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ABSTRACT 

Hittman Associates, Inc., as part of an environmental assessment of 
coal liquefaction technology sponsored by the U.S. Environmental Protec- 
tion Agency (EPA), performed various analyses on samples from the Solvent 
Refined Coal II (SRC-II) plant in Ft. Lewis, Washington, and the Exxon 
Donor Solvent Plant (EDS) plant in Baytown, Texas. This paper describes 
several of the problems encountered in these analyses and methods taken to 
mitigate them. Recommendations are made on approaches for avoiding such 
problems. 

INTRODUCTION 

Though there exist standard methodologies for the analysis of pure 
organic extracts, the complex nature of the product and process streams 
from synfuels plants cause specific problems which are often complicated 
by the analytical requirements of the particular study. This paper ad- 
dresses several problems encountered in the analyses of samples from the 
SRC-II pilot plant in Ft. Lewis, Washington, and the EDS facility in 
Baytown, Texas: (I) the ~nalysis of products and effluents to determine 
process variability over a finite time period; (2) the analysis of vola- 
tile organic compounds from heavily loaded sample matrices; (3) the anal- 
ysis of phenolics from heavily loaded phenolic streams; and (4) the analy- 
sis of sulfides~ cyanide, thiosulfates, and thiocyanates from heavily 
loaded aqueous streams. 

PROBLEM AREAS 

REPRODUCIBILITY IN PROCESS VARIABILITY STUDIES 

It is necessary to use a consistent approach in analyzing samples for 
process variability. For the Ft. Lewis effort, two sets of two samples of 
a heavy distillate stream were obtained over a 3-day period. This proce- 
dure provided a set of 12 discrete samples for studying process vari- 
ability with built-in controls for sampling and analytical variability. 
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The heavy distillate stream is a very complex sample matrix contain- 
ing several hundred discrete components which range in concentration from 
the parts-per-billion level to several percent of the overall mixture. 
Analytical options included: (I) several types of fractionation procedures 
such as the Level 1 Assessment protocol, which yields seven discrete 
fractions from a silicic acid column; (2) fractionation by Florisil chroma- 
tography followed by chemical and further column separation to achieve 
separations by class for sulfur, nitrogen, and polycyclic aromatic hydro- 
carbons; an(] (3) analysis of the gross mixture for ma~or constituents. To 
eliminate variations which would be introduced by fractionation and con- 
centration procedures, it was decided to analyze the gross mixtures and to 
use the data obtained to define process, sampling, and analytical 
variability. 

With mixtures of this complexity, capillary gas chromatography pro- 
vides the most effective separation. It can be coupled with mass spec- 
trometry to obtain as much qualitative information as possible about the 
major constituents of the mixture. Figure I shows the region of the total 
ion reconstructed chromatogram of a typical sample from the heavy distil- 
late series. The broad peaks are not a function of poor chromatography 
but, rather~ indicate co-eluting components. Several of the major com- 
ponents are identified. 
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Figure 2 shows four separate total ion chromatograms of different 
samples taken the same day. The run-to-run reproducibility of these 
samples is good and can be used effectively for comparison purposes. 
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Figure 2. Comparison of Process Variability Samples. 

Figure 3 shows selected extracted ion chromatographic profiles (EICP) 
of the molecular ions for naphthothiophene, dibenzothiophene, phenanthrene/ 
anthracene, and a series of Cp biphenyls and acenaphthenes. Using EICP, it 
is possible to discriminate b~tween species in the mixture, while components 
co-elute when gas chromatography is used alone. 

Figure 4 shows another example of co-91uting species. In this case, 
pyrene and fluoranthene co-elute with substituted phenanthrene/anthracene 
components and with a series of C 2 carbazoles. 
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By using the extracted ion chromatographic profiles for various 
components and analyzing the mass spectral data, it is possible to iden- 
tify a discrete set of components. The areas of peaks from the extracted 
ion chromatographic profiles can be integrated to generate quantitative 
data for specific components from the gross sample.. The most commonly 
used calculation involves obtaining integrated peak areas from known 
amounts of standards and comparing these peak areas to those of a known 
amount of internal standard. From these data, it is possible to calculate 
the relative response factor (RRF). The amount of specific components 
present can then be determined using the equation below. For gas chroma- 
tography, this is an excellent and extremely reproducible calculation 
because the detectors used are very stable. 

