
coated Inconel X-759 O-rings have been used. The advantage of the silver coating and the
circular lay finish is that when the temperature of the cell increases, silver softens up and
fills the microscopic gaps left in the polish and thus prohfbits the leakage of the vapors.

Level detection within the Vapor-Liquid Equilibrium cell was a difficult job. In the
models designed for the lesser severe conditions, the level can be monitored by visual
contact through the Sapphire Glass windows. But it is not recommended for the high
temperature and pressure designed equipments. So, other options were explored and it was
found that the level in the cell could be read by the difference in pressures measured from
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VAPOR LIOUID EOU!L!BRIUM CELL

_,I".:;:_:NU- 4- FLANG SS316 8- LIQUID STREAM OUTLET
-

" [- VLE CELL WALL(TIIICKNESS i") 5- LID OF THE CELL 9- VAPOR OUTLET

2- MAIN CELL BODY O-RING 6- FLANG BOLTS 3/16" 9b-THERMOCOUPLE POINT

3- FI,ANG O-RING 7- LIQUID STREAM INLET 9c-PRESSURE SENSING POINT
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the vapor and liquid lines, coming out of the cell. The second option which was available is
the measurement of the level by introducing a conductivity probe into the cell. Both of these

. systems send 4-20.mA response to the PID controller to regulate the liquid flow rate going
out of the cell through a control valve, placed in the liquid line downstream the cell.

The fluctuation in the pressure caused by the operation of the positive displacement
metering pump was also a big problem, as it would had disturbed the equilibrium
continuously. A pulsation dampening bottle has been built, endogenously and installed
downstream the pump, which has reduced the fluctuation from 50-80 lbs/stroke to aL.-nos_
2-5 lbs/stroke. Which is again a good accomplishment, as no such bottle can eradicate the
fluctuations completely, lt is hopped that this very small fluctuation left will not effec: the
equih'brium conditions inside the cell as the flow rate of the incoming liquid is very small.

Originally when the system was designed, it was unfortunate that not much of the
effort was made to check the compatibility of the VITON O-rings ori_nally present in the
plug valves, ordered for the apparatus at that time. So when the system was pressurizedfor
the leak test, these O-rings did not work. They swell and deform on exposure to the liquid
mixture of Quinoline and Tetralin, and cause leakages ultimately when subjected to high
pressures, even at ambient temperatures. The manufacturer of these valves, i.e., NLJ?RO
Precision Valves And Filters, did not have any kind of O-ring material wh/ch was compatible
with the liquid being used. It was a difficult job, at the first place, to find the material which
was compau'blc to polynuclear aromatics and secondly to get the O-rings of this material
in the same size to replace the original VITON O-rings from the valves mounted on the
system. One such effort was a success and a material called KALRET., made by DUPONT
was compau'blc and luckily all the required O-ring sizes were also avaflable. Now these O-
rings are working with no problem.
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LEVEL PROBE AND CALIBRATION

The VLE apparatus uses an opaque stainless steel cell unlike the see-through glass window

cells used in various other studies in the literature. As a result, reliable level sensing is very crucial in

our measurements. Two different sensing methods were tested with the plan to use the one that per-

formed more reliably at the advanced temperatures and pressures of operation of the VLE cell. The •

fflrst method used a differential pressure (DP) cell and the second one utilized electrical conductance
sensors.

DP cell sensor

In this method the liquid level in the cell is measured by a differential pressure (DP)

transmitter. A Rosemont DP cell with a full range of 0-6" of water was purchased. The DP cell was

connected between the two legs, one coming off the liquid outlet from the cell and the other coming

off the vapor line from the top of the cell (see figure 3). The later line is f'flled with the process liquid

up to a certain level which is maintained constant. This level is in general higher than the liquid level

in the ceil. The DP cell, in effect, gives a reading proportional to the difference between the two

levels. The DP cell was calibrated to measure liquid levels from i/2" to 3" in the VLE cell. The

sysmm was installed and tested extensively, and the conclusion was that it did not perform satisfac-

torily at high temperature and/or high pressures. As a result it was abandoned in favor of the electrical

conductivity probe.

.E.le,crrical conductivity sensor

This probe was purchased from Delta M corporation who modified their existing LC-2300

conductivity probe to operam at higher mmpcramms (<.500°C) and higher pressures (<1500 psi) ac-

cording to our specifications. The Delta M LC2000 series of instruments employ thermal based

sensors. Power is supplied to the sensors, and the rcnnming sensor signal is converted to a standard .

4.-20 mA signal by solid siam electronics. Figure 4 shows a block diagram of the instrument circuitry.

Figure 5 shows the VLE cell fitted with the instrument.

The sensing element in the LC2000 Series level probe.sis a wi_ with a linear resistance versus

tempcratur_ coefficient R(T). The temperature, and therefore the resistance, of this wi_ at any point

alongitslengthisdeterminedbytheamountofheaterpowertotheprobeandthethermalheattransfer

fromtheprobesurfacetothesurroundingmedia.The heattransferproperties(thermalconductivity•

anddiffusivity),oftheliquidwhoselevelistobemeasuredisgenerallysignificantlygreater(asmuch

as100times)thantheatrorvaporphaseaboveit.Thereforean incrementofresistance(deltaR)in
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(2) Differential pressure cell

(3) Level controller
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Figure 3: Liquid level control systemfor the EquilibriumceU
in the VLE apparatus
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the sensor wire is directly proportional to the length not submerged in the liquid. With many level

sensing techniques, a change in the process temperature will alter the operation of the device, yielding

false readings. The Microtuf LC2000 Series design includes a compensation feature which avoids

this problem. The heated sensor has a temperature profile which is the sum of the temperature of the

media with which it is in contact plus an incremental temperature determined by the amount of self

heating and the thermal properties of the two media. The second (unheated) sensor, located adjacent .

to and parallel with the heated sensor, has a temperature prof'fle which exactly matches the media

temperature near the heated sensor. The unheated sensor signal is electronically subtracted from that

of the heated sensor, leaving only the thermal based leveI signal which is now totally independent of

the temperature of the media.

The electronics package powers the heated sensor probe with a regulated currentand supplies

a sense current to the compensating sensor. The voltage output from the analog level sensing circuit

is amplified, offset to create zero Volts at the top level, and inverted to make zero Volts correspond the

the bottom level. The output driver circuits then convert it into a 4-20 mA signal. Factor which limit

the resolution of the LC2000 series of instrument in a installation orc: unstable thermal conditions in

the vessel such as unbafflcd convection currents, wave action, probe or vessel vibration, inadequate

scttling time, and the ratio of thcrmal conductivitics between the thc two media being monitored. The

user must ensure that these factors arc held within acceptablc Limits for the application.

There is a fundamental difference in the response of the heated level probe to rising and falling

levels. When liquid rises on the probe, the response is nearly immediate (<0.1 seconds), because the

previously warm lengtia of the probe is easily chi]led to equilibdurn with the liquid. When the liquid

level falls, however, it takes a few seconds to warm the freshly-exposed probe length to its equilibrium

temperature with the gaseous medium. The falling level response time is a mukiple of the rising level

response t_e, typically about 60x.

The Delta M LC2000 Series level of probes provide a reliable measure of level in most every

condition with no regular attention. The application will determine the degree of attention necessary

to a.¢___rcthe proper operation through calibration and cleaning of the probe sensor elements. When

the tank level is unchlmging, turning off the power and then restoring it after a period of at least 5

minutes cooling will allow the response time of the failing level to be established. The response to the

rising level is immediate be comparison. Interpretation of the indicated level must always be done in

consideration of the response time, so this procedure should be familiar to the operator. 0nec estab-

lished, the response time should not change unless the probe is replaced, or sludge accumulates on it.



Calibration:

The setup/electronics of the level probe assembly was initially not capable of detecting true

level, inside the VLE cell with the change in temperature above the ambient. As the temperature was

increased, the level indication also increased. To counter this change a number of modifications were

done to the electronics like changing f'Lxedresistors and adjustable pots by ones with larger span/gain

to compensate the resistance change in level probe with the change in the temperature. Details of

electronics and field wiring of the level probe assembly are given in Appendix_3.

