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SEPARATION AND PURIFICATION METHODS, 8(2), 81-118 (1979) 

NOVEL SEPARATION PROCESSES FOR SOLID/LIQUID 

SEPARATIONS IN COAL DERIVED LIQUIDS 

J.D. Henry, Jr., M.E. Prudich, 
and K.R. Vaidyanathan 

Department of Chemical Engineering 
West Virginia University 
Morgantown, WV 26506 

I. INTRODUCTION 

The removal of the mineral matter found in coal derived liquids 

is a very difficult solid/liquid separation process. Clays, pyrites 

and other minerals that occur in coal ultimately find their way 

into the liquefied product. This is the case, e.g., for both the 

solvent refined coal (SRC-I) and H-Coal processes. The ash content 

of bituminous coals which may be fed to coal liquefaction processes 

normally rangesfrom 6 to 11 wt.%. The ash content of the coal liq- 

uid product can range from 4 to 20 wt.% depending upon the lique- 

faction .process. Ash levels must be reduced to, e.g. , 0.4 wt.% 
in the case of boiler fuel and less than 0.1 wt.% for gas turbine 

fuels. 

The solid/liquid separation is complicated by a hydrocarbon 

coating associated with the mineral matter particles. 

cases, this coating is composed of an asphaltic material. A more 
detailed discussion of the characteristics of the minerals and this 

coating is presented in a later section. There are similarities 

between the behavior of mineral matter particles in coal derived 

In many 
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82 HENRY, PRUDICH, AND VAIDYANATHAN 

liquids and other synthetic liquid fuels such as tar sand produced 
oils and shale oil retort liquids. The discussion here will be 

limited to particle removal from coal derived liquids. 
The primary objective of this review paper is to present and 

discuss current results relating to novel solid/liquid separation 

processes that would be reasonable alternatives to the more con- 

ventional processes such as filtration. The discussion will center 

on two classes of processes. These are: 

1. Techniques which rely on the precipitation of asphaltic 
materials from the oil phase which in turn promote the 

agglomeration of the mineral matter in coal derived 

liquids and 

2 .  Processes which exploit the surface characteristics 

of the mineral matter, or the mineral matter with its 

asphaltic coating, by use of either a liquid phase or 

a gas phase as a separating agent. 

11. BACKGROUND 

A. Particle Characteristics 

The mineral matter found in coal has various origins. Some 

was intrinsic to the original plants while the remainder was added 

to the coal deposits from outside sources such as dust or silt from 

a stream. 

different seams and can even vary significantly from sample to sam- 

ple of coal from the same seam. The mineral matter content of coal 

usually varies from 1 to 30 wt.%. This mineral matter ultimately 

is found in the coal liquid product. Coal liquids for solids re- 

moval processing can contain 4 to 20 wt.% mineral matter depending 

on the liquefaction scheme used. Organic insolubles from incomplete 

dissolution of the coal or coking of the coal liquids are also pre- 

sent. 

The mineral matter content varies widely among coals from 

Typical analyses of coal ash show that from 80 to 90 per- 

cent of the ash is made up of common constituents of which silica 
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SEPARATIONS IN COAL DERIVED LIQUIDS 83 

cons t i t u t e s  40 t o  50 percent,  ferr ic  oxide 15 t o  25 percent,  and 

alumina 15 t o  25 percent. Dist inct ion should be made between the 

mineral matter o r ig ina l ly  i n  the coal  and coal  l i qu ids  and the  ash 

which r e s u l t s  a f t e r  high-temperature oxidation. 

l ist  p y r i t e ,  c a l c i t e ,  and kao l in i t e  a s  being common disseminated 

minerals i n  coal  and have reported p a r t i c l e s  i n  the s i z e  range from 

10 t o  8 0 ~ .  Other minerals which have been i d e n t i f i e d  i n  coal  include 

quartz ,  garnet,  tourmaline, fe ldspar ,  r u t i l e ,  hornblende, and many 

more. Minerals from clays,  rocks, and s o i l  a r e  found i n  coal  i n  tlae 

5 t o  250p s i z e  range. 

4 
Briggs and St i r l ing 

The removal of such small p a r t i c l e s  of mineral matter from the 

coal  derived l i qu ids  i s  fu r the r  complicated by the  crushing of the 

coal  i n  preparation f o r  l iquefact ion processing. This crushing of 

the coal  of ten fu r the r  reduces the s i z e  of the mineral matter par- 

ticles. Many coal  l iquefact ion processes have u t i l i z e d  coal  crushed 

t o  minus 200 mesh (5 74p). The mean p a r t i c l e  s i z e  (by volume) of 
s o l i d s  i n  coal derived l i qu ids  generally va r i e s  between 1 and lop  5 16 

depending on both the l i qu id  sample analyzed and the ana ly t i ca l  

technique used i n  p a r t i c l e  s i z ing .  

Many of the previously mentioned minerals found i n  coa l  derived 

l i qu ids  a re  hydrophilic (water w e t )  i n  nature. However, these par- 

t icles obtain a hydrophobic, carbonaceous matter coating (Figure 1) 

i n  l iquefact ion processing preceding the so l id / l i qu id  separat ion 

step.6 

and preasphaltene f r ac t ions  of the coal  l i qu id .  Briggs and Smith 

have shown t h a t  the asphaltene f r ac t ion  exh ib i t s  surface ac t ive  

cha rac t e r i s t i c s .  Futhennore, they have shown t h a t  asphaltenes a re  

s t rongly adsorbed t o  mineral matter surfaces.  Henry and Jacques 

have presented evidence t o  the  e f f e c t  t h a t  t h i s  coating is composed 

of asphaltenes by showing t h a t  the coated p a r t i c l e s  and the  asphal- 

tenes a re  both pos i t i ve ly  charged i n  the presence of a hydrogen 

donor solvent such a s  t h a t  present  i n  solvent  ref ined coa l  (SRC-I)  

f i l t e r  feed. 

It i s  believed t h a t  t h i s  coating cons i s t s  of the asphaltene 
5 
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a4 HENRY, PRUDICH, AND VAIDYANATHAN 

phobic, C a r b e o u r  
Coating 

F I G U R E  1 
Mineral matter par t ic le  with hydrophobic, carbonaceous coating. 

B. Conventional Processes 

Par t ic le  removal from coal derived l iquids by conventional pro- 

cesses is  complicated by properties of the coal l iquid/particulate 

sol id  system. The small s ize  of the par t ic les  and the presence of 

the surface active asphaltenes lead t o  very high cake resistances 

i n  the case of f i l t ra t ion5 .  This, i n  turn,  necessitates a ra ther  

high f i l t e r -a id  consumption. 

the effectiveness of hydrocloning and centrifugation. Often as much 

as 50 percent of the coal l iquid product e x i t s  with the solids-rich 

underflow i n  these processes. 

