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FRACTIONATION-PURIFICATION, I R ,  'H NMR, 13C NMR SPECTRAL 
AND PROPERTY STUDIES OF AN INDUSTRIAL BASED SLUDGE LIGNIN 

Roger 0. McElroyl and Ky La i  

Miss iss ipp i  Forest  Products Laboratory 

Miss iss ipp i  State,  M iss i ss ipp i  39762 
Miss iss ipp i  State Un ive rs i t y  

ABSTRACT 

A f low scheme was devised f o r  the  f r a c t i o n a t i o n - p u r i f i c a t i o n  o f  

I n f r a r e d  spectroscopy, pro- 
sludge l i g n i n  mater ia l  (mixture o f  hardwood and softwood) used i n  
the  synthesis o f  a hardboard adhesive. 
t o n  and carbon-13 nuclear magnetic resonance spectroscopy was used 
t o  assign the  s t ruc tu re  o f  the  sludge l i g n i n .  
t e r i z a t i o n  i nd i ca ted  appreciable bond cleavage-rearrangement, and 
subsequent generation o f  add i t i ona l  acidic/ketone l inkages, p-hydroxy- 
phenyl u n i t s  and saturated hydrocarbons. A d d i t i o n a l l y  , the sludge 
l i g n i n  based ex t rac ts  showed good adhesive bonding proper t ies  when 
used i n  a blend. 

The s t r u c t u r a l  charac- 

INTRODUCTION 

I n  the e a r l y  twenties, W. H. Mason developed a process f o r  pro- 

duc t ion  o f  hardboard.2 His process invo lved preheat ing o f  hardwood 

and softwood chips under steam pressure i n i t i a l l y  f o r  40-80 seconds 

a t  150-360 p s i  i n  pressure chambers, fo l lowed by a r a p i d  increase i n  

pressure t o  475-650 ps i  and a r a p i d  discharge o f  pressure (gun pro- 

cess) and subsequently blowing the  rup tured  f i b e r  through a s l o t t e d  

d i sc .  The r e f i n e d  f i b e r  obtained i s  the  raw mate r ia l  used i n  the  

hardboard indus t ry .  

pressure t o  the  chips i n  a d iges te r  f o r  2-3 minutes a t  a pressure o f  

A second process used invo lved app ly ing  steam 

100-130 psi.' The crude sludge mater ia l  used i n  t h i s  study was ob- 
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362 MC ELROY AND LA1 

ta ined as a by-product o f  t h e  f i n a l  hardboard oroduct ion cycle.  

crude sludge was found t o  conta in  40-60% l i g n i n  and 20-40% carbohydrates. 

Other mater ia ls  inc lude wax, ce l lu lose ,  organic ex t rac ts ,  inorganics and 

res in .  

The 
4 

A g rea t  deal o f  c rea t i ve  research has been publ ished i n  depolymeriza- 

t i o n  ( d e l i g n i f i c a t i o n )  ex t rac t i on  and cha rac te r i za t i on  of l i g n i n s  from 

~ o o d . ~ * ~ * ~  Spectroscopy has been used ex tens ive ly  i n  molecular s t ruc tu re  

e luc ida t i on  o f  l i g n i n ~ . ~ ~ ~ ~ ~ ~ ~ ~ '  More recent ly ,  s o l i d  s t a t e  I 3 C  NMR spec- 

troscopy has been app l ied  t o  b e t t e r  charac ter ize  i nso lub le  l i g n i n ~ . ' ~ , ~ ~  

The ob jec t i ve  o f  t h i s  study was th ree fo ld :  (1 )  t o  s o l u b i l i z e  the  

crude sludge mater ia l  using K r a f t  hydro lys is  o r  s o l v o l y ~ i s , ~ ~  i s o l a t e  and 

p u r i f y  l i g n i n  component ex t rac ts ,  ( 2 )  t o  assign the  molecular s t ruc tu re  o f  

p u r i f i e d  l i g n i n  v i a  molecular weight, I R ,  'H NMR, 13C NMR spectroscopy, 

chemical composition and f u n c t i o n a l i t y ,  and (3) t o  evaluate the  bonding 

proper t ies  o f  the  l i g n i n  ex t rac ts  when used as a res in .  