' The level probe calibration included four steps which allowed zero and gain adjustments using

the actual probe response.

Step #1: Full level adjustment, i.e., adjusting entire span.

- The VLE cell was f'LUedto the maximum

-Power to the level assembly was switched on and at least 1/2 hour response time was allowed

for the system to stabilize.

-R-16 located on the LC2300 board was adjusted to produce and output of 20 mA on

a voltmeter connected in parallel to the R-15. Power was switched off,

Step #2: Empty level adjustment i.e., adjusting the entire span.

-The V'LE cell was emptied out fully so that the level probe does not remain in contact or

dipped in the liquid.

-The system was powered and was allowed to stabilize for at least 1/2 hour.

-Then the R-18 located on the LC2300 board was utrnex_adjustext for 4 mA.

-After this the system was fine tuned adjusting R-16 and 18 respectively at the slightly

differentconditionsasneeded.

Step#3:High leveladjustmentby adjustingpartialspan.

-ThelevelintheVLE cellwasagainraisedtothehighestlevdpossibleandclosetothestepI

level

-Theliquidlevelwas measuredindependentlybythehelpofadipstick.

-Thecurrent(mA) was determinedsoastocorrespondtothecorrectlevelintheVLE ccdon

thebasisof20mA ---100% fuilleveland4 mA ---100% emptyleveL

-Thesystemwas poweredandagain1/2hourresponsetimewas allowedforthesystemto

smb_.

-R-16 was adjusted to bring the mA output to the above mentioned rextuked value of mA.

-Power was switched off.

• Step #4: Low level adjustment by adjusting partial span (fine tuning).

-Level in the VLE cell was lowered to the lowest possible.
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-Level in the cell was measured by a dipstick.

-The mA output was again determined to correspond to the correct level on the basis of 20 rnA

- 100% full and 4 rnA = 100% empty.

-The system was again powered and was given 1/'2 hour to stabilize.

-R-18 was adjusted to bring the mA output to the required value as mentioned above.

AI1 of these steps were repeated at 325°C and 350°C under nitrogen blanket pressure of I00-

200 psi.

Unfortunately, despite spending so much dme and effort on this level probe, the response and

the calibration curve was found linear only at ambient temperature and pressure. As shown in figure

6 (calibration curve), the probe was calibrated at 325°C and 350°C.

During the calibration, the following observations were made about the probe output as a

function of temperature and pressure, lt was observed that pressure affected the level reading signif-

icantly only at low pressures. For pressures from atmospheric to 120 psi, 0.1 I% level decrease was

observed per I psi rise in pressure; whereas at higher pressures the output response of the probe was

not a much affected by pressure variation with an estimated 0.035% decrease per I psi rise in pressure.

Variation of the level reading with pressure at 325°C is shown in figure 7. The temperature effect on

the probe output was estimated to be about 0.32% rise in reading per degree C rise in temperature.

This in effect quantifies the calibrations shown at 325°C and 350°C in figure 6.

Even though the conductivity probe needed to be calibrated at desired temperature, we decided

to use it for our measurements because once calibrated it gives reliable and reproducible output. The

non-linear calibration curves generally posed difficuities when measuring levels around 0% (empty)

and 100% (fuU). However, ali our exp_ents were conducted with liquid levels between 20% and

40%. From figure 6, it is easily observed that the probe output range corresponding to this range of

actual liquid level is 40% to 80% with temperatures ranging faom 325°C to 350°C. In general, at-

tempts were made to maintain the probe output reading aruund 50%.
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'PROCEDURE

A schematic flow dia_am of the flow-type apparatus designed and made for this work is

shown in figure 8. Feed from the feed tank (9) is filtered through two strainers (19 & 29) of 60 and

230 microns respectively and is pumped, by a positive displacement metering pump (23), to the

pre-heater oven. The liquid stream is heated while it passes through a coil shaped tubing in the

pre-heater (24). The coiled tubing provides the maximum surface area for the heat transfer to the

liquid flowing through it. Here the tempcramre of the Liquid is raised to the difference of 10 - 20 °C

to that of the main heater (25). The feed then enters the second coil placed inside the main heater

where thc temperature of the liquid stream is again raised so ,..; to bring it close enough, i.e., +_1 °C to

the desired temperature within thc vapor-liquid equilibrium cell (10). As the liquid stream is al.ready,

or very close to the equilibrium temperature, there establishes equilibrium in the cell. The vapor and

liquid flow rates out of the V'LE cell is controlled by two control valves (19 & 20), placed at the

respective lines. Manipulation of the output of these valves to increase or decrease the flow rates of

the vapors and liquid from the cell, help to maintain the pressure and the required level in order to

achieve the equilibrium. The vapors and liquid from the cell are carried by two separate lines to the

two respective shell and mbe heat exchangers (8a & b), where thcy arc cooled down to 35 - 50 °C.

Streams from these two heat exchangers are then combined and sent back to the feed tank. BefGre the

point where these streams are combined, there are two sample point extensions (4 & 5) on each line.

The third sample point extension (3) is present on the feed line which also becomes the inlet pump.

The samples of the feed, vapors, and the liquid streams can be taken once the equilibrium conditions

have been established. The quantity of the sample,s to b_ taken, can h-, easily controlled with the help

of the metering valves (26) ('Needle Valve), placed in the sample extension lines. Once the samples

am collected, they are tested and analyzed by the liquid chromatographic methods.

Both the pm-heater and the main oven are provided with independent controllers, which

control the set points in the range of_+ 1 °C temperature difference. The main heater controller works

on the weighted average of the two inputs, one from the interior of the oven and the other from the

inside of the vapor-liquid equilibrium ceil. Both of these along with the other thermocouples, placed

at various locations, are of J type Iron/Constantan. These thermocouples were calibrated against two

reference points of water, i.e., freezing and boiling points.

(*) - * is the number of the respective e_luipment in figure 8.

-

m

_ 79



A

v

_ 80 Figure 8



LEGEND FOR THE PROCESS FLOW DIAGRAM
SYSTEM).:

The following numbers ofthis legend represent different equipment of the vapor-
liquid equilibrium system, ,as marked on the schematic flow diagram, respectively.

1- Feed inlet
2- System purgin_pressure test gas inlet point
3- Feed sample points
4- Vapors sample points
5- Liquid sample points

' 6- Sample collectors:
a: For Feed

b: For Vapors
c: For Liquid

7- Feed Pump (Positive Displacement Pump)
8- Heat-Exchangers:

a: Liquid Cooler
Shell-Side Hot Liquid
Tube-Side Cooling Water

b: Vapors Cooler
Shell-Side HotVapors
Tube-Side Cooling Water

9- Feed Tank

10- Vapor-Liquid Equ_'brium Cell
11- Differential Pressure Level Lndieator
12-Pressure Transmitter

13- Pressure Gauges
14- Pressure Trammitter line filling point
15- Pressure Relief/Safety Valve
16- Drain Point
17- Vent Point
18-Strainer
19- Level Control Valve (Pneumatic)
20- Pressure Control Valve (Pneumatic)
21- High Temperature Hand Control Valve
22- Thermocouples
23- Pump Discharge Pressure Gauge

• 24- Pre-Heater
25- Main Oven
26- Needle Valve
27- Cooling Water
28- Hot Water to sewer
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The pressure and liquid levels are controUed by two feedback control loops. The pressure of

the VLE cel! is measured by the Rosemount pressure transmitter, which sends a 4-20 mA signal to the

controller which then manipulates the flow rate of the vapor out of the VLE cell through a control

valve placed in the vapor line.