The small par t ic le  s i ze  a l so  impedes 

8 Batcheior and Shih have reviewed the economics of pa r t i c l e  

removal from coal derived l iquids by f i l t r a t i o n  and centrifugation. 

Their economics are  based on the performance data  of operating pi lot  

plants.  The cost  of these processes are  summarized i n  T a b l e  I. 

These very high pa r t i c l e  removal costs provide an incentive 

for  the evaluation of a l ternat ive solid/l iquid separations fo r  the 
problem of removing mineral matter from coal derived l iquids.  

A detailed review of the techniques previously studied fo r  the 

removal of mineral matter from coal derived l iquids  i s  beyond the 

scope of t h i s  paper. 

s u l t s  of much of t h i s  previous work. 
Briggs and S t i r l i ng l  have summarized the re- 
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SEPARATIONS IN COAL DERIVED LIQUIDS 85 

TABLE I. 
Comparison of costs of solid/liquid separation processes 

for removal of mineral matter from coal derived liquids 

(Batchelor et. al. ) 
8 

1 
Solid/Liquid Ash Removal Cost 

Separation Processes Coal Liquid 

Precoat Rotary Pressure 
Filter 

SRC 

Pressure Leaf Filtration SFC 

Centrifugation2 H-Coal 

'Includes capital and operating cost, 15% DCF. 

'Ash content of product greater than 0.7 wt.%. 

$2.16 

$3.24 

$2.91 

111. A SEPARATION TECHNIQUE INVOLVING ANTI-SOLVENT 

AGGLOMERATION AND SEDIMENTATION 

The addition of anti-solvents to coal derived liquids causes 

the asphaltene and/or preasphaltene fractions in the oil to pre- 

cipitate. The precipitated asphaltenes then agglomerate 

the mineral matter causing an increase in the sedimentation rate. 

The sedimentation velocity depends upon three parameters which can 

vary with anti-solvent addition. 

increases as the precipitation on the solid occurs. This increas- 
ing diameter leads to faster sedimentation velocities. The viscosity 

of the coal liquid solution will decrease with the addition of an 

anti-solvent causing an increase in the sedimentation velocity. 

Verhoff et al.' have shown that the precipitation of lower density 

asphaltenes on the solid particles can produce a lower sedimenta- 

tion velocity by giving the agglomerate a lower total density than 

the original mineral matter solid. Thus, upon the precipitation 

of material by an anti-solvent, the sedimentation velocity of the 

particles could increase or decrease depending upon the relative 

importance of the three effects discussed above. 

The diameter of the particle D
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86 HENRY, PRUDICH, AND VAIDYANATHAN 

A ser ies  of batch experiments conducted near the  proposed 

separation process conditions and the ava i lab i l i ty  of information 

regarding the sedimentation r a t e  and compression zone would enable 

the scale-up of t h i s  separation process. There are  a number of 

system variables such as  temperature, anti-solvent type, ant i -  

solvent dose, and mixing parameters tha t  would influence the agglom- 

eration and se t t l i ng  rate .  

techniques have been used t o  observe mineral matter-asphaltene 

agglomerate se t t l i ng  i n  coal derived liquids. 

Both d i r ec t  and indirect  measurement 

A. Measurement of Par t ic le  Set t l ing Rates 

1. Direct Measurement Techniques 

Several investigators a t  various laboratories,  for  example, 
10 11 Conoco Coal Development Corporation (Gorin e t  a l .  , Burke 1, 

IL Argonne National Laboratories (Huang and Fischer ), Oak Ridge 

National Laboratories (Fodgers e t  al.13), have used d i rec t  sampling 
and subsequent chemical analysis for  ash and sulfur  t o  determine 

se t t l i ng  rate.  

Gorin e t  a1.I' mixed coal l iquid and anti-solvent i n  a 3.75 

l i t e r  autoclave a t  constant impeller speeds of 600 r p m  or  890 r p m  

for  40 minutes. After the mixing was stopped, the contents of the  

autoclave were sampled with a t ravel l ing probe while s e t t l i ng  

occurred. The experimental conditions were selected t o  match the 

proposed solid/l iquid separation processing conditions. 

of mixing and the re la t ive  e f fec ts  of various anti-solvents on 

se t t l i ng  r a t e  were not studied extensively. 

The e f f ec t  

Rodgers e t  al.13 performed a considerable number of preliminary 

experiments using a variety of anti-solvents and flocculating agents. 

The coal l iquid (SRC-I) and anti-solvent were mixed a t  room tempere 

ture ,  charged in to  a tube, heated rapidly t o  the selected operating 

temperature (about a 10 minute heating time) and maintained a t  

temperature for  60 minutes. 

from the top down for  chemical analysis. The resu l t s  of these 

experiments suggested tha t  toluene was an effect ive anti-solvent a t  

a dose of 20 percent by weight of o i l .  

The tube was then cooled and sampled 
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SEPARATIONS IN COAL DERIVED LIQUIDS a7 

Fmdgers a l s o  reported some s e t t l i n g  experiments using a modi- 

f i e d  set t ler  (3.75 c m  diameter and 125 cm height) .  

ments, t he  anti-solvent w a s  i n j ec t ed  i n t o  a stirred autoclave 

charged with SRC-I f i l t e r  feed. The contents of t he  autoclave were 

then heated for about 45 minutes and t ransferred t o  the sett ler 

which w a s  held a t  the same temperature. Samples were withdrawn 

from s i x  sampling p o r t s  a t  predetermined t i m e s  f o r  chemical 

analysis.  

In  these experi- 

Huang and Fischer” a l s o  have invest igated addi t ives  f o r  the 

separation of s o l i d s  from Synthoil. O i l  and add i t ive  w e r e  shaken 

together a t  8OoC i n  a copper tube. The tube was then quickly re- 

moved, quenched first i n  ice water and then i n  l i qu id  nitrogen. 

The Synthoil  s o l i d i f i e d  i n  10 minutes. The copper tube w a s  cu t  

i n t o  segments and the Synthoil  removed from each sect ion f o r  chem- 

ical  analysis.  Kerosene was found t o  be an e f f ec t ive  anti-solvent 

f o r  the Synthoil  gross product. 

Burke’’ used a two l i t e r  autoclave which was charged with 

SRC-I f i l t e r  feed and heated t o  the desired operating temperature. 

An anti-solvent,  Soltrol-130, was added unheated, mixed a t  400 rpm 

f o r  30 minutes and t r ans fe r r ed  t o  the  s e t t l i n g  chamber. Four sam- 

p l e s  were taken a t  predetermined t i m e s ,  from sample p o r t s  located 

6 t o  25 cm below the l i q u i d  surface,  f o r  chemical analysis .  