EXPERIMENTAL 

F rac t i ona t ion -Pur i f i ca t i on  

A 10-15% aqueous-slurry o f  crude sludge by-product was mixed w i t h  5- 

10% sodium hydroxide and 1% sodium s u l f i d e  i n  a Par r  autoclave and reacted 

a t  100-170°C f o r  1-2 hours under 75 ps i  n i t rogen  pressure. 

f o r  f r a c t i o n a t i o n - p u r i f i c a t i o n  o f  reacted sludge mate r ia l  i s  shown i n  

Figure 1. 

f rac t i ons .  

phorus pentoxide. The e i g h t  f r a c t i o n s  were designated: a l k a l i  so lub le  

depolymerized sludge mater ia l  (ASS-1) , a l k a l i  i nso lub le  sludge 

(AIS-2) , crude l i g n i n  (SL-3), ac id  so lub les  (AS-4) , acetone solu- 

b l e  l i g n i n  (SL-5), acetone inso lub le  l i g n i n  (SL-6) , acetone so lub le -  

e ther  i nso lub le  l i g n i n  (SL-7) , and e the r  so lub le  ma te r ia l  (ES-8). 

Yie ld  data i s  shown i n  Figure 1. 

A f low scheme 

Resu l t ing  por t ions  were separated i n t o  aqueous, acetone so lub le  

Frac t ions  were evaporated under h igh  vaccum a t  4OoC over phos- 
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Insoluble Fraction 

' 5% NaOH 
1% Na2S 
17OoC, 2 hrs.,  75 psi N 2  

Soluble Fraction 
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Add H C 1  t o  PH 4 

70% Soluble 
Depol ymeri zed 

Sludge Material 
(ASS- 1 ) 

30% Alkali  Insoluble 
(AIS-2) Sludge 

Soluble 

7.10% Low MW 
Lignin 
(SL-7)  

Insoluble 

0.25% Low MW impurity 
(ES-8) (hydrocarbons) 

Sugars 8 Org. Acids & 
S a l t s  
(AS-4) 

Insoluble 

Figure 1. Flow Scheme f o r  Frac t iona t ion-Pur i f ica t ion  of 
Sludge L i g n i n .  

Soluble 

Solvolys is  

A 10% aqueous s l u r r y  of the crude sludge by-product was mixed 

w i t h  a 5% sodium hydroxide so lu t ion  i n  a Parr autoclave f i l l e d  t o  a 

weight volume o f  500 g w i t h  dioxane-H20(1:l) and reacted a t  175OC 

f o r  one hour under 75 psi nitrogen pressure. The reac t ion  mixture 

Soluble Ins 01 ub 1 e 
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364 MC ELROY AND LA1 

was f i l t e r e d  and the  dioxane evaporated o f f  w i t h  a r o t a r y  evaporator. 

The soluble sludge l i g n i n  e x t r a c t  was f u r t h e r  concentrated and used i n  

the preparat ion o f  an adhesive f o r  hardboard. 

Spectral  Character izat ion 

A Varian CFT-80A nuclear magnetic resonance spectrometer operated 

a t  20 MHz was used t o  ob ta in  I3C NMR spectra on t h e  acetone so lub le  

sludge l i g n i n  f r a c t i o n s  (SL-7). A Var ian  EM-360 nuc lear  magnetic 

resonance spectrometer operated a t  60 MHz was used t o  ob ta in  H NMR 

spectra. The H NMR and 13C NMR samples were d isso lved i n  dimethyl-  

sul foxide-d6 so lvent  and te t ramethy ls i lane  was used as the  i n t e r n a l  

standard. Samples analyzed by I R  were observed i n  the  form o f  K B r  

pe l l e t s .  

g ra t i ng  spectrophotometer. 

1 

1 

The I R  spectra was obtained using a Perkin-Elmer Model 283 

Elemental Analysis 

L ign in  samples were determined f o r  C, H, 0, S .  methoxyl content 

and molecular weight i n  DMSO so lvent  using vapor pressure osmometry 

by Ga lbra i th  Laborator ies i n  Knoxv i l le ,  Tennessee. 