The liquid level inside the VLE cell is measured by the De!ca-M LC2300 Level Sensor. The

probe, after sensing the level, sends the signal to the LIC (level indicator and controller). The control- .

lcr then sends a signal to the control valve through the current to the pneumatic transducer, for the

manipulation of the flow rate in order to keep the level constant.
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METHOD O__F.FANALYSIS

The analysis of the sample obtained from the Vapor-Liquid apparatus is carried out by the

Liquid Chromatographic methods, as mentioned earlier in this report. The components of the samples

being tested will be separate by distribution between _,o phases. One of these phases constitutes is a

stationary bed of large surface area (Column) and the other is a fluid (Mobile phase), that percolates

• through or along the stationary bed. Different test methods for the analysis of Polynuclear Aromatics

have been used in the past. A couple used in developing our method is _ven below:

Michael W. Dong (Perkin-Elmer notes) performed the analysis of the polynuclear aromatics

(PAHs) by coupled column chromatography. The conditions were:

Instruments: Perkin-Elmer Series 3B

Detector: Perk.in-Elmer Model LS-¢

fluorescence detector in programmed

wavelength mode

Column: Perkin-Elmer HS-3 C- 18

Mobile Phase : 60% Acetonitrile to 100%

Acetonitrile in 5.0 minutes

Flow Rate: 3.0 mL/rain

Pressure: 4300 psi

Ini. Vol.: 10 microliters

LLo DiCesare, lVLW.Dong, and L.S. Ettre (Chromatographia Vok 14, May 5, 1981) used a

different method:

Instnm_cnt: UV Detectorat254 nm .

Column: 125x 4.6mm Ld.C-18bondedphasepacking

5 micrometer particles packing

Mobile Phai: Acetonitrile- Water Linear Grad. from

60-100% Acetoniu'ile in 5.0 minutes

Flow Rate: 4.0 mL/rain

Pressure: 2200 psi ,
,d

• ,__-__ ._.. ,,i.,.... ,_,,),,,a_ cnr _mid_.Iknes,and with limited experknentation, we ha,ce designed

a method for the LC analysis of tetralin-quinoline samples.

- Instrument: Perkin-Elmer LC410 pump
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Detector: ,. Perk.in-Elmer UV Spectrophotometric

detector kept at 254 nra.

Column: Perkin-Elmer 3 cmx 3 mm C-18 column

Mobile Phase: 65% Acetonitrile, 35% Water

Flow Rate: 1.8 mL/min

Sample Concentration: One part sample to 2 parts

solvent by volume

Sample Size: 6 microliters

Column Pressure: 1700 psi

Data Analysis: Waters Maxima Software

With this method we were able to reproduce measurements on test samples to within 1% at ali

times.
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Results and Discussion

To test the newly designed and built flow VLE appmatus, we chose the tetralin-quinoline

binas-y system and decided to reproduce one of the isotherms (325°C) already available in the

literature (V. G. Niesen and V. F. Yesavage, J. Chem. Eng. Data, 33, 253, 1988).

Additionally we measured two new isotherms at 350°C and 370°C, The choice of this system

was to provide data for extension of thermodynamic models for coal liquids to apply at higher

temperatures and pressures.

The new measured data are listed in Table 1. Our data for isotherms 325°C, 350" and

350°C and the data of Niesen and Yesavage are plotted in Figures 9-13. Figure 9 is a p-x

diagram for all the data. Additionally, each isotherm from 300°C to 370°C is plotted on y-×

diagram in Figures 10-13. Comparison of our 325"C isotherm with that of Niesen and Yesavage

generally shows good agreements. However, some discrepancies are observed especially with

respect to vapor phase compositions for tetralin-rich mixtures. Furthermore, our vapor phase

compositions show somewhat of a scatter also for 350°C and 370°C isotherms. Even so, the data

could be easily smoothed out and used as a reliable data set.

As a result of this observation and upon further testing of the VIE apparatus we conclude

that our data for pressures and liquid phase compositions are very accurate and easily

reproducible. However the vapor mole fractions are accurate only to within +_10%. The main

reason for this inaccuracy is seen as resulting from a very low flow rate of the vapor combined

with a relatively large volume of separation between the VIE cell and the vapor sampling point.

As an improvement for VI..E measurements on other systems, the design is being improved by

bringing the vapor sampling point much closer to the VIE cell and by replacing the currently '

used large heat exchanger with a simple double pipe heat exchanger. Tests are currently under

way to determine whether this improves the ,,'_producibility of the vapor phase composition data.
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TABLE 1: VLE data Tetralin-Quinoline ,binary system

Tem._.__peramre.°_C Pressure. bar X_ Y_

325 4.925 0.000 0.000
5.690 0.059 0.116

5.792 0.140 0.215 "

6.136 0.242 0.352

6.750 0.384 0.502

7.230 0.520 0.590

7.930 0.730 0.780

8.579 1.000 1.000

350 6.774 0.000 0.000
7.300 0.057 0.120

7.600 0.140 0.255

7.850 0.243 0.430

8.410 0.400 0.535

8.750 0.525 0.600

9.250 0.300 0.770

11.85 1.000 1.000

370 8.785 0.000 0.000
9.000 0.057 0.990

9.500 0.135 0.195

10.25 0.245 0.400

10.80 0.435 0.495

11.30 0.530 0.592 •

11.95 0.685 0.762 ,

15.46 1.000 1.000
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Figure 9: P-x Diagrams for 300, 325,350 and 3700C isotherms
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APPENDIX #1: Specifications of Equipment in Flow VLE Apps_ratus

1- Fccd Tank:
- Material of construction - SS-316
-Capacity- 1 Gallon
- Two threaded connection points of 1/4 inch diameter,

used as: Stream inlet - at the top
Stream outlet- at the bottom

. - Capable of handling high pressure and high temperatures.

2- Diaphragm Metering Pump:
- Type: Positive Displacement Pump.
- Capacity: 2.4 Gallons per Minutes.
- Pressure Rating: 3000 psi.
- Diaphragm Material: SS-316.
- Adjustable stroke length.
- Driven by I/2 HP electric motor.

3- Prc-PIcatcr Oven:
- Type: Box Type, with recirculating fan and plenum system, lt

has hard-faced rigid fire clay insulating interior, rugged welded
stainless-steel shell and quick acting latch on the hinged door
with resilient seal.

- Material of construction: SS-316
- Maximum attainable temperature: 500 C
- Temperature controlled by a time proportionality controller

with a dual scale meter and a mirror scale.

4- Main Oven & Temperature Controller:.
- Type: Box Type, with recirculating fan and plenum system.
- It has stainless-steel lined interior with two step quick acting

latch closure and resilient seal.
- Material of construction: SS.316
- Maximum attainable temperature: 800 C

,P
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Controller: Honeywell's U'DC 5000 digital controller:
- Type: Programmable microprocessor single-zone control system.
- Dual output capacity which allows the controller to go above

and below the ambient temperatures. The _emperature range
• is-25 to +500 C.

. 5- Vapor-Liquid Equ_'brium Cell:
- Designed by Chemical Engineering Department at A&T.
- Machined by SAC Die & Tool Shop, Inc.

P.O.Box 5777, Greensboro, NC. 27403.
- Material of construction: SS-316
- Outer Diameter: 6 inches.

- Height: 6 inches.
- Wall Thickness: 1 inch.
- Inside Diameter:. 4 inches•

- Inside Height: 3 inches.
- Volume capacity: 617 ce.
- lt was made in two parts, the body and the cap that screws to

the body, as shown in the fig. # 1. Four openings are provided
on the capof the cell The three 1/4 inch openings are for the
vaporoutlet,Thermocoupleandthethirdisconnectedtothe•
pressure transmitter for the measurement ofthe pressure. The
fourth large opening (1.2.5")on the cap of the cell was primarily
provided for the insertion of the level measuring probe, Fig 5.
But unfortunately the probe developed someerror in it andwas
sent back to the manufacturers for the necessary repairs. The
hole, therefore was closed by a flange of exactly the same size,
as that of the level sensing probe. The details are shown in
the figures 1 and 1
Two 1/4 inch NPT openings are provided in the side of the cell
wall, one for the feed inlet and other for the Liquidoutlet. The
VLE cell is sealed by two metal O-ring. The rings are vented
and made of Inconel X-750 material with silver coating, and
are designed for the temperatures in excess to 600 C.

