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OPEN-PORE POLYURETHANE AS A MEDIUM FOR COAL 
CONVERSION PROCESS AQUEOUS EFFLUENT CLEANUP 

M. S. Denton, S. R. Dinsmore, J. I. Brand, and Jack Beams 
Chemical Technology Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

and 

F. L. Ball 
Analytical Chemistry Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

A study was made of varying the reaction conditiqns of in-situ 
polymerized open-pore polyurethane (OPP). Optimum conditions 
were determined by electron microscopy and flow-rate studies. 
Using these conditions, large 1-in. x 12-in. columns were polymerized 
and compared, by use of a four-column bench-scale adsorption apparatus, 
with the same type columns filled with three common commercial 
adsorbents. Breakthrough curves (TOC, total phenol, etc.) of a 
synthetic and an actual coal conversion wastewater were then plotted 
for each of these columns. 

INTRODUCTION 

The first rigid urethane foams were made by 0. Bayer i n  1947 

followed by flexible urethane foams in 1952 by Hb'chtlen (1). 
the last decade, several porous polymers have been used for 

chromatographic separations. These include polyaromatic polymer 
beads from styrene with divinylbenzene, porous foam rubber, porous 

polyethylene, and, finally, elastomeric and thermoplastic foams (2) .  

In 
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588 DENTON ET AL. 

The separations medium used in our studies, open-pore polyurethane 

(OPP), is a unique foam discovered by Jefferson and Salyer ( 3 ) .  

OPP is produced by reacting a polyary l -polya lkylene-poly isocyanate  

with a polyol in the presence of a catalyst, even at ambient 

temperatures. The polymer structure is not a network of inter- 

connecting struts left from blown dodecahedra1 cells, like most 

foam products, but a very uniform agglomeration of spherical 

particles with uniform diameters of 1 to 10 p. Unique among 

synthetic polymers used in column chromatography, OPP is polymerized 

in-situ as a highly permeable matrix that strongly adheres to the 

column walls. This reaction, first carried out in 1968 by Salyer 
et al. ( 4 )  and applied to column chromatography by Ross and 

Jefferson (5) [subsequently described by Salyer, Jefferson, and 

Ross ( 6 ) ] ,  has proven its utility as a GC (5,7)  as well as LC ( 8 , 9 )  

support. 

More recently, OPP has demonstrated a high capacity in 

collection and preconcentration of phenols (8,lO). Similarly, 

Lynn et al. (9) applied OPP to the separation of substituted 

anilines and aminophenols by LC. In addition, OPP exhibits a 

higher efficiency for removal of some polyaromatic hydrocarbons 

(PAHs) from aqueous solutions than the more expensive, traditional 

adsorbents (e.g., Amberlite XAD-2 and Bio-Rad AG MP-50), even with 

micro 5-cm columns (11). Similar columns, 10 cm x 0 .4  cm I.D., 
were used for breakthrough and elution studies of surfactants in 

wastewater (12). With reasonable removal efficiencies of organics 

in a broad range of compound classes (e.g., primary amines, 

phenols, and PAHs), the logical extension of applications of the 

polymer is to that of aqueous wastes of coal conversion processes. 

Such breakthrough studies are presented here on a bench scale (as 
a tertiary cleanup stage) for the removal of amines, nitrogen 

heterocyclics, phenols, and PAHs - all of which are present in coal 
conversion wastewater streams. 

In addition, studies have been made in our laboratory to control 
the density, porosity, and surface characteristics (with special 

attention paid to flow characteristics) of the polymer by varying 
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OPEN-PORE POLYURETHANE 589 

such r e a c t i o n  c o n d i t i o n s  as t i m e ,  t empera ture ,  c a t a l y s t ,  and 

r e a c t a n t  c o n c e n t r a t i o n s  ( i . e . ,  OH/NCO r a t i o ) .  Scanning e l e c t r o n  

micrographs have provided u s  in format ion  as t o  bead s i z e  and 

p o r o s i t y ,  as w e l l  as  new informat ion  concerning t h e  n a t u r e  of t h e  

bead s u r f a c e s .  

METHODS AND MATERIALS 

OPP Formulat ions 

A s  shown i n  Table 1, a n  e x t e n s i v e  s tudy  h a s  been c a r r i e d  o u t  

on t h e  e f f e c t s  of vary ing  t h e  r e a c t i o n  c o n d i t i o n s  on t h e  q u a l i t y  

of t h e  polymer. By v a r y i n g  t h e  c a t a l y s t  used ,  t h e  OH/NCO f u n c t i o n a l i t y  

r a t i o ,  t h e  r e a c t i o n  tempera ture ,  t h e  r e a c t i o n  t i m e ,  and t h e  bulk  

d e n s i t y ,  one h a s  an  e x c e l l e n t  handle  on t h e  bead s i z e ,  p o r o s i t y ,  

s u r f a c e  c h a r a c t e r i s t i c s ,  and s e l e c t i v e  c a p a c i t y  of t h e  r e s u l t i n g  

OPP . 
Such c h a r a c t e r i s t i c s  were examined by scanning  e l e c t r o n  

microscopy (SEM). For a l l  such s t u d i e s ,  an  I n t e r n a t i o n a l  

TABLE 1 

OPP E l e c t r o n  Micrograph Des igna t ions  and React ion Condi t ions  

Number C a t a l y s t  OH/NCO T('C) T i m e  ( h r )  P a r t i c l e  s i z e  (lJ>a 

om-1 E ~ F O D ~  2.22 24 59 2.70 

OPP-2 DBTDL' 2.22 24 59 2.80 

OPP-3 None 2.22 24 59 3.30 

OPP-4 EuFOD 2.22 0 59 3.30 

OPP-5 EuFOD 1.00 0 59 2.90 

OPP-6 EuFOD 2.22 -22 59 3.25 

OPP-7 EuFOD 2.22 24 24 3.25 

OPP-8 EuFOD 2.22 0 24 4.00 

aAverage. 
b ~ u ~ ~ ~  = S i e v e r ' s  r e a g e n t .  
'DBTDL = d i b u t y l t i n d i l a u r a t e .  
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590 DENTON ET AL. 