The p r inc ipa l  d i f f i c u l t y  associated with the  techniques des- 

cribed above has been the problem of observing the  s e t t l i n g  velo- 

c i t y  of agglomerated pa r t i c l e s .  In v i r t u a l l y  a l l  cases ,  t h i s  has 

been accomplished by using a s e t t l i n g  column and d i r e c t l y  sampling 

the mineral matter a t  various posi t ions along the column a s  a 

function of t i m e .  Direct sampling is  t i m e  consuming i n  t h a t  one 

sample i s  required f o r  each s e t t l i n g  t i m e  studied. A var i e ty  of 

s e t t l i n g  t i m e s  must be observed i n  order t o  yield a reliable set- 

t l i n g  r a t e .  

of the s e t t l i n g  p a r t i c l e s  themselves. 

D i r e c t  sampling techniques can a l s o  cause disturbances 
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88 HENRY, PRIIIICH, AND V A I D Y A "  

2. Indirect  Measurement Techniques 

Ondeyka e t  a1.14 have developed an experimental technique which 

u t i l i ze s  time sequenced x-ray photographs t o  characterize mineral 

matter s e t t l i ng  i n  a chamber a t  high temperature and pressure. 

This system has the capabili ty of high temperature (up t o  4OO0C) 

and high pressure (up t o  1000 psig) so tha t  experiments can be 

performed a t  proposed process conditions. Using t h i s  technique, it 

i s  possible t o  rapidly study system variables such as  anti-solvent 

type and dose, temperature, and mixing which would be time con- 

suming and expensive with d i rec t  sampling techniques. 

Vaidyanathan" u t i l i zed  the above technique t o  study the 

important variables tha t  a f fec t  the anti-solvent induced agglomer- 

ation and se t t l i ng  process. A 300 m l  Parr autoclave was charged 

with 80 m l  of SRC-I f i l t e r  feed and then heated. Unheated ant i -  

solvent i s  added t o  the heated coal l iquid under d i f fe ren t  mixing 

conditions. It  was then transferred t o  a sedimentation c e l l  which 

was heated t o  the selected operating temperature. The sedimenta- 

t ion process was then monitored by x-ray photography. The i n t e r -  

face heights were then located as a function of time using a fi lm 

densitometer and plotted. The slope of the constant-rate s e t t l i ng  

period gives the i n i t i a l  s e t t l i ng  rate.  The influence of tempera- 

ture ,  mixing, and anti-solvent type and dose on the i n i t i a l  s e t t l -  

ing ra te  are discussed below. 

The influence of temperature on the i n i t i a l  s e t t l i ng  r a t e  of 

mineral matter i n  SRC-I f i l t e r  feed was studied with and without 

anti-solvent present. 

were 15OoC, 205OC, 26OoC, and 315OC. 

the increase i n  the i n i t i a l  s e t t l i ng  r a t e  with increase i n  tempera- 

tu re  can be explained by the reduction i n  o i l  viscosity with tem- 

perature. 

The four operating temperatures considered 

In the absence of anti-solvent, 
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SEPARATIONS IN COAL DERIVED LIQUIDS 89 

In the  presence of anti-solvent,  the in t e rac t ion  between the  

asphaltene and preasphaltene p r e c i p i t a t e s  and mineral matter was 

found t o  be the dominant mechanism ra the r  than the reduction i n  

f l u i d  viscosi ty .  

2. Effect  of Mixinp 

The e f f e c t  of mixing on s e t t l i n g  r a t e  was studied a t  285 C 
0 

with a Soltrol-130 t o  o i l  r a t i o  of 0.64 by volume. 

mixing speed of 250 rpm, increasing the mixing t i m e  from 2 t o  30 

minutes decreased the  i n i t i a l  s e t t l i n g  rate from 117 cm/hr t o  

98 cm/hr. Vaidyanathan e t  a1.16 used an unsteady state breakage 

model t o  explain these r e su l t s .  

A t  a constant 

Increasing the mixing speed from 100 r p m  t o  440 r p m  i n  s t e p s  

of 150 rpm, a t  a constant mixing t i m e  of 30 minutes, the i n i t i a l  

s e t t l i n g  r a t e  decreased from 110 c m / h r  t o  70 c m / h r .  These r e s u l t s  

i nd ica t e  t h a t  t he  impeller speed i s  more in f luenc ia l  than the mix- 

ing t i m e .  

l i z ed  models a re  used t o  explain the e f f e c t  of mixing speed. 

Shinnar and Church1s17 coalescence and breakage stabi- 

Further improvements i n themix ing  effectwere achieved by using 

sequent ia l  mixing. A t  f i r s t ,  a high impeller speed was used f o r  a 

sho r t  time (550 r p m ,  two minutes) t o  promote a rapid dispers ion of 

t h e  anti-solvent and secondly, a slow mixing speed was used f o r  a 

long t i m e  (250 rpm, 2 8  minutes) t o  promote agglomeration. 

Vaidyanathan e t  a1.16 developed an unsteady s t a t e  agglomeration 

model based on binary co l l i s ions  t o  i n t e r p r e t  t he  r e s u l t s .  From 

Figure 2 ,  it can be seen t h a t  t he  experimental da t a  compare favor- 

able with the model. There i s  a two fold increase i n  the  i n i t i a l  

s e t t l i n g  r a t e  due t o  employing sequent ia l  mixing. 

3. Influence of Anti-Solvent Type 

The twelve anti-solvents studied were selected based on t h e i r  
3 4  s o l u b i l i t y  parameters [6.6-11.3 (cal/cm ) 1 ,  hydrogen bonding 

(0-4.5), dipole moment (0-4.3 Debye), d i e l e c t r i c  constant (2-35), 

and carbon t o  hydrogen r a t i o  (0.42-1.2). F i l t r a t i o n  and sedimenta- 
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90 HENRY, PRUDICH, AND V A I D Y A ”  

U, = 107 cmlhr. 

8 16 24 32 

Mixing Time at 2 5 0  rpm, min. 

FIGURE 2 
Unsteady state agglomeration model, effect of sequential mixing on 
the initial settling rate for SRC-Soltrol system at 285OC with a two 
minute mixing at 550 rpm followed by mixing at 250 rpm. 

0 tion experiments were carried out at 205 C, with a two minute mix- 

ing period at 550 rpm followed by an eight minute mixing period at 

250 rpm. An anti-solvent to oil ratio of 0.25 by volume was used. 

A blank experiment with SRC-I filter feed was also performed. 

the anti-solvents with the Watson characterization factor”. 

Watson characterization factor is a measure of the aromaticity/ 

paraffinicity of an anti-solvent. Recently, Kleinpeter et al. 