6- Metal O-Ring_: (Two in number)
- Manufacturer: Advanced Products Company
- Diameter O-P.ing # 1 - 1.625"
- Diameter O-Ring # 2 - 5.133"
- Ventilated O-Rings made for two temperature ranges, i.e.,

"for low temperatures stainless steel O-R/ng coated with
silver

• "for high temperatures Inconel X-750 coated with silver
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Fig.5

_U!LIBR_r_ CELL FOR -_E VIE APPABA%-J_

(With Conductivity Probe Setting 0OZi0n)

t
I

cylizdr.i_a/\%E cell (316 ss) I" thicku.en_._il'",,-."':
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7- liquid level sensors:
Two -vel sensing devices are at option to be used:
l- Conductivity probe
2- Differential pressure transmitter level sensing device

CONDUCqXVI'rY PROBE LIQUID LEVEL SENSOR
, -Manufacturer: Delta M. Corporation

Model LC 2300

- It consists of a probe designed for immersion in the 1/quid
within the VLE ce]l, whose level is to be measured. An
electronic package is in the probe head, which powcrs the
probe and receives its output. This electronic package provides
an output representing the fraction of the probe's lenTah
immersed in the liquid with 4-20 mA signal.

- The instrumcn, is designed for temperatures up to 550 C and
pressures up to 2000 psi.

DIFFERENTIAL PRESSURE LEVEL SENSING SYSTEM
- Manufacturer: Rosemount

Model: 1151 DP
- Material of construction:

Isolating diaphragm = SS 316
Drain vent valves = SS 316
Proc_ flange & adapter = Carbon steel (Cadmium/

Nickel coated)
- lt takes pressure sensing from two points, i.e, one from the

vapor line and second from the liquid line coming out of the
VLE cell. lt is equipped with 8-cell of variable capacitance
sensingmodule.Differentialcapacitancebetweenthesensing
diaphragmandthecapacitorplatesiselectronicallyconverted
totwowire,4-20mA orI0-50mA dcsignal

8- Prc_ureTransmitter:.
-Manufacturer:Roscmount

Model:1151GP

-Ithasavariablecapacitancesensingdiaphragm,whichgivesan
outputof4-20mA signaltotheprocesscontroller.

9- ResearchControlValves:(2 innumber)
-Type:Pneumaticpressurecontrolvalves.

• -SignalResponse:4-20mA.
-Materialofconstruction:

. Body -Castiron.
Stem -SS 316.

-Pressurerating:5000psi.
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10- Heat Exchangers: (2 in number)
- Manufacturer: ITT Corporation

Model: 5-115-02-018-001

- Type: Shell and Tube Heat Exchanger
- Material of construction: M.tid steel exterior and Stainless steel

interior.
- With fixed tube sheet, non removable bundle
- With single pass only
- Shell side = Hot fluid
- Tube side = Cooling water

11- Electric to pneumatic Transducers: ( 2 in numbers)
- The transducers accept signal in the range of 4-20 mA and 1-5

volts and convert these si_nals to 3 to 15 psi pneumatic output

12- Process Controllers: ( 2 in numbers)
- These are powerful microproeess based controllers with digital

display. Easily intractable through the push-button keys and
displays to manipulate the process variables.

- It has a dual alarm system and pneumatic output via an integral
current to a pneumatic transducer.

- Tow such transducers are used, one for the pressure and other
for the level feed back control loop.

13- ThreePen ElectronicChartRecorder:.
- This is an electronicstripchartrecorderwithfullyisolated

inputs. It is set up for two pens with the capability of four pen
installation.

- Power requirements are 120 vac, 60 HZ.

14- Thermocouple Assembly consisting off
Rotary Selector Switch
Digital Temperature Indicator
ThermocoupleRods

- Rotary Selector Switch:
The three pole rotary selector switch is used for

temperature measurements. The isothermal design
minimizes temperature gradient between the input and ,
output thermocouple wiring. Thirty eharmels in addition
to OFF are available for the temperature measurement.
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- Digital Temperature Indicator:
lt is a single range indicator with single input, lt can

• accommodate 10 ranges of temperatures which are
selcctable with a row of push buttons below the display.
This has a 0.I degree resolution and can be switched to
celsius or fahrenheit scales.

- Thermocouples: (9 in number)
- J type Iron/Constantan thermocouples arc used to

measure temperature at different places, as mentioned
in appendix 3.

- Temperature sensing clement length: 6 inch.

15- Pressure Gauge.s: (4 in number)
- Two of them are 6"dial, one with 0-200 psi (dub-division= I

psi) and other is for 0-2000 psi (sub-division = 10 psi) for
measuring low and high pressures respectively. "lhc), are
connected to a same line through a direction-optional plug
valve.

- The other two are 4.5" dial pressure gauges with range of 0 to
3000 psi (sub-division -20 psi). They are placed up and down
streamof the pump.

16- Sample Tanks: ( 3 in numbers)
- Material of construction: SS-316

- Volume capacity: 300 ct.
- Three of these _e usedassample bottles, for the collection

of vapor, liquid and feed samples.

17- Tubing and Valve fittings:
- 1/4" and 3,,'B"SS-316 tubing with 0.035 wall thickness.
- Swagelok compression fittings for the 1/4'°and 3/8" tubing, in

the form of elbows, tees, unions, plugs, male and female
connectors, reducer unions, Nupro plug valves, micro-metering
valves, line filters and safety valve.

18- Unis.','ut Frame & Wood Paneling:
- Unistrut channels and fittings were used to build the frame for

' the apparatus.
- Wooden panels were fixed to the unistrut frame for the

• mounting of the displays, pressure gauges, controllers and the
three pen recorder. Wooden boards are also provided to

= support the ovens and their controllers and the pump.
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APPENDIX #2: Location of Thermocouples in VLE Apparatus

Thermocouple No. Location.

I At Liquid Sample line

2 At Pressure Transmitter line

3 Before Pre-Heater

4 At Pressure Transmitter

5 At Feed line

6 At Vapor .Sample tine

7 A.fter the Pre-Heater

8 At Vapor line (after oven exit and before the control
valve)

9 At Liquid line (just after the main oven)

98

'_ i ,J



APPENDIX #3: ]i1ectronics and Calibration of Conductivity
I._vel Sensor
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R pORATION '"

5 WAREHOUSE ROAD
:AK RIDGE, TENNESSEE 37830

' CALIBRATION {}.ATASHEET

LEVEL PROBE AND TRANSMITTER, •

'* " i --

• CUSTOMER ._ICA&T P.O. NO. t_02_.84
ITEMS 1

DM REF. 871,1)205"/ _ - '
"SERIAL 2057-1

,L'40OEL I,C-23C,_

' DESCRIPTION e.1_O_ 2300, 2_v, ZITL'9,E21SICS_ ..

• k.Zlt/'TJ_ __---.--,------=_'--=-CAL!.BRATED FOR.-.__._._.--
,,mo _ ii --

TEMPERATURE_ 500 aet. c _ PRESSURE bl_

OUTPUT AT EMPTY" 4 HA._

OUT'PUTAT frO.1.20 MA _ HEIGHT = :3 :iu.

RAE- 39.51[
VJ_C.-4.22X. 57._..Loadv/o _rr£ez's

R_ - 39..b'K
R],7- 1.33¢

.,

ee
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• ___
ii i ii iiii i i

II

DimGOR PORATION '"

C_A.L I BI_._T I ON DATA SHEET

LEVEL PROBE _ T_R.a_ SMI TT ER

DELTA M REFERENCE NO.: RANLCI035

CUSTOMER: N.C. A&T P.O. NUMBER: VERBAL

S_RIAL e: LC2057-I MODEL _: LC2300
°

DESCRIPTION: LC2000 PROBE WITH REMOTE ELECTRONICS AND INTRINSIC
SAFETY •

CALIBRATED FOR: AIR/WATER

TEMPERATURE:

PRESSURE: AMBIENT

OUTPUT AT EMPTY: 4 mA

OUTPUT AT FULL: 20 mA

HEIGHT: 3" ACTIVE

TECHNICIAN: R. MONROE

DATE: 2/28/91

V SET = .64 V
FULL GAIN RESISTOR = 3.9K e
EMPTY GAIN RESISTOR = 8.140K Q
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APPENDIX #4: Operating Procedures for Flow VLE Apparatus

PRE-STARTUP CHECKS

• Before the initial start-up of this pilot plant the following precautionary measures

• must be taken, in order to get the plant running safe and smoothly.