Scientific Instruments (ISI) Super 111 SEM was used at 15 KV. All 

samples were coated with a thin layer of a conducting material prior 

to being analyzed. Five different coatings were used in an attempt 

to determine the conducting layer that gave the best resolution 

in the micrographs. Aluminum (Al) and carbon (C) were each 

deposited by vacuum evaporation while the sample was being rotated; 

gold (Au) and gold-palladium (Au-Pd) were applied by sputter coating. 

In the final analysis, the best coating layer was found to be an 

evaporated C film (a few hundred 2 in thickness) followed by a 
sputtered layer of Au-Pd. This coating technique was used to 

prepare all but the initial OPP samples reported here. 

The OPP was prepared simultaneously at the various conditions 
in analytical-scale (10-cm x 0.4-cm ID standard laboratory glass) 

and bench-scale (1-in. x 12-in. Pyrex glass pipe) columns, as well 

as polyethylene tubes for later analysis by electron microscopy 

(EM). All columns were thoroughly cleaned by filling them with a 

50% NaOH solution for at least 4 hr. Even though OPP will adhere 

quite well to glass, the inside of each column was etched with 48% 

HF overnight, which greatly strengthens the OPP-to-wall bond. Such 

a procedure leaves even the Pyrex tempered glass with a milky, 

textured appearance. Solid Teflon plugs were used to seal the 

bottoms of columns during the NaOH and HF steps. No column-end 

frits were necessary once polymerization was complete. 

The actual synthesis of OPP is accomplished by step-growth 

polymerization of polyisocyanates and polyols. The addition of 

a hydroxy group to an isocyanate yields a substituted amide ester 

of carbonic acid, i.e., polyurethane, and is shown in the following 

reaction : 

H O  

I If 
R-NCO 4- R' - OH + R - N - C - OR'. 

Mondur M R  from Mobay Chemical Coproration (Pittsburgh, PA) ( 4 , 4 ' -  

diphenylmethane-diisocyanate, with lesser amounts of  tri-, tetra-, 
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OPEN-PORE POLYURETHANE 59 1 

and p e n t a i s o c y a n a t e s ;  average  of 2 .7  NCO groupsfmolecule  and 

e q u i v a l e n t  weight  of 132)  i s  t h e  source  of i s o c y a n a t e  used:  

1 
NCO 

Union Carbide Corpora t ion  (Char les ton ,  W.VA) s u p p l i e s  t h e  p o l y o l ,  

N I A X  Polyol  LA-475 (polypropylene g l y c o l ) ,  which i s  a pentahydroxy 

compound formed by t o t a l  oxypropyla t ion  of  d i e t h y l e n e  t r i a m i n e  t o  

t h e  i n t e r m e d i a t e :  

Oxypropylat ion c o n t i n u e s  a t  t h e  hdyroxyl  hydrogens u n t i l  an  

e q u i v a l e n t  weight  of 118 i s  reached (5-OH groupsfmolecule) .  

OH 
i H 3  I 

OH 
I 

-N-CH2-CH-CH3 + CH -CH-CH3 + -N-[CH2-C-013. 4-CH2-CH-CH3 ( 4 )  
I 
H 

\2/ 
0 

The mechanism f o r  t h e  format ion  of OPP has  been expla ined  i n  

d e t a i l  by Ross ( 2 )  and i s  g iven  h e r e  b r i e f l y  as  fo l lows .  The 

i s o c y a n a t e  reacts w i t h  t h e  a c t i v e  hydrogen of t h e  p o l y o l  t o  form 

l i q u i d - s o l u b l e ,  shor t -cha in  polymers. These i n c r e a s e  i n  l e n g t h  

and MW u n t i l  t h e y  are no l o n g e r  s o l u b l e .  A f t e r  t h i s  g e l  format ion ,  

t h e  c h a i n  ends undergo f u r t h e r  r e a c t i o n  u n t i l  i n - s i t u  p r e c i p i t a t i o n  

t a k e s  p l a c e .  

A l l  OPP formula t ions  used i n  t h i s  s t u d y  w e r e  of a b u l k  d e n s i t y  

of 0.197 gfml and a OHfNCO f u n c t i o n a l i t y  r a t i o  of e i t h e r  1 .00 o r  
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592 DENTON ET AL. 