Where: 

RRF = amount dl0 x Area Std. 

amount Std. Area dl0 

Area 
Amount X = x x I/RRF x D 

Area dl0 

Std. = compound of interest 

dl0 = internal standard 

D = dilution factor 

When used in conjunction with mass spectrometry, this method yields 
acceptable reproducibility. However, mass spectrometry is not as stable a 
detector and is more sensitive to changes in relative concentration of the 
sample and internal standard than is gas chromatography. This means that 
RRF values must be calculated very frequently if acceptable quantitative 
data are to be obtained for repetitive studies. Additionally, the overall 
sensitivity of the mass spectrometer can change dramatically over short 
periods of time. 

The RRF method was used to generate the data in Table i. Several 
representative concentrations for components found in the heavy distil- 
lates are shown. Samples A and B are one pair and C and D are a second 
pair. A and B were taken at the same time, C and D at different times, 
during the same day. These data were obtained as part of the process 
variability study and are, we feel, representative in light of the com- 
plexity of the sample matrix. 

The values in Table 2 were derived by using the data obtained for 
standards normally used in the generation of RRF values. In this case, 
these data were used to calculate a working standard curve by least 
squares linear regression (LSLR) analysis. A second set of least squares 
linear regression lines were calculated using the data but normalizing the 
output of the internal standard to a set figure and adjusting the areas of 
the known compounds to reflect this normalization. All of the lines used 
had a correlation coefficient exceeding the 95 percent confidence level. 
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Generally, the values obtained for analytical pairs are in better agree- 
ment for the normalized lines. 

TABLE I. COMPARISON OF VALUES OBTAINED BY RRF CALCULATION (g/kg) 

Sample Sample 
Component A B C D 

Fluorene 2.17 2.36 

Carbazole 5.67 6.67 

Dibenzothiophene 8.46 8.96 

Phenanthrene/Anthracene' 20.02 22.64 

Pyrene 11.66 13.68 

Chrysene 1.09 1.57 

Benzo(a)Pyrene/Benzo(e)Pyrene 
[B(a)P + B(e)P] .83 .56 

2.12 1.50 

7.55 5.68 

9.20 8.36 

24.46 20.88 

13.28 11.37 

1.73 1.21 

.85 .38 

TABLE 2. 

Component 

COMPARISON OF SAMPLES BY LSLR AND NORMALIZED LSLR 

LSLR LSLR-N LSLR LSLR-N 
A B A B C D C D 

Fluorene 2.04 1.81 1.74 

Carbazole 4..95 4.68 4.48 

Dibenzothicphene 7.27 6.20 6.67 

Phenanthren.e/ 
Anthracene 16.99 15.41 15.27 

Pyrene 13.27 12.47 14.8 

Chrysene 1.32 1.49 1.09 

B(a)P + B(e)P .40 .49 .31 

1.89 1.23 1.07 1.44 1.21 

5.27 4.47 3.40 5.59 4.48 

7.06 5.42 4.90 7.25 6.59 

17.27 13.15 11.96 16.56 15.93 

17.39 9.58 8.69 i5.08 14.42 

1.58 1.28 1.04 1.44 1.22 

.47 .52 .34 .48 .34 

Table 3 shows a comparison of the three methods used for quantitation 
of these selected compounds. The values shown represent a percentage 
variation from an average value for the paired samples. Using the LSLR 
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data does little to alter the measurements obtained by RRF values when the 
data are very close, as in the A-B pair for fluorene and in the dibenzo- 
thiophene pairs. However, for data which show large variations by the RRF 
method, such as chrysene and B(a)P+B(e)P, the data obtained by LSLR analy- 
sis are more precise. Overall, for the full set of reported components 
(40-50 in all), the normalized LSLR data sets proved to be more precise. 
It is our experience that the use of normalized least square linear regres- 
sion analysis for measurements requiring higher precision than a normal 
screening technique is a useful alternative to standard procedures. The 
data from screening analyses could also be calculated by this type of 
analysis to afford more consistent results. 