Snell and Sirnone” correlated the ash removal efficiency of 

The 
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SEPARATIONS IN COAL DERIVED LIQUIDS 91 

hexodecane 

methykyclohexane . 
cyclohexone 0 

9 10 11 12 13 

Watson Characterizath Foaw, [ O R  )I" 

FIGURE 3 
Correlation of initial settling rate with Watson characterization 
factor of the anti-solvent at 205OC with a two minute mixing at 
550 rpm followed by eight minute mixing at 250 rpm for anti-solvent 
to o i l  ratio of 0.25 by volume. 

proposed a correlation between the initial settling rate and the 

Kauri-butanol value of the anti-solvent. The Kauri-butanol value 

is a measure of the relative solvent powex of hydrocarbon solvents 
having a boiling point over 40 C. 

function of Watson characterization factor and Kauri-butanol number 

is shown in Figures 3 and 4. 

initial settling rate with a linear combination of carbon to hydro- 

gen ratio and solubility parameter as shown in Figure 5. 

correlation is of the form, 

21 

0 The initial settling rate as a 

Vaidyanathan et a1.22 correlated the 

"heir 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



92 HENRY, PRUDICH, AND VAIDYANA!I" 

hexadecane 

1 I I 1 I 

20 40 60 80 100 d o  
Kauri - Butanol Value 

FIGURE 4 
Influence of Kauri-butanol value on the initial settling rate at 
205OC with a two minute mixing at 550 rpm followed by eight minute 
mixing at 250 rpm for anti-solvent to oil ratio of 0.25 by volume. 

Calculated initial settling rate = 33.5-8(C/H)-1.6(6) 

The advantage of this correlation over the ones presented earlier 

is that it involves the use of more fundamental and readily 

available properties of the anti-solvents. 
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hexadecane 0 

20 - 

I L 

0 10 20 

Calculated Initial Settling Rate = 33.5 - 8(C/H) - 1.6 ( 8 )  

FIGURE 5 
Correlation of initial settling rate with a linear combination of 
carbon to hydrogen ratio and solubility parameter of anti-solvent. 
(Conditions the same as in Figure 3 ) .  

4.  Influence of Anti-Solvent Concentration 

The influence of anti-solvent concentration was studied for 
toluene, decane, and Soltrol-130. Typically, the initial settling 

rate was increased by a factor of five (from 18 m/hr to 90 cm/hr) 

when the anti-solvent to oil ratio was increased from 0.1 to 0.5 b) 

volume22. 

centration causes more precipitation and agglomeration which in 

turn increases the initial settling rate. The influence of anti- 

solvent concentration on the initial settling rate is shown in 

Figure 6. 

This supports the fact that increased anti-solvent con- 
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0 n-decane at 28O0C 

A Soltrol at  285OC 

toluene at 260°C 

10 
0 .2 .4 .6 .I)  1.0 

S/O Ratio by volume 

FIGURE 6 
Influence of anti-solvent concentration on the initial settling 
rate with a two minute mixing at 550 rpm followed by eight minute 
mixing at 250 rpm fox n-decane and toluene and a thirty minute 
mixing at 550 rpm for Soltrol-130. 

C. Commercial Deashing Units 

Anti-solvent deashing technology is presently moving from 

bench scale to large pilot plant level. 

couple anti-solvent induced agglomeration with hydroclones and 

centrifuges in addition to a continuous thickener. 

Efforts are underway to 

Snell and Simone" of Lummus Company have developed a pro- 

cess for the removal of ash from coal liquids by the addition of 
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kerosene d i s t i l l a t e s .  Their p i l o t  p l an t  s tud ie s  have involved 

heating the coa l  l i qu ids  and anti-solvents t o  operating temperatures 

i n  the range of 150 t o  315 C. The two streams w e r e  than fed con- 

t inuously t o  a thickener. After about 20 hours of continuous 

operation, t he  overflow and underflow were col lected and then 

analyzed fo r  sol ids .  

t o  s a t i s f y  most ash removal c r i t e r i a  with l i t t l e  o r  no fu r the r  

processing. 

0 

The s o l i d s  content of the overflow was found 

Weber and AgrawalZ3 of the Wilsonville SRC-I P i l o t  Plant  have 

reported r e s u l t s  of anti-solvent deashing by centr i fugat ion.  The 

anti-solvent Soltrol-130 was mixed with SRC-I f i l t e r  feed sequen- 

t i a l l y  i n  an in- l ine mixer and i n  a mixing tank. 

then fed t o  a P-850 Sharples solid-bowl centrifuge. 

solvent t o  o i l  r a t i o  of 0.4, the ash content of SRC was less than 

0.1% a t  almost two times t h e  rated p l an t  throughput of 1500 !.bs/hr. 

The stream was 

A t  an an t i -  

Hydrocarbon Research I n s t i t u t e  i s  developing the H-Coal pro- 

cess. They a l s o  face the so l id s  separation problem. They have 

employed anti-solvent deashing coupled with a continuous thickener,  

hydroclone, and centrifuge . A hydroclone and a two-stage cen t r i -  

fugation system was e f f e c t i v e  i n  meeting the product ash specifica- 

t ion.  However, the flow capacity was very low. The solvent pre- 

c i p i t a t i o n  and subsequent s e t t l i n g  seems t o  be the most promising 

sol id/ l iquid separation technique f o r  the H-Coal process. 

D. Summary 

24 

Considering the complexity of the experimental conditions 

(high temperature and p res su re ) ,  it can be readi ly  appreciated t h a t  

the i n d i r e c t  x-ray measurement technique is  a b e t t e r  and an e a s i e r  

techniquewhen comparedtodirect  sampling. Byusingthistechnique,i t  

i s  possible  t o  study rapidly process var iables  such a s  anti-solvent 

type and dose, temperature, and mixing. Various types of coal 

derived l i qu ids  can be studied and the influence of the above 

mentioned var iables  on anti-solvent induced agglomeration and sub- 

sequent s e t t l i n g  Can be obtained i n  order t o  optimize t h e  separa- 

t i on  process. 
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IV. SEPARATION TECHNIQUES INVOLVING PARTICLE 

SURFACE CHARACTERISTICS 

Several techniques presently under investigation for the 

removal of mineral matter from coal derived liquids involve the 
exploitation of the surface characteristics of the coal liquid/ 

solid/fluid system. The techniques described below include coal 
liquid/gas interfacial collection, coal liquid/water interfacial 

collection, and distribution of the mineral matter solids to a 
water phase. 
ting interface has been performed by Bhattacharyya and Kermode at 

at the University of Kentucky while the work utilizing an aqueous 
phase was performed by Henry at West Virginia University. 

The work which utilizes a gas to provide the collec- 

A. Regimes of Separation 
Three possible regimes of separation exist when a second 

immiscible fluid phase is added to a coal liquid in order to affect 
the removal of the mineral matter. These regimes are: 

1. Collection of the solid at the fluid/coal liquid interface. 

2 .  Distribution of the solid into the bulk fluid phase. 

3 .  Bridging or clumping of the solids by the fluid in order 

to form an agglomerate, followed by settling. 
Only regimes' (I) and (11) are discussed in this paper. 