2.22. Just prior to polymerization, the reactants were weighed 

and dissolved in a 60140 vol % toluene/carbon tetrachloride 

solution (of a similar density, 1.17 glml, to the OPP to avoid 

settling) (7). The catalyst used, 1 mg per total ml of solution, 
was added to the polyol, toluenelcarbon tetrachloride mixture prior 

to polymerization. Catalysts are extremely important in achieving 

foams with suitable characteristics. The tertiary amine back bone 

in LA-475 can act as a self-contained catalyst for the polymer 

reaction. However, tin catalysts, for example, have the advantage 

of promoting the isocyanate-hydroxyl reaction rather than the 

isocyanate-water reaction. Some common organo-metallic catalysts 

are: dibutyltindioctoate, stannousoleate, stannousoctoate, and 

dibutyltindilaurate (DBTDL). The choice of these and the amount 

employed affect the open or closed cell properties of the foam (1) 

(See Table 1 and Figs. 3 and 4 ) .  The two catalysts used here were 

DBTDL from Cincinnati Milacron (Cincinnati, OH) and the lanthanide 
shift reagent, Siever's Reagent [Resolve - A1 EuFOD~, 2,2,-dimethyl-6, 
6, 7, 7, 8, 8, 8-heptafluoro-3, 5-octanedione, europium(II1) 

derivative, or E~(fod)~] now available from Aldrich Chemical Company. 

Similar to those reported by Sievers et al. (lO,ll), weights of the 

individual components are given as follows: 

OHINCO = 1 . 0  OHINGO = 2.22 

LA-475 2.84 g 4.00 g 
Mondur MR 3.16 g 2.00 g 
60140 TolueneIC C14 25 ml 25 ml 

Catalyst 31.8 mg 32.3 mg 

Polyol and catalyst (in solvent) were mixed thoroughly with the 

isocyanate (also insolvent) and poured into columns. Teflon 

plugs sealed the column ends during polymerization, while the tops 

were left open to allow escape of  any gases formed (to avoid column 

voids). The columns were then placed in locations at their appropriate 

temperature (Room T = 24'C, refrigerator T = O ° C ,  and freezer T = 

-2ZoC, see Table 1). After appropriate reaction times, 24 to 60 

TM 
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OPEN-PORE POLYURETHANE 593 

h r  ( s e e  Table  1) t h e  columns were thoroughly and c o n s e c u t i v e l y  

f l u s h e d  w i t h  g-heptane,  methanol, and d i s t i l l e d  water (DW). It w a s  

found t h a t  f l u s h i n g  w i t h  2-heptane a g a i n  and a l lowing  t o  d r y  and 

s t o r e  i n  a i r  i n c r e a s e d  t h e  l i f e  of t h e  column. 

Bench-Scale Adsorpt ion Columns and Apparatus 

I n  a d d i t i o n  t o  t h e  bench-scale  OPP-8 columns prepared as 

p r e v i o u s l y  mentioned, t h r e e  i d e n t i c a l  columns of common a d s o r b e n t s  

were s lurry-packed i n  DW. P r i o r  t o  packing,  a l l  a d s o r b e n t s  were 

passed through s i e v e s  and a p p r o p r i a t e l y  s i z e d .  These mesh v a l u e s  

and t h e  OPP-8 r e a c t i o n  c o n d i t i o n s  are g iven  i n  Table  2. A l s o  

TABLE 2 

Bench-Scale Adsorpt ion Columnsa 

Meshc Surface  Flow rate 
area (ml/ h r  ) e b Type React i o n  

c o n d i t i o n s  
(m2/g> 

OPP 

Columbia (Petroleum 
based a c t i v a t e d  
c h a r c o a l ,  Union 
Carbide)  

Ambersorb XE-348 
(Carbonaceous 
a d s o r b e n t ,  Rohm 
and Haas) 

XAD-2 (Rohm and 
Haas) 

EuFOD/2.22/ 0.9 204 
Of 24 

30-50 1000 276 

20-50 500 1278 

20-50 330 3738 

a 
b C a t a l y s t  /OH-NCO f u n c t i o n a l i t y  r a t i o  /react i o n  tempera ture ,  /" C 

.U.S. S ieve  series. 

1- in .  x 12-in.  g l a s s  p i p e .  

r e a c t i o n  t i m e .  
C 
d 

N2 9 

eGravi ty  f low ra te  w i t h  68.5 cm of head p r e s s u r e .  Value i s  t h e  
average  of t h e  two t r ia ls .  
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594 DENTON ET AL. 

r e p o r t e d  i n  t h i s  t a b l e  are t h e  s u r f a c e  areas o b t a i n e d  by Brunauer ,  

Emmet, and T e l l e r  (BET) N s u r f a c e  a r e a  measurements, and t h e  

g r a v i t y  f low rates o b t a i n e d  w i t h  68.5 cm of water head p r e s s u r e .  

S ince  t h e  s u r f a c e  area f o r  t h e  OPP came o u t  s o  low (0.8 m /g) by 

t h e  normal N2 BET method, i t  w a s  r e r u n  on a h igh-pressure  N2 BET 

system. E s s e n t i a l l y  t h e  same v a l u e  was o b t a i n e d  (0.9 m / g ) .  

F igure  1 shows t h e  bench-scale  a d s o r p t i o n  a p p a r a t u s  i n t o  which 

t h e s e  columns are p l a c e d .  The f o u r  columns used i n  t h i s  s t u d y  

(from l e f t  t o  r i g h t  i n  F ig .  1) are as f o l l o w s :  OPP-8 as expla ined  

i n  Table  1, Columbia ACC a c t i v a t e d  c h a r c o a l  (coke base)  from Union 

Carbide Corpora t ion ,  and Ambersorb XE-348 carbonaceous a d s o r b e n t  

( s p h e r i c a l  r e s i n )  and XAD-2 - both  from Rohm and Haas ( P h i l a d e l p h i a ,  

PA). 