TABLE 3. COMPARISON OF METHODS BY PERCENTAOE DEVIATION FROM A~RAGE 

METHOD/SAMPLE 

RRF LSLR LSLR-N 
Component AB CD AB CD AB CD 

Fluorene 4.4 

Carbazol~ 8.1 

Dibenzothiophene 2.8 

Phenanthrene/ 6.13 
Anthracene 

Pyrene 8 

Chrysene 18.0 

B(a)P + B(e)P 24 

Fluorene 

Carbazole 

Dibenzo- 
thiophene 

Phenan- 
threne/ 
Anthracene 

Pyrene 

Chrysene 

B(a)P + 
B ( e ) P  

17.1 5.6 7.0 3.8 8.3 

14.0 2.9 13.0 8.1 ii.0 

4.7 7.8 5.0 2.9 4.77 

7.9 5.1 4.8 6.1 1.9 

7.78 3.1 4.9 

17.6 5.6 I0.0 

39 ii 20 

INTERVAL BETWEEN COMPONENTS 

RRF 

1.50 - 2.36 .86 

5.67 - 7.55 1.88 

8.36 - 9.20 .84 

2 0 . 0 2  - 2 4 . 4 6  

Absolute Absolute 
Differ- Differ- 
ence LSLR ence 

1.07 - 2.04 .97 

3.40 - 4.95 1.55 

4.90 - 7.27 2.37 

4.44 11.96 - 16.99 5.03 

11.37 - 13.68 2.31 

1.09 - 1.73 .65 

.38 - .85 .47 

8.69 - 13.27 4.58 

1.04 - 1.49 .45 

.34 - .56 .22 

8.0 2.2 

6.4 I0 

9.5 17 

Absolute 
Differ- 

LSLR-N ence 

1.21 - 1.84 .63 

4.48 - 5.77 1.29 

6.59 - 7.06 .47 

15 .93  - 17 .44  1.51 

14.42 - 17.39 2.97 

1.09 - 1.59 .50 

.34 - .59 .25 
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PURGE AND TRAP ANALYSIS 

The next area of difficulty is the analysis of heavily loaded process 
streams for volatile organics. The major problem associated with these 
analyses is the limited capacity of the adsorbing material to efficiently 
adsorb the levels of organic materials present in process streams. The 
adsorbent used in our synfuels studies was Tenax resin with a capacity to 
adsorb I to 2 percent of the weight of Tenax in the trap. The actual 
amount of Tenax is generally 0.5 gm or less. A 0.5 to 1.0 percent loading 
of this material would be equivalent to 2.5 to 5.0 mg capacity. Above 
this level, the Tenax will hold more material but with a dramatic de- 
crease in trapping efficiency. Table 4 shows data obtained from a heavily 
loaded process stream from the EDS plant at Baytown, Texas. Samples B] 
through B 5 are the same sample purged at different levels of concentra$ion. 
Samples A through F are'different samples from the same stream. 

TABLE 4. COMPARISON OF PURGE AND TRAP DATA 
BY VOLUME PURGED 

Quantity Quantity 
Purged Calculated Observed Load 

Sample (mls) (mg/l) on Tenax/(mg) 
Actual Load 
on System (mg) 

B I 0.25 2890 .7 

B 2 1.00 2769 2.7 

B 3 2.50 1700 4.3 

B 4 5.00 997 4.5 

B 5 i0:00 460 4.6 

.7 

2.7 

6.8 

13.5 

27.0 

A 1.00 2216 216 2.6 

B 1.00 2805 2.8 2.8 

C 1.00 2642 2.6 2.6 

D 5.00 1255 6.3 13.0 

E i0.00 523 5.2 26.0 

F i0.00 508 5.1 26.0 

As indicated in Table 4, adsorbing capacity has no real effect for 
the samples run at 1.0 mls. Above this level, however, the data are 
affected significantly. It is important to note that although the overall 
content of purgeable materials is extremely high, they are not readily 
amenable t.o analysis by direct aqueous injection because it does not 
effectively separate the many components present in these samples. Using 
the mass spectrometer as a detector and injecting even several pl of 
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aqueous material, there are nanogram to low microgram quantities of many 
of the components. At levels of 2 g/l, only 2 pg/~l are being analyzed by 
direct injection. 

Table 5 shows the results obtained from a naphtha sample, which should 
contain a very high percentage of purgeable materials. This sample was run 
as a pure organic. The samples were diluted i:i0 with methanol. Two sam- 
ples were run with i00 ~i of the diluate injected into I0 mls of ~20. Two 
samples were runwith 50 ~i of the diluate injected into a i0 ml aqueous 
matrix. 

TABLE 5. COMPARISON OF PURGE VALUES FOR NAPHTHA 

Sample 

Naphtha A 

Naphtha B 

Naphtha C 

Observed 
Analyzed Concentration Observed Loading Actual Tenax 

(91) ($/i) Tenax (ms/l) Loadin$ (ms/1) 

10 382 3.82 5.80 

10 297 2.97 5.80 

5 584 2.92 2.92 

Naphtha D 5 576 2.86 2.86 

The values at a 50 NI injection of a i:i0 aliquot are reasonable for 
this type of stream, indicating that approximately 75 percent of the com- 
ponents in the naphtha streams are purgeables. 