1. Before the initial or any start-up of the plant, make sure that the utilities,

like cooling water, air and electricity are available.

2. Cheek ali the instrumentation for their proper working order, i.e.,

a) Cheek the opening and closing of the PCV-01 (Pressure Control

Valve on the vapor line) for the 0,25,50,75 & 100% open positions and

tale them with the readings on the panelboard. Remove the errors, if

there are any.

b) Repeat the same procedure for the other control valve (LCV-02),

liquid control valve, on the liquid line to the heat exchanger.

c) Check the setting of the pressure relief valve (PSV-01), at the

discharge of the positive displaeeme'ntpump.

d) The recorder should be in a proper working order. It should have .

respective colors of inks for respective parameters to be recorded on the

chart, i.e., red for level and blue for the pressure.

e) Cheek if the pre-heater and the oven axe working properly for the

• proper set points of the temperatures given by their controllers
t). f

. respectively.

3. Cheek the oil level in the pump.
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4. Make sure that all the drains, vents and sample point valves are closed.

5. Peffom the pressure check of the entire system vdth nitrogen gas and

make sure that there are no leaks in the system (fittings and connections).

6. Purge the whole system with nitrogen gas.
)

7. Wash the system with acetone, if necessary, and drain it in a closed

container from the liquid sample points and the lowest drain point. After

draining, purge the system again with nitrogen gas into the fumes hood for

five minutes and then purge each and every drain point, vent and sample

points for at least 30 seconds.

8. Open the cooling water and see that there are no leaks at the heat

exchanger connections (mbe-side) and the water is properly drained into

the sewer line.

9. Make sure that there is no flammable material, cloth, paper, plastic-mpe

or instrumentation or electrical wires exposed to the process piping.

i
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START-UP PROCEDURE

• After completing all the steps indicating in the pre-start-upprocedure, proceed as

follows: '_.

1. Close all the drain, sample points and the vent valves except the vent

valve # 17, which should be partiallyopen.

2. Purge the system with nitrogen or any other inert gas. Every drain and

vent valve shouldbe open once or twice for at least thirtyseconds, so that

ali the oxygen present in the system is purged out.

3. Isolate the nitrogen purging by closing the two valves, i.e., the nitrogen

cylinder valve and the valve at point 'b', as shown in the flow diagram.

4. Also close the valves labeled on the flow diagramas a,b,c and d, isolating

the feed tank from the rest of the system.

5. Leave the highest vent valve # 17 crackedopen and valve 'e' full open.

6. Open the feed inlet valve 'f' and fill the system with the test run tiquid-

mixtures until it comes to desired level seen in the flexible transparent .

tube, i.e., 70-80% level of the feed tank.

7. Close the valve at 'e' and 'f.

8. Pressurize the nitrogen purgingline again and sightly crack open the valve

• 'b' keeping the valve # 17 in partial open position.
w

. 9. Let the system loop purge for at least five minutes at very slow rate, so

that the liquid may not go into the vent line and hence in the fume hood
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s_wer.

10. Close the two valves, i.e., 'b' and # 17 simultaneously.

11. Open, on manual, the LCV-19 and PCV-20, 100% and 0% respectively.

12. Check the lubricating oil in the gear box of the pump. The oil should be q

up to the level markedon the dip stick of the pump.

13. Prime the pumpheadof the mere'ing pump, following the s_p mentioned

below: _:

- Start the pump.

- Adjust the stroke length to the maximum, i.e., 400.

- Disconnect the power source to the drive motor.

- Remove the front resezvoir cover assembly.

- Manually rotate the motor coupling until the pump piston is

withdrawn to full suction stroke towards the drive motor end.

- Unscrew the tube fitting nut at the top of the automatic bleed

valve and remove the plastic tube.

- Remove the bleed valve body from the pumphead.

- Fill the pumpheadwith the Pulsa Lube oil, throughthe automatic

bleed valve opening.

- Rotate the pump coupling manually to move the pump piston

forward. Also watch for the oil to appearin the bleed valve port.

When it does, reinstall the automatic bleed valve assembly into
)

the pumphezd,

=Keep on rotating the coupling by hand until the piston reaches the
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maximum stroke. During this procedure, if at any point the

coupling becomes hard to rotate by hand, press the hydraulic

, make up valve and keep it pressed until the coupling has been

rotated completely to the maximum stroke length. The difficulty

in rotating the coupling is an indication of the pump getting over-

primed and pressing of the hydrauli, bleed valve releases the

excess oil back ".3the gear box.
o

Now the pump is primed hydraulically and ready to operate.

The reagent head gets primed automatically once the feed tank

discharge valve is opened. The positive displacement pumps prime

automatically after they arc switched on.

14. Switch on the pump. Adjust the strok_ of the pump at minimum by

keeping the hand wheel for the stroke adjustment, at the minimum setting.

Once the pump has been started the strokes should be gradually increased

to about 300 stroke length or ",he desired stroke length. 400 _s the

maximum strokes equivalent to 2.6 gallons per hour.

• 15. Switch on the level sensing probe's electronics box.

16. Switch on the pre-heater and adjust the temperature set point to the

d_ value on manual control. (50"C above the VIE temperature).
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17. Commission the cooling water to the heat exchangers. Make sure that the

sewer is clean and the water is drained fluently in order to avoid overflow

or spillage of hot/spent water.

18. Switch on the main oven and gradually increase the temperature on the

manual control.

19. When the temperature reache_ the required set point, put the conrroUerof

oven on auto mode.

q
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SHUT-DO_ PROCEDURE

- i. Put the system on manual control.

2. Open the control valve,s slowly to the maximum allowing the main flow of liquidq

through the system.

3. Slowly decrease the temlx_ratureof the main oven, and pre-heater, approximately

5-7°C per minute.
)

4. When temperature reaches 6°C, open the door of pre-heater and switch off the

pre-heater, after 5-10 minutes of operation.

5. When the temperatureof the main heater, shown on the thermocouple display,

comes to around 80°C, turn off the main oven from the main panel. Open its

door for at least 10 minutes before turning the oven off.

6. Keep the system on circulation, till the temperature of the system comes down to

the room temperature.

7. Close the cooling water valve to the heat exchangers.

8. If the system is to be run on the same test liquid, then stop the pump, and

disconnect all the eleclxical connections, and also cut the air supply to all the

pneumatic controlled systems.

9. If the system is to be preparedfor the new test run liquid then:

- Take a closed container and drain all the liquid within thesystem into

' it, from the lowest possible drainpoint, i.e., from point NUMBER 16.
..

- Shut-off the pump immediately after this step.

- Drain ali the individual sample points.
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- Keep the system as it is for some time, so that the liquid settles down

due to gravity, and then again drainall the lowest points for the possible

accumulation of the liquid. Applying some inert pressure will help the

drainage of the same.

- Once the system is expected to be drained fuUy, it should be flushed

with acetone, twice or thrice with fresh acetone or until no traces of the

system liquids be there.
0
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PART III

A CHARACTERIZATION PROCEDURE

FOR COAL DERIVED LIQUIDS

INTRODUCTION

To develop a predictive model for any property, of a complex mixture such as coal derived
liquids, a procedure to characterize the mixture is necessary. For our thermodynamic model discussed
in Part I, we defined coal derived liquids as mixtures of hydrocarbons, pyridines, phenols, and thio-
phenes, with each molecular type defined by a molecular weight distribution and an average
representative molecule. Because of lack of data, molecular weight distributions were defined as beta
distribution functions with assumed parameters. The average molecules were defined by functional
groups according to the characterization procedm'e of Allen, White, and coworkers (White et al, Fuel,
67, 119, 1988) who have developed an extensive experimental and computational procedure to deter-
mine the detailed functional group composition of a narrow boiling coal derived liquid. For wider
boiling coal liquids, a characterization procedure to determine the true molecular weight distributions
and distributions of the heteroatoms is very much needed. This is the objective of the current work.