2 

2 

2 

Feed S o l u t i o n s  

Having done e x t e n s i v e  work i n  t h e  p a s t  on c h a r a c t e r i z a t i o n  

and i d e n t i f i c a t i o n  of  components i n  c o a l  convers ion  wastewaters, 

t h e  g e n e r a l  classes of compounds p r e s e n t w e r e  known. With t h i s  i n  

mind, a s y n t h e t i c  f e e d  w a s  made up w i t h  r e p r e s e n t a t i v e  compounds 

from a number of t h e s e  classes i n c l u d i n g  the fo l lowing:  a n i l i n e  

(pr imary amine) ,  2, 4 ,  6 - t r i m e t h y l p y r i d i n e  ( s i m p l e  n i t r o g e n - r i n g  

compound), 2 ,6-dimethylquinol ine ( n i t r o g e n  h e t e r o c y c l i c ) ,  phenol  

( p a r e n t  of  p h e n o l i c  c l a s s ) ,  3 ,4-xylenol  (d imethyl  p h e n o l ) ,  and i n d o l e  

( n i t r o g e n  h e t e r o c y c l i c ) .  

DW i n  such a manner as t o  g i v e  100 ppm of  each component. 

The s y n t h e t i c  f e e d  was made up t o  10R i n  

The a c t u a l  coa l -convers ion  was tewater  used as a f e e d  i n  t h e s e  

s t u d i e s  was t h e  s c r u b b e r  water  from a n  ORNL Bench-Scale Coal 

Carbonizer  (SSCC). The c a r b o n i z e r  r u n  w a s  made w i t h  Wyodak 

subbituminous c o a l  from G i l l e t t e ,  Wyoming and C 0 2  as  t h e  f l u i d i z i n g  

gas .  The BSCC w a s  o p e r a t e d  a t  a b o u t  1100 t o  1300°F and 2 p s i g  w i t h  

a s h o r t  c o a l  r e s i d e n c e  t i m e .  The r e s u l t i n g  aqueous s c r u b b e r  was 

a i r  s t r i p p e d  ( s e e  s t r i p p e r ,  l e f t  s i d e  o f  F i g .  1 )  a t  room tempera ture  

u n t i l  t h e  t o t a l  o r g a n i c  carbon (TOC) level  was s t a b i l i z e d  a t  430 

ppm (reduced from 890 ppm). T h i s  e f f l u e n t  (1 .2  R ,  pH 7.5)  w a s  t h e n  
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OPEN-PORE POLWRETHANE 595 

FIGURE 1. Bench-scale a d s o r p t i o n  appara tus .  Columns are (from l e f t  
t o  r i g h t )  OPP, Columbia, Ambersorb XE-348 and XAD-2. 
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596 DENTON ET AL. 

ozonated i n  t h e  b a t c h  mode f o r  30 min, a t  ambient t e m p e r a t u r e ,  and 

272 ml/min f low o f  Q2/03  m i x t u r e  (7.5 mole % 0 3 ) .  

was subsequent ly  d i l u t e d  (1175 m l  t o  4000 m l  i n  DW), r e s u l t i n g  

i n  a feed w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  pH = 5.8, TOC = 1 7 2  

ppm, and t o t a l  phenol  (TP) = 36 ppm. For  f low rates  of  t h i s  f e e d  

and t h e  s y n t h e t i c  f e e d ,  see t h e  i n d i v i d u a l  f i g u r e s .  

T h i s  s o l u t i o n  

A n a l y t i c a l  Methods and I n s t r u m e n t a t i o n  

A l l  t o t a l  o r g a n i c  carbons  (TOCs) were done on a Beckman 

I n s t r u m e n t s ,  I n c .  ( F u l l e r t o n ,  CA) Model 915-B T o t a l  Organic  Carbon 

Analyzer by s u b t r a c t i n g  i n o r g a n i c  carbon (IC) from t o t a l  carbon 

(TC) r e a d i n g s .  The 4-aminoantipyrene (4-AAP), d i r e c t  photometr ic  

method was used f o r  t o t a l  phenol measurements (13). A G i l f o r d  

Ins t rument  L a b o r a t o r i e s ,  I n c .  ( O b e r l i n ,  OH) Model 250 w a s  used t o  

monitor  510 nm f o r  t h e s e  TP measurements. A Waters A s s o c i a t e s  

(Mi l ford ,  MA) l i q u i d  chromatograph (LC) w a s  used f o r  a l l  

s e p a r a t i o n s .  Gradien t  e l u t i o n  w a s  ach ieved  w i t h  t h e  Waters Model 

660 s o l v e n t  programmer c o n t r o l l i n g  two Waters Model 6000A pumps. 

A s y r i n g e  i n j e c t i o n  v a l v e  (Rheodyne I n c . ,  Model 7105, Berkeley ,  

CA) w a s  used f o r  a l l  sample i n t r o d u c t i o n  o n t o  a 30-cm x 0.46-cm 

Waters u-Bondbak C - 1 8  column. D e t e c t i o n  w a s  accomplished w i t h  a 

Waters 440 Dual-Channel Absorbance D e t e c t o r  moni tor ing  254 and 280 

nm. I n t e g r a t i o n  and dual-pen r e c o r d i n g  w a s  done w i t h  a Waters 

Data Module. 