While the surface chemical differences involved in each of 
these regimes is only a matter of degree, the applied processing 
(equipment configurations) can be very different. Collection at 
the interface would normally take place in something similar to a 
flotation cell with a solids laden "foam" or "emulsion" phase 

being removed, while distribution to the bulk phase fluid would 
behave as an extraction analog with the solids being removed along 

with the bulk fluid phase. The ability to determine, in advance, 

which of these separation regimes is optimal or most likely to occur 

in a particular liquid/fluid/solid is desirable. 

criteria presently exist with which to make this judgment, some 
thought has been given to the identification of the system para- 

While no set 
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.) 
F s  

FIGURE 7 

2 Solid sphere suspended at the liquid-liquid interface. 
are buoyancy forces; Fs is gravity).25 

(F1 and F 

meters which make each regime feasible. This feasibility has been 

defined on the basis of force balances or free energy studies. 

brief summary of this work is presented below. 
A 

Analysis of a spherical particle suspended in a planar inter- 

face (or a spherical interface whose radius of curvature is suf- 

ficiently greater than that of the particle as to make a planar 

interface assumption valid) have appeared in the literature for 

quite some time, the most commonly presented form being a free 

energy balance in the absence of all external body forces. 

results of this type of study concludes that for a spherical par- 

ticle possessing a three phase contact angle, measured through the 
receiving or collecting phase, between 0 

the interface would be favored over residence in either bulk phase. 

The results of this work are commonly summarized, using Young's 

equation, as: 

The 

0 and 180°, collection at . 
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PHASE 1 
LIOUID 

P H A S E 2  1 0 LlOUlD 

STATE 1 STATE II 

Process 
phase 1 
between 

v 

FIGURE 8 
of particle (phase S) distribution from continuous liquid 
into dispersed liquid phase 2, showing phase relationship 
initial state I and final state I1 configurations.29 

I s 2  - ysl > 1 particle wet to phase 1 
y12 

ys2 - ysl < 1 particle wet to phase 2 
y12 

I y~2y;zys1 5 1 particle at interface 

( 3 )  

(4 )  

It can be seen that this set of equations also states the criteria 

for particle distribution from one fluid phase to another. 

Many additional studies 25'26'27'28 have been made on spherical 

and cylindrical particles at a planar interface, which include body 

forces such as gravitational acceleration and buoyancy. 

example was a study performed by W i n i t ~ e r ~ ~ , ~ ~ .  

on his system (Figure 7)  resulted in the following force balance, 

where V is the volume of the particle in phase one, V the volume 

in phase two, and L is the circumference of the contact line where 

A typical 

A force balance 

1 2 
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SEPARATIONS IN COAL DERIVED LIQUIDS 99 

the particle is intercepted by the liquid/fluid interface. This 

force balance is shown in Equation 5. 

[ (Ys1-Ys2) cos 6 +Y 12 cos 81 L=g[vTmAL P -vl P1-V2 P a l  (5)  

The left hand side of the equation represents the surface forces 

acting on the particle while the right hand side represents the 

gravitational and buoyancy terms. This example illustrates that 

body forces have a significant effect on the particle behavior. 

addition, particle size as well as the densities of all three phases 

are introduced as important variables. 

In 

Jacques et al.29 have extended this work to cases where the 

radii of curvature of the solid and the liquid/fluid interface are 

of the same order of magnitude. They have presented results for 

the case of particle distribution (Figure 8 ) .  This study assumes 

spherical particles and interfaces while neglecting body forces. 

Differences between the final and initial surface free energies are 

used to analyze this system. Results demonstrate that the ratio of 

the particle radius to the liquid/fluid interface radius, n, is an 

important system parameter (Figure 9). Distribution of the particle 

from one phase to the other is favored when the free energy differ- 

ence is negative. The curve corresponding to n equal to 100 approx- 

imates the condition of a planar interface. Collection at the 

liquid/fluid interface is not considered in this analysis. 

While these thermodynamic stability studies can be valuable 

in evaluating the feasibility of a process, they are presently 

inadequate in showing which regime will actually dominate 

the efficiency of the process. The mechanism of fluid encounter 

with the solid particle is ignored. Also, the strength of the par- 

ticle attachment as well as the relative energy inputs to the 

system are not taken into account. On the other hand, theorefical 

studies of the method of particle/interface encounter3' generally 

neglect the above surface considerations. A study which success- 

fully weds the two approaches would be valuable. 
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n= 1 

Distribution Famed When 

FIGURE 9 
Difference in free energy between states I1 and I (particle dis- 
tribution) showing significance of 8 and n when the particle is 
preferentially wetted by phase 2 liquid. 29 AF" is dimensionless, 11-1 
i.e. it is the free energy divided by the interfacial tension, y12. 

B. Gas/Liquid Interfacial Collection 

Gas/liquid interfacial collection is an example of separation 

regime (I), collection at a liquid/fluid interface. Much work on 

this type of separation has been performed in conjunction with the 

concentration of ores in the mineral industries. A majority of 

this flotation work has taken place in aqueous systems. In the 

case of coal liquids, the oil is the continuous liquid phase. 

information presented below represents a summary of currently 

published results on an ongoing evaluation of gas/liquid flotation 
being performed by Bhattacharyya, Kermode, and others 31f32 at the 

University of Kentucky. 

The 
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1. Experimental System 

The gas f l o t a t i o n  s tudies  were performed i n  a 3.4-cm i.d. g l a s s  

f l o t a t i o n  column. Heating tapes  w e r e  wrapped around the column i n  

such a way a s  t o  allow the independent control  of both t h e  foam and 

l i q u i d  temperatures. The column w a s  operated i n  a semi-batch mode 

a t  constant volume. The system variables  discussed below include 

o i l  phase composition, o i l  temperature, s o l i d s  type, s o l i d s  s i z e ,  

and gas composition. Unless otherwise noted, the f l o t a t i o n  gas 

used w a s  C02. 

separation. 

The degree of f l o t a t i o n  was measured as percent ash 

This measurement was defined as: 

i n i t i a l  ash concen- - ash concentration i n  
t r a t i o n  i n  the l i qu id  the l i q u i d  a t  t i m e  t 

i n i t i a l  ash concentration i n  the l i qu id  
x 100 ( 6 )  % ash - 

separation - 

2. O i l  Phase Composition 

Three d i f f e r e n t  o i l  phases were evaluated i n  conjunction with 

the f l o t a t i o n  s tudies .  They include a l i g h t  cycle o i l  (LCO) with 
6% c reso l  added, a f i l t e r e d  solvent ref ined coal (SRC) l i qu id ,  and 

an H-Coal l i q u i d .  A l l  of the  l i qu ids  w e r e  i n i t i a l l y  f r ee  of 

so l id s .  The LCO was petroleum derived and w a s  chosen because 

i t s  boi l ing po in t ,  densi ty ,  and viscosi ty  were s imi l a r  t o  those of 

the product from a coal  l iquefact ion atmospheric still .  This model 

l i qu id  was used because of i t s  superior s t a b i l i t y  with t i m e  (as 

compared with the coal  derived l i qu ids )  and i ts  a b i l i t y  t o  give 

good reproducibil i ty.  

i n  f l o t a b i l i t y  were observed i n  runs using e i t h e r  LCO o r  SRC 

l iquids ,  however, runs using H-Coal l i qu id  showed zero percent ash 

separation (Figure 10) .  