We recommend that internal process streams be run at a volume of 0.25 
to 0.50 mls of sample for purge and trap analysis except for those streams 
for which there is little or no chance that purgeables are present. A 
second run can then be made after calculation of an effective column loading. 
Also, we recommend that volatile organic materials such as naphtha streams 
be run at levels oF no more than 50 ~i of a i:i0 diluate. Analytical 
parameters for streams with higher boiling ranges are based on volatile 
content. Industry literature can be used as a guide for estimating the 
quantity of samples to be analyzed. 'For process streams, we have found 
that sour water streams, including streams from pumps and drums as well as 
gas scrubber streams, should be regarded as heavily loaded process streams 
for volatiles. 

P~ENOLICS ANALYSIS 

A third problem in analyzing process streams is the high level of phe- 
nolic materials present in sour water streams. Toxic gases evolve during 
acidification of the aqueous samples. Also, the high levels of phenolics 
present in extracts tend to create problems when concentrated for analysis 
by gas chromatography (GC) and gas chromatography/mass spectometry (GC/MS). 
Very low recovery rates (20 to 40 percent) have been reported in many cases. 
The more volatile phenols are extremely difficult to recover quantitatively. 
For this reason, EPA has recommended a colorimetric method for the analysis 
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of steam-distillable phenol. The method is fairly specific for phenol; how- 
ever, there are other major phenolics present in these streams, such as 
cresols, xylenols, and trimethyl phenols. These phenols are not quantita- 
tively measured by this method. We have analyzed these streams by direct 
aqueous injections as well as colorimetric and GC/MS methods. 

Table 6 shows a comparison of the results obtained by GC/MS, colori- 
metric, and direct injection analysis for two streams heavily loaded with 
phenolics. In both cases, the GC/MS gave lower values than the direct in- 
jection GC method. For heavily loaded samples, the GC method has the 
advantage of allowing analysis in situ with a minimum of sample handling. 
The only possible alteration to this method would be to carefully acidify 
to a slightlVacid pH (6.0 to 7.0) any samples which were very basic: to 
assure that all phenolics have been analyzed. 

TABLE 6. PHENOLICS BY COMPARATIVE METHODS 
(mg/l) 

~THOD 

Sample GC/MS Colorimetric Direct Injection 

Sample A 3500 2439 11321 

Sample B 4300 16024 13131 

The method we used was a slight modification of Standard Method 510E from 
the 14th edition of Standard Methods for the Examination of Water and Waste- 
water. I 

ANALYSIS OF THIOCYANATES AND RELATED SPECIES 

There are also problems associated with the analysis of sulfide, 
cyanide, thiosulfate, and thiocyanate (SCN-) in streams which have a high 
sulfide and/or H{S content. These samples were analyzed in accordance 
with procedures ~efined in Manual of Methods: Preservation and Analysis 
of Coal Gasification Wastewater. 2 We ~ound that the precipitation of sul- 
fide from heavily loaded streams as lead sulfide is not easily accon~lished 
and that the precipitations required several days. In addition, cyanide 
can easily be lost by occlusion during the precipitation. The amounts of 
lead sulfide were so great that this occlusion is a very real problem. 
Dilution of the original samples prior to precipitation was not possible 
because the lower limits of the required analytical range preclude dilution. 
Another consideration in the cyanide analysis is the equilibrium shown below. 
It appears that the equilibrium is being forced to the left as sulfur is 
removed from the system. 

Pb +2 + 2S "2 + CN--~ ~SCN- + PbS~ 
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Theoretically, the analysis of SCN should then become an important param- 
eter. However, the same problems occur in this analysis since sulfides 
must initially be precipitated and there are high levels of lead sulfide 
present. To date, no adequate solution to this problem has been developed. 

CONCLUSION 

There is currently no all-encompassing methodology available for the 
analysis of process, product, and wastewater streams from synthetic fuels 
plants. Each type of stream and each individual process stream must be 
handled under conditions which will optimize the value and validity of the 
data obtained. In our current studies, we are attempting to modify exist- 
ing procedures, ~ as appropriate, to provide the most effective analytical 
approach. In particular, we are correlating GC/MS and GC data by utiliz- 
ing the qualitative data obtained from GC/MS as a guide, then using 
capillary gas chromatographic data as the eventual quantitative tool. By 
incorporating the specificity of the mass spectral data, we are better 
able to quantitate unresolved gas chromatographic peaks. We are also 
assessing alternatives to existing methodologies of volatile organics 
analysis to obtain a more consistent approach to the problem of heavily 
loaded process streams. Finally, we are attempting to modify the precipita- 
tion procedures for sulfides to adapt a method which is viable for heavily 
loaded process streams. 
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ABSTRACT 