Funct ional  i t y  Composi t ton 

Tota l  hydroxyl contents were determined by reac t i on  w i t h  ace t i c  

anhydride i n  pyr id ine.15 Phenolic hydroxyl  groups were determined 

by the use o f  an e thy la ted  l ign in .16  Tota l  carbonyl was determined 

by producing the hydrazone w i t h  pentaf lourophenyl  hydrazine.17 Ac id i c  

carboxyl was determined by reac t i on  i n  a nonaqueous medium w i t h  t e t r a b u t y l -  

ammonium hydroxide. 18 

Resin Preparat ion 

The autoclaved sludge mater ia l  was e i t h e r  f i l t e r e d  o r  reacted u n f i l -  

te red  i n  a weight-volume o f  approximately 5009. Hexamethyl enetetramine 

(HMTA), ep ich lo rohydr in  ( e p i )  o r  g lyoxa l  ( g l y )  c ross l i nk ing  reagents were 
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FRACTIONATION-PURIFICATION 365 

b o i l e d  i n t o  the  r e s i n  mixtures a t  100°C f o r  1 hour. 

l i g n i n  adhesive was prepared by b lend ing  w i t h  commercial phenol-formaldehyde 

r e s i n  (PF-1) o r  PF reso l  (low MW) a t  100°C o r  a t  R. T. f o r  1 hour. 

The f i n a l  sludge 

S i m i l a r l y ,  the  dioxane-water (1 : l )  so lub le  sludge e x t r a c t  por t ions  

were f i r s t  crosslinked,followed by blending w i th  PF-1 r e s i n  o r  PF reso l  

i n t o  an adhesive. 

The low molecular weight PF reso l  was prepared by reac t i ng  a mix tu re  

o f  1oZ sodium hydroxide, 50% phenol and 40% formaldehyde s lowly  t o  60OC, 

then re f l uxed  f o r  1 hour, cooled down r a p i d l y  and placed i n  a r e f r i g e r a t o r  

f o r  immediate use. 

Property Studies 

The sludge l ign in -PF res ins  were app l ied  as a 1% r e s i n  by weight. 

Steam exploded wood was thoroughly mixed w i t h  the  r e s i n  and Dressed 

w i t h  a hydrau l i c  press a t  150-200 p s i  f o r  3 minutes a t  a temperature 

of  175°C-2000C. 

a ted  using a Tinius-Olsen t e n s i l e  tes te r .  

t o  a one hour b o i l  t o  g ive  the  percent s w e l l .  These values were com- 

pared w i t h  a 100 percent commercial phenol-formaldehyde r e s i n  (PF-1). 

The modulus o f  rup ture  (MOR) o f  hardboards were evalu- 

The boards were subjected 

RESULTS AND DISCUSSION 

Frac t i ona t ion -Pur i f i ca t i on  

The sludge mater ia l  gave a 70% a l k a l i  so lub le  mix tu re  (ASS-1).  

a f t e r  being subjected t o  the  K r a f t  hyd ro l ys i s  reac t ion .  F igure  1 

gives y i e l d s  o f  each f rac t i on .  The lower molecular weight l i g n i n  

f r a c t i o n  (SL-7) was obtained i n  7.10% y i e l d  and the  h igher  molecular 

weight f r a c t i o n  (SL-6) was obtained i n  10.15% y i e l d .  

on t o t a l  biomass conversion. 

Y ie lds  a re  based 

Sludge l i g n f n  was s o l u b i l f t e d  in 6OX.yield from the  s o l v o l y s i s  

reac t ion  i n  dioxane-water ( 1 : l ) .  No f u r t h e r  p u r i f i c a t i o n  was attempted, 
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366 MC ELROY AND LA1 

Spectral Character izat ion 

This paper w i l l  deal p r i m a r i l y  w i t h  the  spectra o f  t he  acetone 

soluble-ether i nso lub le  po r t i on  o f  t he  sludge l i g n i n  (SL-7) and elemen- 

t a l  analysis and f u n c t i o n a l i t y  o f  both the  SL-7 and SL-6 f rac t i ons .  

N o  usable NMR spectra was obtained f o r  the so lvent  i nso lub le  l i g n i n  

f r a c t i o n  (SL-6). 