Our initial strategy was to use size exclusion chromatography and separate the coal derived
liquid by molecular weights thus obtaining the true molecular weight distribution and to further char-
acterize materials of various molecular weights by functional groups using the procedure of Allen,
White, and coworkers. Although, in principle we did not change our strategy, the final characteriza-
tion procedure is somewhat more complicated because size exclusion chromatography does not work
well with coal liquids. The column has different interactions with different molecular types and is not
able to separate ali materials strictly according to molecular weights. In what follows we discuss the
experimental techniques, give a history of our efforts, and finally formulate our characterization
procedure.

SIZE EXCLUSION CHROMATOGRAPHY/GEL PERMEATION

CHROMATOGRAPHY (OR SEC/GPC)

i

• In size exclusion chromatography, the components of a sample are separated according to the
size of their molecules. The packing used in this technique is gel with an inert porous surface. The
GPC/size exclusion column packing behaves, in some ways like a sieve. The molecules of sample
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components can only enter those pores of packing where the diameter is larger than that of the
molecules. Thus the smallest molecules spend the longest time in the particles since they can enter all
the pores while the molecules having a cross-section larger than the diameter of the largest pores will
pass without entering any pore. Thus the larger molecules will pass quickly through the column, while
the small molecules emerge later because they also have to diffuse in and out of the pores.

As a result of this process, the chromatograph obtained shows the larger molecules forming the •
early part of the peaks and the smallest molecules, the later part of the peaks. Since the size of the
molecule is related to its molecular weight, the elution time or volume of a given peak can give a fairly ,
good approximation of the component's molecular weight. The shape of the molecules and the func-
tional groups on the molecule are two of the many important factors in the elution time of a particular
compound.

SEC/GPC is an excellent tool for molecular weight distribution determination of a homolo-
gous series of molecules, like polymers. The molecules are simply collections of similar atoms of the
same compound. They just add together to form bigger chains that have higher molecular weights.

EQUIPMENT

The chromatographic equipment used includes Perkin-Elmer LC 410 pump, PL-GEL 5 micron
GPC column, and Varex ELSD-H light scattering detector. We used the Varex evaporative light
scattering detector 0SLSD) because the response time of this detector is mostly sensitive to the mass
of the sample and not to molecular types. It has been shown before that the ELSD detector is more
suitable than the UV detector for SEC/GPC work (Coulombe, J. Chrom. Science, 26, 1, 1988).

In this detector the eluent is nebulized at the entrance of a heated funnel, thus leaving solute

particles in the gas stream. A light source is directed at a right angle to this stream, and a portion of
the light scattered by the nongaseous particles is dete,eted and measured by a photomultimeter. This
photomultimeter measures a signal proportional to the concentration of the particles, or in other words,
the response of this detector "El,SD" is a function of the mass of solute passing through the detector.

The proper settings of temperatures and gas flow rate are extremely important, especially for
long term analysis and repetitive work. For the gas flow rate, a scale in millimeters on the rotameter
is better to use for the setup than a pressure setting in psi. However, both gas pressure and flow rate
were noted in order to check for any malfunction. Any discrepancy between the two is an indication
of some blockage; a blocked gas line to the nebulizer can cause very high pressure but low flow.

The precise temperature adjustment of ELSD-II is extremely important in order to get the .
correct detector response. As it is evident by the name of the detector, the mobile phase is evaporated
before the eluent stream. Very fine solute droplets come in contact with the the detector light. Dif-
ferent solvents evaporate at different temperatures. The temperature needs to be higher than the "
solvent boiling point.
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EXPERIMENTAL PROCEDURE AND RESULTS

The objective of this project is the characterization and analysis of different coal derived liq-
uids by molecular weight distribution and quantitative determination of different elements and
constituents of these liquids, namely nitrogen, sulfur, and oxygen heteroatoms, which is proposed to

" be done by FTIR and elemental analysis of the different molecular weight fractions of the coal liquids
separated and obtained using the fraction collector.

6

Four coal derived liquids were used in this study. These were obtained form the Consolidated
Coal Company and are listed below.

1. Wilsonville SRC- 1

2. Lummus ITSL LC-Finer Product distillate

3. H-Coal pilot plant Run #8

4. H-Coal pilot plant Run #10

The SEC/GPC method had to be initially calibrated using standards. Various hydrocarbons,
pyridines, and phenols were used as standards. In what follows we present flae work on standards
followed by the analysis of coal liquids and finally present the detailed characterization procedure.

STANDARDS CALIBRATIO_N

In the early stages of this project six compounds were used as narrow standards. They are
listed below in order of decreasing molecular weights.

Nam.....___e Molecular W__0gh_!t
Tetralin 132

Quinoline 129
Cresol 108

Xylene 106

Pyridine 79
Benzene 78

After running the trial sample, of minimum concentration, to set up the chromatograph base-
line and peak integration parameters in Waters GPC/SEC Maxima software, the above mentioned
samples were injected and run in the very same order one by one in the amount of 100 microliters each.

The mobile phase was 100% THF at a flow rate of 1 mL/rain, and for all the standards a
concentration of 0.5 weight/volume percent was used, i.e. 0.5 grams of standard was dissolved in 100

• milliliters of THF. The Varex detector was used. The chromatograms obtained sho_ved that these

compounds did not elute in the order of their molecular weights. The elution order of the standards is
given in Table 1. No systematic trends with molecular weight are observed.
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Table 1

Elution order of low molecular weight standards
Retention Molecular Structural

_ug_q_d _ L___ We___g._ Formula

C_3

1. Cresol 9.52 108 OH

2. Xylene 10.39 106 C) t C_'3

3. Benzene 10.61 78 _)

4. Tetralin 10.65 132

6. Pyridine 11.05 79 NN /

. Based on these results it was concluded that the column being used, i.e PL-GEL (Polystyrene
Divinyl Benzene) is not able to analyze these materials by the conventional GPC/SEC principle.

As a result, it was decided to divide the start'dar_:,into different homologous series, namely,
aromatic hydrocarbons, phenols, andpyridines. This choice of series was dictated by the most abun-
dant and significant functionalities in the coal derived liquids to be analyzed. A more detailed •
characterization procedure, in fact, should include homologous series of compounds containing other
functionalities such as thiophenes, furans, amines, indoles, c_rbazoles, etc. as weil. The standards .
divided into homologous series are listed in Table 2.
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Table 2

Homologous ser|es of GPC/SEC standards

oQp.._)_ Molecular_ Formula

i.Hydrocarbons

. Napthalene 128.17 C1oH8
Phenanthrene 178.23 C14H10

• 1,2-Bezanthracene 228.00 C lsH_2

2. Phenols

m-Cresol 108.14 C_H80

1-Napthol 144.17 C1oHsO
9-Phenanthrol 194.23 C14HI00

4,5-Dihydroxy Phenanthrene 210.00 C14H1oO2
Anthrasobin 226.23 C_4H903

3. Pyridines
Quinoline 129.16 CgH_N
Acridine 179.00 Cz3HsN

1,10-Phenanthroline 180.21 CI2HsN2

Itwas importanttousethesamemethodforstandardscalibrationandforcom liquidanalysis.
Afteranumber oftrialsir_volvingvariousstudies,followingarethedetailsofthemethodutilized:

Solvent: Tetrahydrofuran CI'HF) 100%

Flow rate: 3 ml./min

Pressure: 1860 psi

Varex ELSD-H (Evaporative Light Scauexing Detector)

Exhaust temp: 61.2 eC

Heater temp: 97.3 °C

Adjust temp: 99.6 °C
_as: nitrogen

C;as flow rate: 55 rain/15 psi

PL-GEL

Size: 5 microns

Length: 300mm
• DiRrneter: 7.5mm

Packing: PolystyreneDivinylBenzene

Nominalporesize: 100Angstromi

,,_.-_1.. St___n.da_rdsand coal liauids

-- Samplevolume: I00microliters
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GPC/SEC analysis was performed on a two column train of a guard column and the PL-GEL
GPC column. HPLC grade THF (100%) was continuously pumped through the Perk.in-Elmer LC 410
pump at a rate of 3 mL/min. Ali the data analysis was performed using Waters Maxima Chromato-
graphic software.