N o  q u a l i t a t i v e  o r  quan t i t a t ive  differences 

3. O i l  Phase Temperature 

Experimental runs were made a t  70, 95, and 125 C using an LCO 0 

o i l  phase. The r e s u l t s  were inconclusive i n  t h a t  s t a t i s t i c a l l y  

d i f f e r e n t  values of percent ash separation were not  achieved due 

t o  a l a rge  amount of s ca t t e r ing  i n  the  data.  

The temperature gradient between the bulk l i q u i d  and the foam 

was found t o  be an important system parameter (Figure 11). A series 
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l t l  
120x209 H-CW 

HENRY, PRUDICH, AND VAIDYANATHAN 

I I I I I I 

I LUTE 

* 120x200 KO-Crmaal - 
0 120x200 KO-Cnaal - 
it NO rmpamtion w a s  

I7 120x200 S R C  - - - -  

achiowd uringH-Coa 

t n 1 0 mmah. 
ant partic101 smhmr 

120x200 SRC 

32 FIGURE 10 
Separation of 120 x 200 mesh illite particles in three solvents. 

of experiments were performed holding the liquid temperature con- 

stant (110 C) and varying the foam temperature. No ash separation 

occurred in the isothermal system. When the foam temperature was 

lowered to 75 C, a temperature difference of 35 C, an ash separa- 

tion of 40 percent was observed. 

this phenomena. 

0 

0 0 

No explanation was offered for 
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* 

5 
TEMPERATURE OF LIQUID MINUS TEMPERATURE OF UPPER 

FOAM, *C 

FIGURE 11 
The effect of the difference in foam and liquid temperatures on the 
extent of ash separation. 31 

4. Solids Type 

Flotability experiments were made using several clays and 

minerals which have been found in coal liquefaction residues. 

Among the solids studied were calcite, quartz, kaolinite, illite, 

montmorillonite, and wollastonite. These minerals were added to 

the coal liquid to test their flotability. All, with the exception 

of illite and kaolinite, showed good flotability. Kaolinite par- 

ticles were observed to break up into smaller particles due to 

temperature as the run progressed. This reduction in particle size 

caused a decrease in kaolinite flotability with time. 
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Solids  or iginat ing i n  a coal  l i qu id  were a l s o  used. These 

so l id s  were produced by grinding the s o l i d i f i e d  underflow of an 

H-Coal vacuum d i s t i l l a t i o n  column. An analysis  of t h i s  vacuum 

bottom mater ia l  is  given i n  T a b l e  11. These so l id s  showed a signif-  

i c a n t  f l o t a b i l i t y  i n  the LCO l i qu id  (Figure 1 2 ) .  

TABLE I1 
31 Analysis of the s o l i d  vacuum* bottom 

Moisture 0.41% (weight) 

Ash (mineral matter)  20.9 

Volat i le  matter 55.8 

Fixed carbon 22.9 

Sulfur 0.89 

Btu/lb value 13 , 000 

* 0 
Became l iqu id  (highly viscous) a t  about 120 C. 

5. Solids Size 

The percent ash separation was observed t o  decrease with 

decreasing p a r t i c l e  s i z e  (Figure 13) .  Pa r t i c l e s  with a diameter 

smaller than 40 pm were not observed t o  f l o a t .  

6. Discussion 

This preliminary work shows t h a t  s o l i d s  type and s i z e ,  gas 

type, and the pa r t i cu la r  coal l iquid i t s e l f  are  a l l  s ign i f i can t  

var iables  i n  the f lo t a t ion  of so l id s  from coal  derived l iquids .  

The determination of the g rea t  dependence of f l o t a b i l i t y  on par- 

t i c l e  s i z e  is  pa r t i cu la r ly  important since typ ica l  coal l i q u i d  

products contain a t  least 50% by weight p a r t i c l e s  smaller than the 

40 pm minimum f lo t ab le  s i z e  determined fo r  wallastoniteinLC0. The 

coal feed fo r  l iquefact ion processes has generally been ground t o  

approximately 200 mesh (70 pm). 

feed coal  would r e s u l t  i n  a smaller percentage of mineral matter 

p a r t i c l e s  f a l l i n g  under the 40 pm minimum. Additionally, it is  

not  c l e a r  t h a t  the mineral matter occurring na tu ra l ly  i n  t h e  coal 

l i qu id  stream would possess the same f l o t a t i o n  cha rac t e r i s i t c s  a s  

mineral matter added from an outside source. 

The u t i l i z a t i o n  of a l a rge r  s ized 
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r I I I I 1 I 

t 
I I 

..- 
0.9 
0.8 
0.7 
0.6 

0.5 
alolt. 

0.4 * 

0.2 

0.1 I I 1 I I I 1 I 
0 1.2 2.4 3.6 4.8 6.0 7.2 8.4 

FOAMING TIME , ks 

32 F I G U R e  12 
Comparison of mineral and c l ay  separation with vacuum bottoms. 

(Note: % Ash Separation 
100 ) .  Separation Fraction = 1 - 

An evaluation of t h i s  work points  out several  i n t e r e s t i n g  

areas f o r  future  research. Among the research t a sks  which a r e  

suggested a re  : 

1. Surfactant addition i n  order t o  enhance p a r t i c l e  recovery 

e i t h e r  by: 

a. Improving the surface cha rac t e r i s i t c s  (we t t ab i l i t y )  

of the p a r t i c l e s  with respect  t o  the gas,  thus mak- 

ing  them e a s i e r  t o  f l o a t ,  o r  
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I Flo(otion timo 100 minutor 

liquid - KO-Crorol 4 
". I P +r- Wollortonih 

AVERAGE PARTICLE DIAMETER IN LIQUID, prn 

32 FIGURE 13 
Effect  of p a r t i c l e  s i ze  on clay and mineral separation. 

b. Causing p a r t i c l e  agglomeration or  f locculat ion,  

thereby increasing the e f f e c t i v e  diameter of 

the col lected body. 

2. Antisolvent addition i n  order t o  increase the e f f ec t ive  

diameter of t he  col lected body. 