RESULTS AND DISCUSSION 

E l e c t r o n  Microscopy 

The e f f e c t  of t h e  v a r i o u s  r e a c t i o n  c o n d i t i o n s  summarized i n  

T a b l e  1 on t h e  product  OPP can o n l y  be  s e e n  by t h e  u s e  of scanning  

e l e c t r o n  microscopy (SEM). Our i n t e r e s t  i n  SEM s t u d i e s  of OPP 

began w i t h  t h e  p u b l i c a t i o n  of  s e v e r a l  EMS done by Ross ( 2 )  and 

S i e v e r s  (8,lO). These OPP e l e c t r o n  micrographs e x h i b i t e d  beads  

w i t h  a g r e a t  d e a l  of f i n e  s u r f a c e  s t r u c t u r e  ( b r a i n - l i k e  i n  

appearance) .  The EMS r e p o r t e d  were done on a Cambridge S t e r e o s c a n  
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OPEN-PORE POLYURETHANE 597 

Mark I1 by c o a t i n g  t h e  OPP w i t h  a 100 t o  200 8 l a y e r  of  A1 by thermal  

e v a p o r a t i o n  i n  vacuo. The q u e s t i o n  a r o s e  as t o  whether  t h i s  f i n e  

s t r u c t u r e  w a s  due t o  t h e  c o a t i n g  o r  scanning  technique ,  o r  p u r e l y  

t o  p o l y m e r i z a t i o n  c o n d i t i o n s  (14) .  Our p r e l i m i n a r y  c o a t i n g  

a t t e m p t s  w i t h  s p u t t e r e d  gold  (Au) showed poor  r e s o l u t i o n ,  b u t  no 

ev idence  of such s t r u c t u r e .  T h i s  l e d  u s  t o  a b r i e f  s t u d y  o f  t h e  

e f f e c t  of  c o a t i n g  t e c h n i q u e s ,  which i s  o u t l i n e d  i n  F i g .  2 .  

EMS o f  F i g s .  2 and 3 are of OPP-1). I f  t h e  s u r f a c e  s t r u c t u r e  w a s  

p u r e l y  from c o a t i n g  t e c h n i q u e s ,  t h e  l e f t  column (OPP-1, A l )  should  

have been v e r y  s imilar  t o  t h o s e  r e p o r t e d  by Ross and S i e v e r s ;  

however, the beads  are  q u i t e  smooth. A l so  u s i n g  vacuum e v a p o r a t i o n  

( l i k e  A l ) ,  i s  t h e  carbon (C) t e c h n i q u e  shown i n  t h e  middle  column 

(OPP-1, C ) .  This  method g i v e s  b e t t e r  r e s o l u t i o n ,  bu t  no f i n e  

s t r u c t u r e .  F i n a l l y ,  Au-Pd w a s  s p u t t e r  coa ted  o n t o  OPP-1 w i t h  o n l y  

a s l i g h t  trace of s u r f a c e  deformat ions  ( F i g .  2 ,  OPP-1, Au-Pd). A s  

mentioned p r e v i o u s l y ,  t h e  b e s t  c o a t i n g  technique  w a s  t h a t  o b t a i n e d  

by an evapora ted  C f i l m  fol lowed by a s p u t t e r e d  l a y e r  of  Au-Pd. 

The e f f i c a c y  of  t h i s  combined technique  is  c l e a r l y  demonstrated i n  

Fig.  3 .  I t  w a s  concluded t h a t  t h e  f i n e  s t r u c t u r e  sometimes p r e s e n t  

i n  OPP is ,  i n  f a c t ,  a product  of p o l y m e r i z a t i o n  c o n d i t i o n s .  ( F i g s .  4 

th rough 7 are a l l  EMS of  OPP coa ted  w i t h  C/Au-Pd.) 

(All 

OPP-1, shown i n  F i g .  3 ,  w a s  produced u s i n g  t h e  same c a t a l y s t  

as S i e v e r s  ( S i e v e r ' s  Reagent) .  Varying o r  e l i m i n a t i n g  this c a t a l y s t  

has profound consequences on t h e  r e s u l t i n g  OPP, as c a n  b e  s e e n  on 

t h e  l e f t  o r  r ight-hand s i d e  of F ig .  4 ,  r e s p e c t i v e l y .  OPP-2, u s i n g  

d i b u t y l t i n d i l a u r a t e  (DBTDL) as a c a t a l y s t ,  demonst ra tes  incomple te ly  

formed s p h e r e s .  No c a t a l y s t  added as i n  OPP-3 e x h i b i t s  t h e  least 

format ion  of  s p h e r e s ,  t h e  most g e n e r a l  roughness ,  and,  oddly  enough, 

t h e  most s u r f a c e  f i n e  s t r u c t u r e  found i n  our  s t u d i e s .  Again, i t  

should  be noted  t h a t  t h e  t e r t i a r y  backbone p r e s e n t  i n  t h e  p o l y o l  

c a n  serve as a s e l f - c o n t a i n e d  c a t a l y s t  ( 7 ) .  

t e m p e r a t u r e  (F ig .  5) p l a y s  an i m p o r t a n t  r o l e  i n  p o r o s i t y ,  and,  

t h e r e f o r e ,  f low rates which are q u i t e  impor tan t  i n  c leanup p r o c e s s e s .  