Each standard was run at 4-5 different concentrations in THF. This was done to determine the

variation of the peak response of the material as a function of its concentration. For liquid standards,
mixtures were prepared by adding known volumes of the solute and the solvent; whereas for solids a
known mass of the standard was dissolved in a known volume of THF. In ali cases the concentrations

were converted to mole fractions or mole percents and all the results presented are in these units.

Different concentrations of the standards and the elution times are given in Table 3. The
average elution times for the standards arc plotted as functions of molecular weight in Figure 1. lt is
easily observed that the elution times for phenols arc significantly lower than those for hydrocarbons
and pyridines for equivalent molecular weight. The elution times for hydrocarbons and pyridines are
very close, with pyridines showing slightly higher elution times. Figure 1 indicates that a linear rela-
tion between elution time and molecular weights may be assumed for each homologous series of
standards. The only compound that showed drastic deviation from this behavior is 1,10-
phenanthroline which contains two pyridine groups. Such compounds need to bc further studied. The
equations corresponding to the three straight lines of Figure 1 are

Hydrocarbons
t = -0.0021W + 3.92 (I)

Pyridines
t = -0.0032W + 4.11 (2)

Phenols

t =-0.00206W + 3.59 (3)

Where tistheelutiontimeinminumsandW isthemolecularweight.

Peakresponsegivesameasureoftheareaunderthepeakandisafunctionofconcentrationof
thestandardintheinjectedsample.Inidealchromatographicanalysispeakresponseshouldvary

linearlywithstandardconcenwation;however,inreallifeliquidchromatography,nonlinearrelations
arcverycommonly encountered.The Maxima softwarewas usedtoobtaincubicrelationshipsbe-
tweenconcentration(C)inmolepercentandpeakresponse(R)inmiUivolts-sccoftheform

C = aR + bR2+ cR3 (4)

Table 4 gives the concentration ranges and the coefficients a, b, and c for all the standards. For
the characterization procedure described later, the inverted form of equation 4 is more useful. The ,
following form of equation was found to give a good fit:

log(R) = al + a2C + a3Ca + a4C3 (5)
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Table3."_ _ _ standards_ variousconcentrationsin
o
0

Molecular Concentration Retentiontim...._cc

_ht mole fraction
c

#

_Hydrocarbons

Naphthalene 128.17 .2006 3.72
.1569 3.69

i

.1121 3.68

.0594 3.63

.0306 -L_

Average: 3.65

Phenantm'cne 178.23 .043 3.56

.022 3.51

.011 3.50

.005 3.51

.0028 3.53

.0014

Average: 3.52

1,2Benzan- 228 .0105 3.45
thracene .0071 3.43

.0053 3.43

.0026 3.44

.0013 3.47

Average: 3.44

Pyridines

Quinoline 129.16 1.00 3.75
0.6143 3.67

0.4036 3.63

0.2269 3.70

0.1462 3.71

0.0707 3.74

0.0068
• Average: 3.69

,

Acridine 179 .0432 3.57
.0220 3.53
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Molecular Concentratio.n. Retention tim._..ee

we_ht '" mole fraction (min)

.0124 3.51

.0111 3.53

.0028
Average: 3.53

1,10-Phenanthroline 180.21 0.0236 4.02
0.0115 4.11

0.0058 4.20

0.0073 4.29

0.0005 4.4.....22

Average: 4.20

phenols
m-Cresol 108.14 1.00 3.48

0.6990 3.40
0.4363 3.38

0.2051 3.28

0.0792 3.41

0.0391 3.34

0.0077 3.28

Average: 3.367

1-Naphthol 144.17 0.1836 3.29
0.1010 3.39

0.0532 3.38

0.0272 3.26

0.0139 3.21

0.0069

Average: 3.29

9-Phenanthr01 194.23 0.0303 3.22
0.0153 3.18

0.0077 3.20 .

0.0039 3.19

0.0019 3.18
i

0.0123 3.1._..88

Average: 3.19
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MolecuI__ Concentration Retention tim__=.ee

" mole fraction

4,5=Dihydroxy - 210 0.021S 3.22

phenanthrene 0.118 3.18
0.00"]6 3.19

• 0.0018 3.2_._00

Average: 3.19
t

Anthrarobin 226.23 .0088 3.04
.0044 3.03

.0022 3.0._.._2

Average: 3.03
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TABLE 4: Coefficients for:polynomial fit of concentration

versus peak response for the standards

• 1022
COMPOUND CONCN. RANGE a x 107 b x ]0TM c x

mole %

Napthalene 3- 20 4.62 x 103 -4.32 x l0 s 1.071 x l0 s
I

Phenanthrene 0.14 - 4.3 3.2 -1.72 4.61

1,2-
Benzanthracene 0.13- 1.05 4.64 x 10q -8.1 x 10.2 1.01 x 10"1

QuinolJne 0.68- 10 0.11 x 10s -0.671 x 106 0.639 x l0 s

Acridine 0.28 - 4.32 2.75 -1.1801 2.0552

m- Cresol 0.77 - 10 0.568 x 104 -0.968 x 106 0.272 x 105

1 -Napthol 0.69- 18.36 3.983 -9.207 x 101 1.2504

9 - Phenanthrol 0.19 - 3.03 5.455 x 10"1 -7.612 x 10"a 1.589 x 10"1

4,5- Dihydroxy
Phenanthrene 0.18 - 2.15 2.122 x 10"1 1.021 x 10"1 -1.1511 x 10"1

Anthrarobin 0.22 - 0.88 2.200 x 10"1 -3.449 x 10"2 1.308 x 10"1

f
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Furthermore, it was important to have constant coefficients or coefficients functions of mo-
lecular weights for the standards within each "homologous series. Using equation 4 and coefficients
fromTable 4, values of IogRand C were tabulated and plotted in the concentration range of about 0- i0
mole percent. For all the standards the curves were very similar in shape and ran parallel with shifts
along the ordinate. This prompted us to keep a2,a3,and a4constants for all standards and regress al
for each standard, at values thus regressed again showed definite trends with molecular weights, and
it was easily possible to obtain good polynomial fits. The regression equations for the three hornolo- .
gous series arc listed below.

i

Hydrocarbons:
log(R)= ao+ 0.80C-0.19C_+ 0.0175C3 (6)

log(ao) = -1.817 + 0.025W - 6 x 10"SW2 (7)
Pyridines:

log(R) = ao + 1.022C - 0.195C_ + 0.012C° (8)
log(ao) = -0.92 + 0.0094W (9)

Phenols:

log(R) = ao+ 0.80C =0.162Ca + 0.012C° (10)

log(ao) = -1.34 + 0.0226W - 6 x 10"Sw2 (11)

Where W is the molecular weight. Excellent regrcssior, fits were obtained with correlation
coefficients in excess of 0.98.

It was furtherobserved that it might be possible to consider ali standards and obtain a single
set of equations without differentiating between different homologous series. This is not surprising
because the Varex detector response is sensitive to the mass of the sample and not to the molecular
functionalities. The regression equationsconsidering ali standards together are given below.

log(R) = ao+ 0.80C - 0.19C'2+ 0.0175C_ (12)
log(ao)= -1.205 + 0.0188W =4 x 10"tWO2 (13)

A correlation coefficient of 95%was obtained for theregression fit represented by equation 13.
Thus we have developed generalized peak response curves that give peak response as a function of
molecular weight and concentration of the sample.

ANALYSIS OF COAL DERIVED LIQUIDS
The four coal derived liquids, Wilsonville SRC=I, Lummus ITSL distillate, H=Coal Run #8,

and H=Coal Run #I0, were analyzed by the same chromatographic method as employed for the
standards. The liquids were initially filtered twice through 0.45 and 0.2 micron f'dters with vacuum
fdtration equipment to remove any solid particulates.