This paper outl ines experimental and modeling techniques that are being 
used to evaluate solvent extraction processing of coal conversion wastewaters. 
The project includes characterization of organic contaminants in slagging f ixed- 
bed gasi f icat ion process wastewater, as well as screening studies to evaluate 
removal e f f ic ienc ies for  these contaminants. Experiments are also in progress 
to measure d is t r ibu t ion  coef f ic ients for several solvent types with phenol and 
representative base- and neutra l - f ract ion aromatic solutes. These experiments 
are being performed with both clean water and wastewater systems. Results from 
these experiments are being evaluated in l i gh t  of three techniques for  estima- 
t ing d is t r ibu t ion  coef f ic ients:  Modified regular solution theory as used in 
chemical engineering processing, .expandedsolubi l i ty parameter approach as used 
in l i qu i d - l i qu i d  chromatography, and estimation of octanol-water par t i t i on  co- 
e f f i c i e n t  as employed in environmental science. This paper reviews results 
obtained to date and explains di rect ion for work during the coming year. 

INTRODUCTION 

Solvent extract ion is a candidate treatment process for reducing organic 
contaminants from coal conversion wastewater. Solvent extraction is especial ly 
a t t rac t ive  for treatment of highly contaminated streams where the cost of t rea t -  
ment may be compensated, in whole or in part, by the value of recovered material 
and by reduction of loadings on downstream wastewater processing units.  Solvent 
extract ion may also eliminate the need for addit ional physicochemical wastewater 
treatment steps. 

Experimental work now in progress is aimed at defining solvent extract ion 
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processing character is t ics of a slagging fixed-bed coal gas i f icat ion waste- 
water. This work includes tests with both wastewater and clean water systems 
as well as theoret ical considerations aimed at development of a model to aid 
prediction of the fate of organic contaminants during solvent extract ion t reat -  
ment. 

SOLVENT EXTRACTION PROCESSING 

A typical solvent extract ion system ~s i l l us t ra ted  in Figure 1 (Earhart, 
et a l . ,  1977), where i t  is shown that the process is comprised of three basic 
uni t  operations: (1) an extractor where wastewater and solvent are mixed 
and separated, (2) a solvent regenerator where solvent is separated from 
extracted solutes for  reuse, and (3) a solvent recovery step where residual 
solvent is removed from the treated wastewater. 

Solvent extractors may be c lass i f ied  as ei ther stagewise contactors, 
such as mixer-set t lers,  or as d i f fe ren t ia l  contact ext ractors,  such as a packed 
column or rotary disk contactor. Solvent regeneration is usually accomplished 
by d i s t i l l a t i o n ,  and solvent recovery may be achieved by ei ther str ipping or 
secondary solvent extract ion. 

Numerous solvents are available for  use in solvent extraction systems. 
Solvents which have been employed for  processing phenolic streams include: 
l i gh t  aromatic oi l  mixtures, t r i c resy l  phosphate, n-butyl acetate (NBA), d i -  
isopropylether (DIPE), and methylisobutyl ketone (MIBK). When choosing an 
extraction solvent, two of the most important considerations are high solute 
d is t r ibu t ion  coef f i c ien t  and low aqueous s o l u b i l i t y .  While aqueous s o l u b i l i t y  
data are available for most solvents, solvent-solute d is t r ibu t ion  coef f i c ien t  
data are available for re la t i ve l y  few compounds, notably phenol and i t s  der- 
ivat ives. I t  is especial ly noteworthy that there is essent ia l ly  no solute 
d is t r ibu t ion  coef f i c ien t  data for  the var ie ty  of base- and neutra l - f ract ion 
solutes which may exist  in a coal conversion wastewater. 

The solute d is t r ibu t ion  coef f i c ien t  may be defined as e i ther  the equi l ib  
ram rat io  of solute mass concentration (C, mg/l) in solvent and water nhases 
(KD'), or as the ra t io  of solute mole f ract ion a c t i v i t y  coef f ic ients  (y) in 
each phase (KD); 

K D' = Cs/Cw 

K D = yw/Ys 

where the subscript s refers to the solvent phase and w to the water phase. 
Mass concentration and mole f ract ion a c t i v i t y  d is t r ibu t ion  coef f ic ients are 
related by the ra t io  of water and solvent molar volumes; 

K~ : Vw 
~-~ K D 

Usually solute d is t r ibu t ion  coef f i c ien t  da~a must be determined from lab- 
oratory test ing,  and this may be a cost ly  and time consuming task. However, 
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time and expense can be saved by using thermodynamic models to estimate solute 
mole f ract ion a c t i v i t y  d is t r ibu t lon  coef f ic ients (KD). Evaluation of the 
accuracy and app l i cab i l i t y  of thermodynamic models Is included in the theorem- 
cal aspects of th is project. 