3. Work with coal l i qu ids  using "in s i t u "  pa r t i c l e s .  

4. Work a t  temperatures which would more closely approximate 

the temperatures which would be found i n  a coal l ique- 

fact ion process (400-500 F) . 0 

C. Liquid/Liquid I n t e r f a c i a l  Collection 

Liquid/liquid i n t e r f a c i a l  col lect ion,  a s  an analog of gas/ 

l iquid co l l ec t ion ,  is  a l s o  an example of separation regime ( I ) .  In 

t h i s  case a second l iqu id ,  instead of a gas, provides the co l l ec t ive  

interface.  The coal l i qu id  is  s t i l l  the continuous phase. Normally, 

l iquid/ l iquid col lect ion is  processed i n  a manner s imilar  t o  gas/ 
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l iquid f lo ta t ion ,  tha t  is ,  the collecting l iquid i s  introduced a t  

the bottom of the particle-containing l iquid and allowed t o  rise 

through it, collecting par t ic les  as it rises. 

The coal l iquid collection work performed by a t  West 

Virginia University takes place in  a different  manner. An aqueous 

phase, made more densethan the coal l iquid by the addition of an 

inorganicsalt, i s  added t o  the top of the process vessel and allowed 

t o  settle down through the par t ic le  laden coal l iqu id ,  collecting 

pa r t i c l e s  as it goes (Figure 1 4 ) .  A so r t  of reverse f lo ta t ion ,  or  

enhanced se t t l i ng ,  occurs. Regular f lo ta t ion  need not take place 

i n  t h i s  system because no par t ic le /par t ic le  separations are neces- 

sary. 

natural  propensity t o  s e t t l e  i n  the coal l iquid and speeds up t h i s  

process. A water/particle r ich  emulsion phase can then be removed 

from the bottom of the vessel leaving the clean o i l  t o  be removed 

from the top. Further downstream processing, such as an electro-  

s t a t i c  coalescence of the emulsion phase may be required. 

This enhanced se t t l i ng  takes advantage of the pa r t i c l e s '  

1. Experimental System 

Evaluations of the effectiveness of the reverse water f lo ta -  

t ion  system were done by u t i l i z ing  a modified Basic Sediment and 

Water (BS&W) t e s t .  This t e s t  consisted of batch contacting the 

SRC-I f i l t e r  feed with an 18 w t . %  aqueous MgS04 solution. The 

magnesium sulfate  solution was used t o  insure tha t  the aqueous 

phase would have a specif ic  gravity greater than t h a t  of the coal 

l iquid.  After the oil/water contacting was completed, the aqueous 

phase, along with i t s  collected par t ic les ,  was allowed t o  s e t t l e  

out t o  the bottom of the container. After a predetermined se t t l i ng  

time, the top 50 percent of the coal l iquid phase w a s  removed and 

placed i n  a graduated centrifuge tube. This top 50 percent of the 

o i l  represented the clean o i l  a f t e r  treatment. This sample was 
then centrifuged and the amount of sediment compacted i n  the  bottom 

of the tube was measured. This amount of sediment, when compared 

with a blank (no water) experimental run, defined the sol ids  removal 
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HYDROCARBON 
PHASE 

a,) Process mechanics. 

MINERAL MATTER DEPLETED 
COAL LIQUID 

CHEMICAL 
ADDITIVES WATER 

ILKlROSTAlK 
SIMRAlDR 

COAL LlOUlD 
WITH MINERAL MATTER 

WATER WITH 
COLLECTED MINERAL 

MATTER b.) Process configuration. 

FIGURE 14 
Liquid/liquid interfacial collection combined with settling as a 
solid/liquid separation technique. 

efficiency. 

Percent oil clean-up was defined as: 

This efficiency was called the percent oil clean-up. 

height of compacted- height of compacted 
solids in blank solids in run 

height of compacted solids in blank 
percent oil clean-up = (7) 
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SEPARATIONS IN COAL DERIVED LIQUIDS 10 9 

By defining percent o i l  clean-up i n  t h i s  manner, only the so l ids  

removed due t o  water collection and surfactant addition were meas- 

ured. 
0 

A l l  experiments were carried out a t  90 C. 

2. Effect of Surfactant Concentration 

A number of surfactants were screened for  t h e i r  a b i l i t y  t o  

perform i n  the coal l h u i d  system. 

the behavior of the most successful of these surfactants.  The 

performance resu l t s  for  t h i s  surfactant are  i l l u s t r a t ed  i n  F igu res .  

Basically, the surfactant w a s  found t o  adsorb onto the mineral m a t -  

ter surface and make it more hydrophilic. 

(hydrophilic) nature can be quantified by the measurement of the 

coal liquid/aqueous phase/mineral matter three-phase contact angle. 

The contact angle, as measured through the water phase, decreases 

with increasing hydrophilicity.. The more hydrophilic the mineral 

matter par t ic le ,  the greater i t s  propensity t o  be collected.  The 

experimental resu l t s  (Figure 15) show tha t  the effectiveness of 

t h i s  par t icular  surfactant increases with i t s  concentration i n  the 

o i l  phase u n t i l  o i l  clean-up levels  off a t  a value of 80 percent 

(3000 ppm). Additional surfactant beyond t h i s  point does not 

improve the sol ids  removal efficiency. Note tha t  the percent of 

o i l  clean-up can be increased t o  levels  approaching 100 percent by 

sequential addition of the dispersed water phase . 

This discussion i s  l imited t o  

This water-loving 

3. Aqueous Phase pH 

The resu l t s  of a se r ies  of experiments studying the e f f ec t  of 

No surfactant was aqueous phase pH are  presented i n  Figure 16. 

added t o  the coal l iquid i n  these experiments. 

percent o i l  clean-up can be increased from nearly zero percent t o  

nearly 100 percent by varying the aqueous phase pH alone. 

represents an even greater percent o i l  clean-up than can be achieved 

by the use of any of the  surfactants studied. 

be at t r ibuted t o  the behavior of the asphaltic material adsorbed 

onto the mineral matter par t ic les .  Several investigators have 

shown t h a t  the surface act ive fract ions of petroleum asphaltenes 

change from o i l  wetting promoters t o  water wetting promoters under 

A s  can be seen, the 

This 

This pH e f fec t  can 

34,35 
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0 Moo 4000 6000 

SURFACTANT CONCENTRATION , PPM 

FIGURE 15 
The dependence of the contact angle and the  percent o i l  clean-up 
on changes i n  the surfactant  concentration. (From C. L ~ u ~ ~ ) .  

basic  conditions. Cratin3’ has a t t r i bu ted  t h i s  behavior t o  asphal- 

t i c  zwitterion species. It would appear t h a t  t h i s  i s  a l s o  the  case 

fo r  coal derived asphal t ic  surfactants .  