The IR spectra (Fig.  2) g ive  t y p i c a l  hydroxyl  s t re t ch ing  absoro- 

t i o n s  a t  2800-3450 cm-', aromatic bonds a t  1510-1600 cm-l, and carbon- 
-1 oxygen e ther  bonds a t  1000-1400 cm Sludge l i g n i n  gave strong broad 

s p l i t  s igna ls  a t  1700, 1735 cm-' which i n d i c a t e  unconjugated ketone and 

conjugated ac id  groups. These bonds may be explained as a r e s u l t  o f  the 

depolymeri tat ion reaction-bond breakage o r  bond rearrangement lead ing  t o  

increased carbonyl absorptions i n  the  1 i g n i n  fragment. 

. 

The sludge l i g n i n  'H NMR spectra i s  shown i n  Figure 3 and the  spec- 

t r a  i s  assigned i n  Table 1. 
14,19 1) was made by comparing the  soectra range o f  l i g n i n  model compounds. 

The u p f i e l d  s ignals a t  1.2-1.6 6 were r e l a t i v e l y  in tense due t o  sa tura ted  

hydrocarbons. Typical  methoxyl (3.8 6 )  and aromatic s igna ls  (6.5-7.4 6 )  

were observed. 

The assignment o f  the  chemical s h i f t s  (Table 

The 13C NMR spectra o f  the sludge l i g n i n  (SL-7) i s  shown i n  Figure 

The assignment o f  the peaks i n  the spectra (Table 2 )  was made based 4. 

on comparison o f  l i g n i n  model compounds and na tura l  l iqn ins .8*9~10*19 

The sludge l i g n i n  showed sa tura ted  hydrocarbon s igna ls  u p f i e l d  a t  

10-20 ppm. Add i t iona l l y ,  SL-7 gave intense methyl e the r  absorptions 

(22.4-24.6 ppm) and both methyl conjugated and unconjugated adjacent 

ketone s igna ls  (28.4-33.7 ppm) respec t ive ly .  Th is  was confirmed by both 

the 'H NMR and I R  spectra. The SL-7 gave two strong s igna ls  a t  67.5 porn 

and 68.5 ppm respec t ive ly .  These s igna ls  may be due t o  C - Y  , C- B i n  

( B -1) d i l i g n o l  and C- a i n  ( B  -0-4) a ry lg l yce ro l -B  -a ry le ther .  The 
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FRACTIONATION-PURIFICATION 369 

TABLE 1 

Assignment of H NMR Spectra o f  Sludge L i g n i n  (SL-7). 
are Given i n  6 Values Oownfield from TMS i n  OMSO-d6 Solvent.  

1 Chemical S h i f t s  

ppm( 6 1 
1.2-1.3 

2.1-2.2 

2.5 
3.8 
4.2-4.5 
5 .O-5.2 
5.4-5.7 
6.4-7.4 
7.7-7.9 

I n t e n s i t y  

S 

M 

M 
S 
YW 
vw 
vw 
M 
W 

Assignments 

H igh ly  sh ie lded methyl , methylene o r  
methinyl  a1 i p h a t i c  hydrocarbons. 
Methyl o r  methylene protons adjacent 
t o  ketone group o r  double bond. 
A1 i o h a t i c  methoxyl protons. 
Aromatic methoxyl protons. 
H-C y i n  (B  -0-4) a ry lg l yce ro l -B  -a ry le the r .  
H-C y i n  cinnamyl , H-C 6 i n  (8 -0-4). 
H-C (Y i n  ( 8  -5) phenylcoumaran. 
Aromatic protons. 
p-Hydroxyphenyl aromatic protons. 

sludge l i g n i n  gave strong s igna ls  a t  115.7 ppm, 128.7 Dpm and 131.5 opm 

c h a r a c t e r i s t i c  o f  hydroxyphenyl u n i t s .  

The SL-7 l i g n i n  gave a s t rong absorp t ion  o f  147.9 porn which can be 

a t t r i b u t e d  t o  both guaiacyl and sy r ingy l  u n i t s  ev ident  i n  both hardwood 

and softwood. I n  the  range (165.4-172.0 ppm) a , 6 , y ca rboxy l i c  a c i d  

carbonyls a re  present i n  the  sludge l i g n i n  as was conf in l ied by 'H NMR and 

I R .  Add i t i ona l l y ,  the  SL-7 showed a weak carbonyl  a%orp t ion  (206.3 ppnt: 

f o r  unconjugated ketones which again was shown i n  the  I R  spectra. 