Both OPP-4 and OPP-6 are i d e n t i c a l  t o  OPP-1 (F ig .  3), w i t h  t h e  

The e f f e c t  of r e a c t i o n  
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OPEN-PORE POLYURETHANE 

FIGURE 3 .  Coating technique u s e d .  
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600 

FIGURE 4 .  Effect  of  c a t a l y s t .  
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OPEN-PORE POLYURETHANE 

FIGURE 5. Effect of temperature. 
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DENTON ET AL. 602 

e x c e p t i o n  of  tempera ture .  A s  one d e c r e a s e s  t h e  r e a c t i o n  tempera ture ,  

t h e  s p h e r e s  become more oblong and misshapen,  and a t  a p o i n t  (-22OC) 

do n o t  form comple te ly  a t  a l l .  Of i n t e r e s t  h e r e ,  as  i n  OPP-3, 

t h e  low-temperature f o r m u l a t i o n s  e x h i b i t  f i n e  s t r u c t u r e .  F i g u r e  6 

shows t h e  e f f e c t  of  v a r y i n g  t h e  OH/NCO f u n c t i o n a l i t y  r a t i o .  Here,  

OPP-5 has  a n  OH/NCO of  1 . 0 ,  w h i l e  OPP-4 i s  i d e n t i c a l  wi th  t h e  

e x c e p t i o n  of an OH/NCO of 2 . 2 2 .  OPP-5 i s  one of t h e  most uniform 

and well-formed polymers but  demonst ra tes  a lower c a p a c i t y  f o r  

o r g a n i c s  such a s  pyrene  than  OH/NCO = 2.22 polymers (10 and 1 1 ) .  

Reac t ion  t i m e ,  l i k e  tempera ture ,  h a s  a n  e f f e c t  on polymer p o r o s i t y  

s i n c e ,  wi thout  f l u s h i n g ,  t h e  p o l y m e r i z a t i o n  would c o n t i n u e  f o r  days .  

The 24-hr r e a c t i o n s  o f  F i g .  7 c a n  b e  compared t o  t h e i r  59-hr counter -  

p a r t s  i n  F ig .  3 (OPP-1) and 5 (OPP-4). The e f f e c t  of tempera ture  

can a g a i n  be seen  h e r e  between OPP-7 (24'C) and OPP-8 (0°C). 

The l a t t e r  e x h i b i t s  b e t t e r  p o r o s i t y  and l a r g e r  s p h e r e s ,  bo th  l e a d i n g  

t o  improved f low r a t e s .  These s u p e r i o r  c h a r a c t e r i s t i c s  of  OPP-8 

made it t h e  c h o i c e  f o r  a l l  bench-scale  columns used i n  t h i s  s t u d y .  

S y n t h e t i c  Feed Breakthrough S t u d i e s  

The s y n t h e t i c  feed  d e s c r i b e d  i n  t h e  Methods and Materials 

s e c t i o n  w a s  passed through t h e  f o u r  columns of  the bench-scale  

a d s o r p t i o n  a p p a r a t u s  ( F i g .  1) a t  204 m l / h r .  F i g u r e  8 demonst ra tes  

t h e  TOC breakthrough c u r v e s  o b t a i n e d  f o r  each  of  t h e s e  columns. 

F igure  9 i s  a n o t h e r  breakthrough curve  of  t h i s  same r u n  e x c e p t  t h a t  

i t  moni tors  o n l y  t h e  t o t a l  phenol .  A s  shown i n  F ig .  8 where XAD-2 

broke through r e l a t i v e l y  r a p i d l y ,  t h e  phenols  a p p a r e n t l y  made up a 

s i g n i f i c a n t  p a r t  of  t h i s  TOC breakthrough.  The OPP-8 e x h i b i t e d  

e x c e l l e n t  c a p a c i t y  f o r  phenols ,  as d i d  t h e  Ambersorb and Columbia. 

The s i x  components of  t h e  s y n t h e t i c  f e e d  are  shown s e p a r a t e d  by 

reversed-phase chromatography (RPC) i n  F i g .  10 ( s e e  f i g u r e  f o r  

chromatographic  c o n d i t i o n s ) .  With t h e  e x c e l l e n t  r e s o l u t i o n  and 

r e p r o d u c i b i l i t y  of r e t e n t i o n  t i m e s  o b t a i n e d ,  i t  was p o s s i b l e  t o  run 

a s e r i e s  of  s t a n d a r d s  and d i g i t a l l y  i n t e g r a t e  each of t h e  peak areas. 

Thus q u a n t i f y i n g  each component i n  t h e  m i x t u r e  (C v a l u e s ) ,  r e l a t i n g  t h e s e  

v a l u e s  t o  t h e  i n i t i a l  f e e d  c o n c e n t r a t i o n  (C ) ,  and p l o t t i n g  C/Co v e r s u s  
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OPEN-PORE POLYURETHANE 

FIGURE 6 .  E f f e c t  of OH/NCO f u n c . t i o n a l i t y  r a t i o .  
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604 DENTON ET AL. 

EFFECT OF TIME (24 hr rxn.) 

FIGURE 7 .  E f f e c t  of time. 
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OPEN-PORE POLYURETHANE 605 
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0 

XAD-2 (20 -50  mesh) 
o OPP ( O H I N C O  = 2.22) 
A COLUMBIA (30-50 mesh) 
A AMBERSORB XE - 348 (20-50 mesh) 

/ A FLOW RATE = 204 ml/hr 

5-l-AJI 1 I 1 1 1  I 1 I 1  I 1 1  I 1  I I I 1  # 

0 2 4 6 8 10 12 14 16 18 20 22 24 

ALIQUOT NUMBER 

FIGURE 8. TOC breakthrough c u r v e s  f o r  s y n t h e t i c  f e e d  on 1- in .  x 
12- in .  columns of t h e  bench-scale  a d s o r p t i o n  a p p a r a t u s .  
C/Co = c o n c e n t r a t i o n  ( i . e , ,  TOC i n  ppm) of  e f f l u e n t  
d i v i d e d  by c o n c e n t r a t i o n  of  feed .  One a l i q u o t  = 34 m l  
( i . e . ,  10 min a t  3 . 4  ml/min) .  

t h e  c a l c u l a t e d  number of  m i l l i g r a m s  of each  mater ia l  e l u t e d  a t  each  

a l i q u o t  c o l l e c t e d  d u r i n g  t h e  experiment  a l l o w s  one t o  l o o k  a t  t h e  

i n d i v i d u a l  breakthrough curves .  F i g u r e  11 i l l u s t r a t e s  p l o t s  f o r  

XAD-2 (A) and OPP-8 ( B ) ,  f o r  example, u l t i m a t e l y  making up t h e  TOC 

breakthrough c u r v e s  shown i n  F ig .  8. It i s  a p p a r e n t l y  t h e  pr imary  

amine and t h e  p y r i d i n e  t h a t  b r e a k  through f o r  b o t h  t h e  XAD and t h e  OPP. 