4. Discussion 

Figures 15 and 16 i l l u s t r a t e  t h a t  s ign i f i can t  percentages of 

o i l  phase clean-up (80-100%) can be achieved, i n  ac tua l  coal l iquids  

with natural ly  occurring mineral matter,  by the var ia t ion of the 

surfactant  additive concentration and the aqueous phase pH. 

percent removal, i f  equivalent t o  mineral matter removal, i s  s igni-  

f i can t ly  greater  than t h a t  reported i n  the previous sect ion f o r  

gas/l iquid f lo t a t ion .  Also, t h i s  increased removal eff ic iency is  

probably adequate t o  make up f o r  the po ten t i a l  problems present  with 

This 
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no 
rurkctant 

3 5 7 9 11 

P" 

FIGURE16 
The dependence of the contact angle and the percent oil clean-up on 
changes in the aqueous phase pH. (From C. L ~ u ~ ~ ) .  

water addition to the coal liquid stream which are not inherent togas/ 

liquid flotation. 

solids separation step and the need for a higher operating pressure 

(to provide for a liquid water phase). 

These problems include the additional water/ 

As with the previous gas/liquid flotation work, several re- 

search areas remain to be explored. 

1. Combination of the pH and surfactant effects. A synergistic 

relationship or tradeoff may exist. 

2. Experimentation at higher temperatures more closely approx- 

imating those likely to be found in the solid/liquid separa- 

tion step of a coal liquefaction process. 
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112 HENRY, PRUDICH, AND VAIDYANATHAN 

3.  Verification of the measurement percent oil phase clean-up. 

As presently defined, it may only represent the removal of 
particles above a certain size range. 

D. Particle Distribution 

Particle distribution is an example of separation regime (II), 
distribution of a particle from one liquid phase to another. 

Separations of this type have normally been limited to the separa- 
tion of cell particles and macromolecules38, however, the potential 

for large scale application exists. As such, exploratory experi- 
ments, utilizing surfactants, were performed on a coal derived 

39 liquid (Synthoil) using an aqueous phase as the receiving phase . 
These experiments involved batch contacting of the coal oil and 
aqueous phase at elevated temperatures followed by batch electro- 
static coalescence of the resulting water-in-oil emulsion. 

best solids recovery in the liberated water phase represented only 

four percent of the solids originally in the Synthoil. 

model oil streams40. Up to 100 percent particle distribution was 

obtained in these systems. The major purpose of the model system 
work was to elucidate the action of added surfactants in a system 
containing asphaltic coated mineral matter particles, 

end, benzene extracted Synthoil mineral matter particles were used. 
Xylene was most often used as the model oil phase in order to allow 
the characteristics of the particle surface to dominate the distri- 

bution behavior of the system. mis mechanistic work is summarized 
below, 
action both in liquid/liquid interfacial collection and particle 
distribution. 

The 

Batch experiments were also performed at room temperature using 

Toward this 

The observations d e  apply equally well to surfactant 

1. Fate of the Surfactant 

Five asymptotic mechanistic models based on the fate of the 
surfactant at long time were studied41. 

include adsorption onto the particle surface, adsorption at the oil/ 

water interface, distribution of the surfactant itself into the bulk 
aqueous phase, complete detergent removal of the asphaltic layer, 

Surfactant effects modeled 
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and p a r t i a l  detergency. 

batch experiments i n  which mixing time, mixing speed, surfactant 

concentration, and water/oil r a t i o  were varied. The p a r t i a l  

detergency model was the only model which explained a l l  of the 

parameter dependences observed i n  the experimental system. 

These models were compared with data  from 

The pa r t i a l  detergency model i t s e l f  (Figure 17) includes 

several  phenomena. The surfactant f i r s t  adsorbs onto the asphal t ic  

d 
D 

SURFACTANT IN 
BULK 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 
I 

LIQUID PHASE LIQUID PHASE 
1 I 2 

AGGREGATE IN 
BULK 

F I G U R E  17 
Phenomenological model of solubi l izat ion detergency: 
of the surfactant  from the  bulk l iquid t o  the  pa r t i c l e  surface,  
2-adsorption of the surfactant onto the surface,  3-surface reaction, 
4-desorption of the surfactant-carbonaceous matter aggregate from 
the surface,  5-diffusion of the surfactant-carbonaceous matter 
aggregate in to  the bulk l iquid phase. 

1-diffusion 
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114 HENRY, PRUDICH, AND VAIDYANATHAN 

coating of the particle, making it hydrophilic. 
the particle with the aqueous phase, detergency occurs. The sur- 

factant is lost to the surface as a result of this detergency and 
more of the hydrophobic, asphaltic surface is exposed. This 

accounts for the experimentally observed decrease in the distri- 
bution coefficient, defined as the concentration of mineral matter 
in the aqueous phase divided by the concentration of mineral matter 
in the oil phase, with increasing time (Figure 18). 

Upon contact of 

2. Aqueous Phase pH 

As with the reverse liquid/liquid flotation work33 , the model 
system studies for particle distribution showed an increase in 

separation efficiency with increasing aqueous phase pH (Figure 19). 

3.5 

3.0 

2.5 

2 .o 

P 2  
1.5 

1.0 

0.5 

600 rpm 
50 ml 

n 
U 0 * 

80 ppm -\-* n 40 P P ~  

01 1 1 I J 

0 10 20 30 40 

THREE PHASE MIXING TIME , MINUTES 

FIGURE 18 
The distribution coefficient , 82, versus mixing time. 40 
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FIGURE 19 
Effect of pH on the distribution coefficient, 8,.40 

E. sununary 

The application of surface-based separation techniques to 
solids separation from coal derived liquids is still in its infancy. 

Promising results have been shown. 

required before a final evaluation can be made as to the relative 

merits and faults of these separation techniques. 

More time and work will be 

V. CONCLUSIONS 

Several novel techniques for application to the problem of 

solids removal from coal derived liquid product streams have been 

presented. Obviously, the implimentation of these techniques is 

closer to fruition for some than for others. It is not the purpose 
of this paper to favor one separation scheme over any other. It is 

hoped that this presentation will acquaint the reader with work 
presently under way in this field. 
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V I .  SYMBOLS USED 

carbon-to-hydrogen 

Force term (Figure 

nondimensionalized 
I1 t o  I 

atomic r a t i o  

7) 

change i n  f r e e  energy from s t a t e  

g rav i t a t iona l  constant 

r a d i i  r a t i o  of  s o l i d  t o  l i q u i d  

rad ius  

an t i - so lven t /o i l  r a t i o  (volume bas i s )  

re ference  s e t t l i n g  ve loc i ty  

i n i t i a l  s e t t l i n g  ve loc i ty  

volume of phase i 

LETTERS 

d i s t r i b u t i o n  coe f f i c i en t  (water lo i l )  

i n t e r f a c i a l  t ens ion  between phases i and j 

s o l u b i l i t y  parameter 

dens i ty  of  phase i 

t h r e e  phase contac t  angle 
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