I

For each coal liquid, chromatographic runs were carded out with two objectives: 1. to obtain a
chromatogram for elution time and peak response analysis, and 2. to collect fractions of separated
materialsat known time intervals.
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CHROMATOGRAPHIC ANALYSIS

All coal liquids at 100% concentrations overloaded the Varex detector thereby showing a pla-
teau in the chromatogram. Such a chromatogram was useless for any analysis. We therefore set out
to determine the maximum concentration of the coal liquid that would not overload the detector.

Samples of various concentrations were analyzed and the following sample concentrations (volume
basis) were determined for chromatographic analysis.

Wilsonville SRC- 1 10%

Lummus ITSL 10%

H-Coal Run #8 40%

H-CoM Run #10 30%

The chromatogram corresponding to the four liquids are given in Figures 2-5. The elution time
range for most of the liquids was 2.20 rain - 5.65 rain, with the Lummus ITSL liquid exhibiting a
somewhat narrower chromatogram than the other three.

FRACTION COLLECTION

It was decided to divide the separated coal liquid into I0-16 fractions and collect these frac-
tions using the Gilson fraction collector. The objective was such that these fractions may be analyzed
for elemental and functional group composition.

Before collecting the fractions, it was first necessary to calibrate the fraction collector. Frac-
tion collectors generally operate in either peak mode or in time mode. In peak mode, the fraction
collector responds to the detector peak response and collects fractions corresponding to the peaks in
accordance with the delay time and the peak width which need to be programmed into the collector.
The delay time is the time necessary for the solvent to flow from the detector to the first vial of the
fraction collector. For this process a relay is necessary to send the signal from the detector to the
fraction collector. Our fraction collector was not flued with this option, so we had to operate in the

time mode. Here, the time period after injection necessary for the sample to appear at the first vial of
the fraction collector needs to be determined. This was determined in two ways. First, by simply

calculating the volume between the injection port and the collector and calculating the delay time by
dividing this by the volumetric flow rate of 3 mL/mim This calculation was then checked by experi-
menting with a pure sample quinoline and making sure that ali the sample could be collected by using
the delay time. A delay time of 2.07 minutes was used for ali coal liquid fraction collections.

The method used for coal liquid fraction collections was exactly the same as the one used for
the chromatographic analysis except that the samples were 100 microliters of pure coal liquid. This
was done to minimize the number of runs necessary to collect enough fractions for analysis. Even so

, with our analytical LC at 3 mI./min, over 100 runs had to be made for each coal liquid. The usage of
pure sample did not cause any problems with the fraction collection, because the tests showed, that the
chromatogram width was not affected by the concentration of the sample. Table 5 gives the summary

• of the fraction collections for the four coal liquids.
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Table 5

Summary of Fraction Collections for Coal Liquids

Number Time period of

Coal Liqui_.._d of fracti0n_ Start _ En._ddtim_.....ee each collection
Wilsonville SRC- 1 14 2.07 min 5.80 rain 16 sec
Lummus 1TSL 10 2.45 rain 5.12 rain 16 sec

H-Coal Run #8 14 2.07 rain 5.80 rain 16 see b

H-Coal Run #10 14 2.07 min 5.80 rain 16 see

For the characterization procedure, it was important to know the peak responses corresponding
to the fractions collected for chromatogram,¢, shown in figures 2 - 5. These were obtained v_mg Waters
Maxima software and are given in Table 6.

CHARACTERIZATION PROCEDURE

Although elemental analysis and FFIR data on fractions collected are not yet available, we
have formulated a detailezl procedure to determine the true molecular weight _liscribution of the coal
liquid and distr_bL_fionsof phenolic and pyridinic compounds. The stepwise procedure is given below:

1. Obtain the chromatogram of the coal liquid, divide the chromatogram into 10-12 slices
according to elution times. Determine peak responses corresponding ,o each slice.
Using a fraction collector collect enough of fraction corresponding to each slice for
elemeiaal and FTIR analysis.

2. Determine the elemental ,:ompositions and FTIR spectrum of each fraction.

3. For each slice, using an average elution time calculate the molecular weights of hy-
drocarbon material, phenolic material and pyridinic material from the linear calibration
equations 1, 2, and 3.

4. Assume ali oxygen is phenolic and ali nitrogen is pyridinic (Justification: data of White
and Cowokers, FueL 67, 1i9, 1988). Also assume one -OH group per molecule and ,

one pyridinic ring per molecule. From molecular weights and elemental analysis de-
termine relative compositions of hydrocarbons, phenols, and pyridines in each slice.

5. Next, injection concentrations of hydrocarbon, phenolic, and pyridmic material in each
_l slice is calculated by trial and error. First, a concentration is assumed for hydrocarbon

ql
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TABLE 6" Peak Responses for LC Fractions of Coal Liquids

SLICE WlLLSONVILLE LUMMUS H-COAL H-COAL

# SRC- 1 ITSL DIST. RUN #8 RUN #10

SLICE qAREA CUM. SLICE AREA CUM. SLICE AREA CUM. SLICE AREA CUM.

microvolts-sec AREA microvolts-s¢c AREA microvolts-sec AREA microvoks-sec AREA

x 10-6 % x 10-6 % x 10.6 % x 10-6 %
,4

1 0.39 0.85 7.40 2.91 0.41 0.33 0.20 0.15

2 2.61 6.57 42.21 19.48 3.91 3.42 3.11 2.50

3 8.15 24.47 57.57 42.08 18.60 18.13 1.30 19__35

4 11.52 49.75 57.52 64.66 22.98 36.31 23.69 30.31

5 9.78 71.21 52.18 85.15 28.98 59.22 34.40 56.37

6 7.54 87.76 19.25 92.70 28.17 81.50 32.86 81.28

7 2.50 93.24 9.31 96.36 14.45 92.93 14.66 92.39

8 1.02 95.48 5.00 98.32 3.88 96.00 4.21 95.57

9 0.64 9.6.88 2.74 99.40 1.78 97.41 2.24 97.27

10 0.44 97.85 1.54 100.0 1.19 98.35 1.41 98.33

11 0.37 98.66 0.74 98.93 0.93 99.00

12 0.26 99.23 0.55 99.37 0.60 99.50

13 0.23 99.73 0.45 99.72 0.41 99.81

, 14 0.12 100.0 0.35 100.0 0.25 100.0
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material. The concentrations of phenolic and pyridinic materials are obtained using
results in step 4. Peak responses corresponding to these three concentrations are cal-
culated using peak response calibration curves. These are added and the result
compared to the experimental peak response. Concentrations are increased or de-
creased until the experimental and calculated peak responses are in agreement. This is
repeated for "allthe slices.

6. Thus we have generated data that divides coal liquids into hydrocarbon, phenolic, and

pyridinic homologous series and gives molecular weights and corresponding injection ,
concentrations for each of them.

7. This information is now used to generate the overall true molecular weight distribu-
tions, and individual molecular weight distributions of hydrocarbons, phenolics, and
pyridines.

Once elementalanalysisand FTIR dataareavailableforthefractionscollected,theabove
procedurewillbe usedtogeneratemolecularweightdistributionsforhydrocarbons,phenols,and
pyridinesincoalderivedliquids.The proceduremay beextendedlatertoincludeotherhomologous

series.Figure6 givesadepictionofthetypicalresultsthatmay beexpectedfromthisprocedure.The
distributionsshown inFigure6 arcprobabilitydensitydistributionswhichmay benormalizedinany
convenientmanner.Thesedistributionswouldbeveryvaluableandconvenientforusagewithcon-

Rnuousdistributionmethodsforpropertypredictionofcoalliquids.One suchthermodynamicmodel
was prescnmd in part I of this report.

CONTINUING WORK

Furtherworkisnecessarytodemonsu'atetheutilityofthecharacw.xizationprocedureformulat-

edhere.Work isnecessaryinthefollowingareas:

1. Exmnd thestandardsbasetoobtainbetterand more extensiveelutiontimeandpeak

responseanalysis.

2. AnalyzethecollectedcoalliquidfractionsbyelementalanalysisandFTIR.

3. Use allthedatatoobtainthenucmolecularweightdistributionforvarioushomologous

seriesby thecharacterizationproceduredevelopedinthiswork.

All this work is currently on-going and will be completed shortly.
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