PROJECT OBJECTIVES 

Work now in progress entai ls both experimental and theoret ical aspects of 
modeling the fate of organic compounds during wastewater treatment, with emphasis 
on solvent extract ion. Specific objectives of the project are outl ined below: 

1) 

2) 

3) 

Characterize organic contaminates in slagging fixed-bed 
gasi f icat ion process wastewater before and af ter  several 
steps of bench-scale treatment. This work w i l l  include 
screening studies with several solvents to evaluate the 
ef f ic iency of solvent extraction for  removal of phenolics, 
as well as for removal of base and neutral f ract ion aro- 
matics. I n  addit ion, data from these tests w i l l  be used 
to observe organic specie removal during ammonia str ipping 
and biological  oxidation. 

Review the l i t e ra tu re  for assessment of  models to predict 
d is t r ibu t ion  coef f ic ients and compile a l i s t i n g  of the avai l -  
able experimental data on d is t r ibu t ion  coef f ic ients for waste- 
water contaminants. 

Perform experiments to measure d is t r ibu t ion  coef f ic ients for 
phenol and representative base and neutral f ract ion aromatic 
compounds in both clean water and wastewater systems. The 
ef fect  of solute concentration on the value of the d is t r ibu t ion  
coef f i c ien t  w i l l  also be evaluated. 

4) Assess the app l i cab i l i t y  and accuracy of d is t r ibu t ion  coef f ic ient  
models by comparing model results with experimental data found in 
th is  study and experimental data reported in the l i t e ra tu re .  

RESULTS TO DATE 

Several study objectives have been completed or are in the process of being 
completed. Screening studies have been performed with several solvents to assess 
the i r  s u i t a b i l i t y  for  extraction of phenolic solutes from raw slagging f ixed- 
bed coal gas i f icat ion wastewater. This was~ewater was generated from gas i f i -  
cation of a l i gn i t e  coal. 

As a resul t  of these screening studies, MIBK was selected for execution 
of bench-scale treatment tests incorporating solvent extract ion,  ammonia s t r i p -  
ping and biological oxidation. As a part of th is  study, organic contaminants 
were chayacterized in col laboration with Argonne National Laboratory to assess 
removal of acid, base and neutral f ract ion solutes fol lowinq solvent extract ion- 
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ammonia str ipping and biological oxidation. Results of th is  work were presented 
at the 54th Annual Conference of the Water Pollut ion Control Federation (Luthy, 
et a l . ,  1981). A summary of th is  work is provided in Tables Z and 2. 

Table I shows average solvent extraction treatment character is t ics  for  
MIBK extracted wastewater. MIBK is par t i cu la r ly  ef fect ive for removal of phe- 
nol ics (KD~IO0), and the data show that in the process of reducing phenolics 
to about 5 mg/C there is also substantial reduction of TOC, COD and BOD. Bio- 
logical oxidation was evaluated by both activated sludge (AS) and powdered 
activated carbon-activated sludge (PAC-AS) treatment with 5000 mg/c PAC. Both 
AS and PAC-AS showed good removal of the pol lutants shown in Table 1. The bio- 
logical oxidation studies showed that solvent extracted wastewater was easier 
to t reat  via AS in comparison with wastewater not pretreated for reduction of 
phenolics. Solvent extraction eliminated the requirement for  d i lu t ion  pr ior  
to AS and also reduced wastewater foaming during bioloqical treatment. Solvent 
extraction also resulted in lower mass loading of residual organic material 
(eg. color,  TOC, and COD) in the biological reactor e f f luent .  

GC/MS analysis of acid, base, and neutral f ract ion organics were performed 
on raw condensate, solvent extracted-ammonia stripped wastewater, and AS and 
PAC-AS ef f luents.  HPLC analysis were performed af ter  each treatment step for  
detection of eleven polycycl ic aromatic hydrocarbons. Table 2, which provides 
a summary of the analyt ical  resul ts,  shows that no organic contaminants could 
be detected in the acid, base, and neutral f ract ion suspended phase samples of 
MIBK extracted wastewater. Analysis of solvent extracted-ammonia stripped 
aqueous phase acid f ract ion samples showed, the presence of residual phenol, cre- 
sols, and other acid f ract lon compounds, while base and neutral f ract ion species 
showed mainly low levels of re la t i ve l y  few compounds. Analysis of AS and PAC-AS 
treated water showed excellent reduction of those few organic compounds which 
remained af ter  extraction and st r ipping.  These results showed that solvent ex- 
t ract ion for  reduction of phenolics offers several wastewater processing advan- 
tages for treatment of coal conversion condensates. 