Phenol  a l s o  b r e a k s  through,  bu t  o n l y  t o  a s l i g h t  d e g r e e  w i t h  OPP-8 (as  

shown i n  F i g s .  9 and 11B). With such  i n d i v i d u a l  compound c l a s s  break-  

through i n f o r m a t i o n ,  one c a n  more r e a d i l y  d e s i g n  a t e r t i a r y  c leanup 
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A L I Q U O T  N U M B E R  
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0 OPP 

n C O L U M B I A  

A A M B E R S O R B  X E - 3 4 8  

FIGURE 9.  T o t a l  phenol  ( i . e . ,  phenol  and 3 ,4-xylenol )  breakthrough 
curves  f o r  s y n t h e t i c  f e e d  on 1- in .  x 12- in .  columns of  
t h e  bench-sca le  a d s o r p t i o n  a p p a r a t u s .  T o t a l  phenol  by 
t h e  4-AAP method (absorbance  a t  510 nm). C / C o  = t o t a l  
phenol  i n  e f f l u e n t  d i v i d e d  by t o t a l  phenol  i n  t h e  f e e d ,  
where C o  = 111.8 ppm t o t a l  phenol .  One a l i q u o t  = 34 ml. 

p r o c e s s  t o  s u i t  one's p a r t i c u l a r  need.  The a c t u a l  TOC breakthrough 

d a t a  and c h a r a c t e r i s t i c s  f o r  each  of  t h e  f o u r  s o r b e n t s  i s  shown i n  

Table  3 ,  where t h e  c a p a c i t i e s  are c a l c u l a t e d  a t  C / C o  = 0.3.  

on a c a p a c i t y  p e r  weight  of s o r b e n t  b a s i s ,  OPP r a n k s  n e a r l y  as w e l l  as 

a c t i v a t e d  c h a r c o a l .  T h i s  low d e n s i t y  of t h e  polymer would b e  q u i t e  

impor tan t  i n  a l a r g e  p r o c e s s  d e s i g n .  

When f i g u r e d  

OPP h a s  been demonstrated t o  be  i n t e r m e d i a t e  i n  capaci t .y  f o r  

t h e s e  compounds between t h e  XAD r e s i n  and t h e  carbon a d s o r b e n t s  ( F i g .  

8) and e x h i b i t s  v e r y  l i t t l e  breakthrough of  phenols  ( F i g s .  9 and 1 1 B ) .  

The i n - s i t u  polymer a l s o  h a s  one  f u r t h e r  advantage  i n  t h a t  i t  is  

more r e a d i l y  e l u t e d  w i t h  o r g a n i c  s o l v e n t s  t h a n  t h e  o t h e r  s o r b e n t s .  

F i g u r e  1 2  i l l u s t r a t e s  t h e  e l u t i o n  c h a r a c t e r i s t i c s  f o r  XAD-2 and 

OPP-8 u s i n g  anhydrous methanol .  With t h e  same amount of methanol ,  
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OPEN-PORE POLYURETHANE 607 

CHROMATOGRAPH: WATERS ASSOCIATES 
METHOD REVERSED -PHASE 
PACKING (IOpL)pBONDAPAK-C18 
COLUMN 3 0 - c m  x 0 4 6 - c m  S S 
SOLVENT: A=DW 

B = I %  ACETIC ACID IN 
E T H A N O L  

GRADIENT: 0 - 4 5 %  B I N  5 min 
w/ a 5 min IN IT IAL  H O L D  
( # 7  CONCAVE CURVE) 

FLOWRATE. 2 ml/min 
T E M P E RAT U R E : A M B I E NT  
DETECTOR: 440 U V -  ABSORBANCE 

MONITOR 0 . 5  AUFS 
SAMPLE: ANIL INE 10.00 pg 

2,4 ,6  T M P  1O.OOpg 
2 , 6 - D M O  I O . I O p g  
P H E N O L  lO.OOpg 
INDOLE 5.26 ua 
3,4- XYLENOL ‘ 2 i  .48 pg 

280 nrn L 
FIGURE 10. Reversed-phase chromatogram of the six-component 

synthetic feed used for breakthrough studies on the 
bench-scale adsorption apparatus. 
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FIGURE 
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0 . 0  
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ANILINE 

2,4,6 - TAIYETMYLPYRIDINE 

2,6 - DlYETMYLQUlNOLlNL 

PHENOL 

INDOLE 

3,4 - XYLENOL 

0 10 2 0  30  40 5 0  60 70 80 

AMOUNT PASSED (mg)  

11. Breakthrough c u r v e s  f o r  t h e  s i x  i n d i v i d u a l  components 
of t h e  s y n t h e t i c  f e e d .  
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TABLE 3 

609 

TOC Breakthrough C a p a c i t i e s  f o r  Four Sorbents  f o r  a S y n t h e t i c  
Wastewater 

TYP e Sorbent  C h a r a c t e r i s t i c s  C a p a c i t i e s  a t  C/Co  = 0.3c 

TOC TOC/g Sorbent  
Weighta Volumea Densityb- 

(mg/g) (g)  (ml) (glml)  (m ) 

OPP 26.0 155 0.17 94.2 3.6 

Columbia 
a c t i v a t e d  
c h a r c o a l  65.5 150 0.44 257.8 3.9 

Ambersorb 
XE-34% 90.4 135 0.67 281.3 3 . 1  

XAD-2 48.5 135 0.36 31.1 0.64 

a 

bCalcula ted  from measured v a l u e s .  
‘Breakthrough curves  were p l o t t e d  from measured TOC v a l u e s  ( s e e  

Measured q u a n t i t y .  

F ig .  8 ) .  Numerical i n t e g r a t i o n  (by computer) of  t h e  area between 
t h e s e  c u r v e s  and C / C o  = 1 . 0  from t h e  beginning  of t h e  r u n  u n t i l  
t h e  c u r v e s  r e a c h  C / C  = 0.3 ( d e f i n e d  h e r e  as t h e  breakthrough 
p o i n t )  gave t h e  tota!? TOC c a p a c i t i e s .  

t h e  Ambersorb XE-348 and t h e  Columbia ACC e x h i b i t e d  n e g l i g i b l e  

TOC e l u t i o n .  T h i s  could  be  a very  impor tan t  p o i n t  i n  r e s o u r c e  

r e c o v e r y  o r  i n  minimizing s o l i d ,  hazardous d i s p o s a l  problems. 

Carbonizer  Aqueous Scrubber  Breakthrough S t u d i e s  

A s  i n  F ig .  8 ,  Fig.  13 i l l u s t r a t e s  TOC breakthrough c u r v e s  

f o r  t h e  f o u r  a d s o r b e n t s .  I n  t h i s  case, aqueous s c r u b b e r  was te  from 

a c o a l  c a r b o n i z e r  w i t h  a pH of 5 .8 ,  TP of  36 ppm, and TOC of 1 7 2  

ppm was passed  through t h e  sys tem a t  240 m l / h r .  

and Columbia ACC a g a i n  e x h i b i t e d  e x c e l l e n t  TOC c a p a c i t i e s .  

of  a reversal h a s  occurred  w i t h  t h e  XAD-2 and OPP-8, p o s s i b l y  

due t o  a much lower phenol  c o n t e n t  i n  t h l s  p a r t i c u l a r  waste ( t h e  

TOC i s  a l s o  approximate ly  o n e - t h i r d  of  t h a t  of  t h e  s y n t h e t i c  f e e d ) .  

The Ambersorb XE-348 

Somewhat 
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FIGURE 1 2 .  Methanol e l u t i o n  c u r v e s  f o r  t h e  s y n t h e t i c  f e e d  
a d s o r p t i o n  experiment  (2-ml a l i q u o t s ) .  

It should be  noted  t h a t  w i t h  t h e  number of  a l i q u o t s  t a k e n ,  C/Co 

v a l u e s  never  go over  about  0.5. A l so ,  t h e  OPP curve  f o r  t h i s  

c o a l  c a r b o n i z e r  aqueous w a s t e  ( F i g .  13) i s  n e a r l y  i d e n t i c a l  t o  

i t s  cor responding  curve  f o r  t h e  s y n t h e t i c  f e e d  (F ig .  8 ) .  

I n  summary, i n - s i t u  foamed open-pore polyure thane  o f f e r s  a 

very  promising a l t e r n a t i v e  t o  commonly used r e s i n s  and c h a r c o a l s  f o r  

wastewater  c leanup.  Comparative c o s t  and e l u t i o n  c h a r a c t e r i s t i c s  

( i t  can even be  comple te ly  d i s s o l v e d  i n  c e r t a i n  a c i d s  f o r  t o t a l  

r e c o v e r i e s )  are among i t s  advantages .  The pr imary d i s a d v a n t a g e  of  

OPP i s  t h a t  i t  w i l l ,  a f t e r  v e r y  l a r g e  volumes of w a t e r ,  f i n a l l y  

b r e a k  away from t h e  g l a s s  w a l l s .  A s o l u t i o n  t o  t h i s  problem i s  

b e i n g  i n v e s t i g a t e d  by v a r y i n g  column t r e a t m e n t  and d e s i g n .  

Future  Developments 

A d d i t i o n a l  work i s  now b e i n g  c a r r i e d  o u t  on a n  a n a l y t i c a l  s c a l e  

(10-cm x 0.4-cm I D  columns) .  With such columns, a g r e a t e r  v a r i e t y  
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FIGURE 13. TOC breakthrough curves for an aqueous scrubber waste 
from a bench-scale coal carbonizer run. The bench- 
scale adsorption apparatus was used with 4 mllmin flow 
rates. 

of adsorption media (including various formulations of OPP) can be 

conveniently investigated. Effluents from these columns during 

breakthrough studies can be easily collected and, after extracting 

them into a suitable organic solvent (e.g., methylene chloride), 

run on glass capillary gas chromatography. This allows the 

investigation of the breakthrough behavior of the individual 
components of very complex solutions (e.g., 0-, g-, and p-cresol 
and 3,4-,2,3-,3,5-,2,4-, and 2,6-xylenol), thus providing valuable 

information concerning which compounds in aqueous wastes are 

removed, degraded, or  refractory to various cleanup processes. 

Scale-up studies are underway relating analytical-to-bench-scale 

operations. 

being examined. 

Additional coal conversion wastewater streams are also 
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