This work was followed by a preliminary invest igat ion of thermodynamic 
models for' the predict ion of solute d is t r ibu t ion coef f ic ients between water 
and an organic solvent for phenol and other aromatic solutes. The resul ts 
of th is work were presented at the Symposium on Water Management and Pol lut ion 
Control for  Coal Gasi f icat ion and Liquefaction, sponsored by the Division of 
Environmental Chemistry at the 182nd ACS National Meeting in August (Campbell 
and Luthy, 1981). This work showed that most of the experimental solvent ex- 
t ract ion studies reported in the l i t e ra tu re  have focused on phenolic compounds. 
No d is t r ibu t ion  coef f i c ien t  data were found for base and neutral f ract ion sol- 
utes with solvents normally used for  phenol recovery. Furthermore, no dis- 
t r ibu t ion  coef f ic ient  data was found for tests using actual coal re f inery waste- 
waters. 

A review of the chemical engineering and l i qu id - l i qu id  chromatography 
l i t e ra tu re  revealed that solvent extract ion models which are used in these 
disc ip l ines are based on developments evolving from regular solut ion theory. 
These concepts have been applied to several solute-solvent systems, and i t  was 
found that some empiricism is necessary for  estimation of certain thermodynamic 
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TABLE I. SLAGGING FIXED-BED WASTEWATER 
TREATMENT CHARACTERISTICS I 

Parameter Raw Solvent 
mg!~ unless Wastewater Extracted Ammonia Activated 

noted RA-52 MIBK Stripped Sludge PAC/AS 

T0C 11.100 
COD 32.000 
BOD 2 6 0 0 0  
Phenohcs 5.500 
Org-N 115 
NH -N 6,300 
NO~--N 45 
SC~- 120 
CN 1,8 
CN ~°I - 0.1 
F r ~  Ext 410 
A1k las CaCO 3) 20.700 
Cond • 20.000 

(#mno/cm} 
Color 500 

(Pt-Co umtsl 

! .950 1,380 580 385 
3,900 2.980 1,340 64,0 
2.900 1,820 32 30 

5 3 0.1 40.02 
51 33 10 4 

4.400 30 84 20 
<5 <5 40 100 

110 105 4 <0.5 
1.5 1.5 1.4 1.3 

- -  0.1 0.1 40~1 
- -  10 <5 <5 

16,300 850 175 72 
;8.600 1,490 2.230 2.200 

500 700 500 420 

1Reference" Luthy, Stamoud~s, Campbell. and Harr,son, 1381 Analyses of solvent 
extrac'ed samples for TOO. COD and BOO were performed after gentle heating to expel 
res~um MIBK. 
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parameters. Despite th is  l i m i t a t i o n ,  our analysis has shown that for  MIBK 
and water, neutral f rac t ion aromatic solutes are predicted to have d i s t r i bu t i on  
coef f ic ients  substant ia l ly  greater than that for  phenol. Thus, in the process 
of reducing phenolics from re la t i ve l y  high concentrations to comparatively low 
concentrations, : i t  is expected that neutral f rac t ion  solutes would be reduced 
by .even. greater 'proport ions.  

CURRENT AND FUTURE WORK 

Recent experimental work has been directed towards measuring d i s t r i bu t i on  
coef f i c ien ts  in both clean water and wastewater systems. This work has examined 
three solutes: phenol as a representative acld f rac t ion solute, and an i l ine  
add pyr idine as representative base f rac t ion solutes. These compounds comprise 
the predominate parent chemical species for  compounds previously i den t i f i ed  in 
each of these f rac t ions.  I t  is planned to measure d i s t r i bu t ion  coef f i c ien ts  
for  benzene wi thsevera l  solvents, as benzene is the parent specie for  neutral 
f rac t ion solutes. 

Five solvents have been incorporated in these tests,  methylisobutyl ketone 
(MIBK), d i - isopropylether  (DIPE), n-butyl acetate (NBA), toluene, and tetradecan~ 
These compounds are representative of major classes of organic solvents. MIBK 
is reportedly used in an extract ion process licensed by the Chem-Pro Equipment 
Corp. (Greminger; et a l . ,  1980), while DIPE is employed in the Lurgi Phenol- 
solvan process. NBA shows a r e l a t i ve l y  high d i s t r i bu t i on  coe f f i c i en t  for  
phenol, and i t  has been proposed for  use in dual-solvent extract ion systems 
(Earheart, et a l . ,  1977). Toluene is a component of coal-devired l i g h t  o i l ,  
which was widely used at one time for  extract ion of phenolics from coke plant 
ammonia l iquor .  Tetradecane was included in th is  study for  comparison purposes 
because i t  is an alkane, and because crude o i l  or related compounds are some- 
times involved in petroleum re f in ing operations for  extract ion of phenol from 
water or for  washing phenol from re f inery  products. 

Solvent extract ion tests were performed with these solvents and solutes, in 
single and mul t ip le  solute clean water systems as well as in actual wastewater, 
to invest igate potent ial  synerg is t ic /antagonis t ic  e f fects .  The e f fec t  of solute 
conce6tration was also invest igated. The results Qf th is  work are being sum- 
marized in the form of a technical paper. 

I t  is planned to execute another treatment study using slagging fixed-bed 
wastewater generated from gas i f i ca t ion  of another type of coal. Results ob- 
tained from th is  work would be used to ve r i f y  the previous resul ts ,  as well as 
to assess processing differences for  a d i f f e ren t  water-solvent system. The 
tests would a lsol inc lude detai led wastewater character izat ion at d i f f e ren t  
levels of phenol removal. These analyses would provide information on whether 
various contaminants are removed concomitantly in proport ion to the i r  respective 
d i s t r i bu t ion  coe f f i c ien ts .  

The l a t t e r  tests are important from an economic point of view. Goldstein 
(1981) notes that single stage extract ion is less cost ly  than mult ip le-stage 
extract ion,  and that par t ia l  phenol recovery may be economically a t t rac t i ve .  
An 80 percent recovery of 5,500 mg/l phenolics is reported as supplying enough 
energy in the recovered material to run the extract ion process. Goldstein also 
recommends solvent extract ion i f  phenolic levels are high and i f  BOD concentra- 
t ions are greater than 4,000 to 6,000 mg/l. 
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ADVANTAGES OF SOLVENT EXTRACTION 

The economic issues regarding cost of solvent extract ion versus reduced 
cost of addit ional wastewater treatment are not easi ly  evaluated. However, i t  
is clear that solvent extract ion of phenolic condensates is advantageous for  
numerous reasons. Some of these reasons are outl ined below. 

(a) Solvent extract ion removes most base and neutral f rac t ion  
solutes. This is s ign i f i can t  because many of the toxic or 
hazardous organic contaminants in coal conversion wastewaters 
are found in these f ract ions.  

(b) Recovered material may be combusted for  heat value, and th is  
heat may be used to drive the extract ion process. Proper ly 
designed combusters would destroy'hazardous organic compounds. 

(c) Solvent extract ion would remove hazardous organics, and th is  
would reduce or el iminate problems with disposal of hazardous 
organic sludges formed as a resu l t  of wastewater treatment and 
reuse. 

(d) Solvent extract ion would reduce or el iminate problems with carry 
over of vo la t i l e  aromatic hydrocarbons during sour water t rea t -  
ment. 

(e) Extraction removes creosotes, and thus i t  is l i k e l y  that  most 
" tar  acids" would be removed. This may be pa r t i cu l a r l y  important 
in treatment of coal l iquefact ion wastewater, where i t  is be- 
l ieved that acid treatment is required pr ior  to b io logical  ox- 
idat ion to prec ip i ta te  tar  acids (Drummond, et a l . ,  1981). Solvent 
extract ion may el iminate the need for  th is  step. 

( f )  Solvent extract ion can el iminate the need for  d i l u t i on  pr io r  to 
.b io logical  oxidat ion. I t  has been found in various studies that  
d i lp t ion  is required when biological  oxidation is employed for  
treatment of heavi ly contaminated gas i f ica t ion or l ique fac t ion  
process condensates (Luthy, 1981; Drummond et a l . ,  1981). Our 
recent work (Luthy, et a l . ,  1981) has shown that d i l u t i on  was 
not necessary when t reat ing solvent extracted coal gas i f i ca t ion  
condensate. 

(g) Pretreatment by solvent extract ion results in lower mass loading 
of residual organic material ( i .e .  TOC, COD, a n d c o l o r ) i n  bio- 
logical  reactor e f f luen t .  Also, foaming was not a problem when 
solvent extracted wastewater was subjected to act ivated sludge 
treatment. 

(h) Since solvent extract ion pretreatment can el iminate the need for  
d i ]u t ion  water as well as resul t  in lower loadings of residual 
organics, i t  should benef i t  any addit ional treatment required 
pr io r  to wastewater reuse. 
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