Chemical Analysis and Func t iona l i t v  

Elemental ana lys is  and molecular weight (Table 3 )  would tend t o  i n d i -  

ca te  the  fo l l ow ing  trends: 

due t o  condensation react ions and hydrocarbon residues, ( 2 )  lower OCH3 and 

corresponding h igher  t o t a l  OH f u n c t i o n a l i t y  i n  the  SL-6 f r a c t i o n  may a r i s e  

through increased demethoxylation w i t h  subsequent fo rmat ion  of  f r e e  ohenol ic 

groups and hence grea ter  so lvent  i n s o l u b i l i t y ,  (4 )  t he  grea ter  s u l f u r  con ten t  

shown i n  the SL-7 f r a c t i o n  may be due t o  t h e  increase i n  the  number o f  mer- 

captans, su l  f o n i c  acids o r  su l fhyd ry l  1 inkages formed through Kra f t  hy- 

(1 )  h igher  C con ten t  i n  the  SL-7 oo r t i on  may be 
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TABLE 2 

371 

Assignment of I3C NMR Spectra of Sludge Lignin (SL-7), as Shown in 
Figure 4. 

Chemical Shifts in PPM 

PPM 

10.0-13.9 
22.4-24.6 
28.4-33.7 
39.6 
55.8 
67.5 
68.5 

70.7-73.2 

81.5 
85.2 
103.9-104.9 
106.4- 107.2 

109.8- 112.0 
115.7 

119.6 
125.8 

131.5 

134.8 
141.4 

128.7-129.7 

147.6 
147.9-148 .O 
165.4-1 72 .O 
206.0 

Intensity Assignments 

M 
M 
S 
vs 
vs 
S 
S 

W 

vw 
VW 
M 
W 

W 
S 

M 
M 
M 
S 

W vw 
M 
M 
vw 
W 

Saturated hydrocarbons 
Methyl in aliDhatic ethers 
Methyl in Ketones (conj.) 

Methoxy in quaiacyl 
C-V. C-B in (5-1) dilignol 
C- a in ( 5 -0-4) arylglycerol- 5 - 
arylether 
C- Y in syringylarssinol and 
( 5 - 6 dibenzyltetrahydrofuran 
C- 5 in -carbony1 - 5 -arl ether 
C-a in pinoresinol 
C-2,C-6 in syringyl 
C-2,C-6 in syringyl (with a -C=O, 

C-2 in guaiacyl ether 
C-5 in guaiacyl, C-3,C-5 in p- 
hydroxyl phenyl 
C-6 in guaiacyl 
C-6 in guaiacyl, C- 6 in coniferyl 
C-2 ,C-6 in p-hydroxyphenyl 
C- 5 i n  cinnamaldehyde, C-1 in ( B  -1) 
di 1 ignol 
C-1 in guaiacyl ether 
C-1,C-4 in syringyl ether 
C-4 in guaiacyl 
C-3 in quaiacyl, C-3,C-5 in syringyl 
(Y , 5 , y carboxyl in acids or ketones 
Carbonyl in ketones (unconj,) 

DMSO-ds 

-HC-C) 

Intensity abbreviations used: S=strong, M=medium, W=weak, VS=very strong, 
VW=very weak 

TABLE 3. Chemical Analysis and Functional Group Composition 

Lignin Total Phenolic Total Total 
Fraction C% H% 0% S% OCH3% OH OH Carbonyl Carboxyl MW 

SL-6 58.24 5.19 34.09 2.48 8.51 14.50 

SL-7 63.64 6.10 25.20 5.06 14.07 11.29 5.20 1.85 1.10 550 
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TABLE 4 

Yield of Solubilized Sludge Lignin 
After Various Pretreatments 

MC ELROY AND LA1 

Solubilized Sludge 
( % I  

Run Crude React ion Pretreated No Pretreated 
No. Slud e NaOH Na S Conditions 

1 15 10 1 looo, 1 hr. 4O.Oa 43.0 

2 15 10 1 100°, 1 hr. 42.gb 43.0 

3 15 10 2 looo, 1 hr. 36.0a 32.2 

(13 ( % I  (%f (OC 1 

4 15 7 2 looo. 1 hr. 38.Zb 38.5 

6 10 5 1 170°, 2 hr. 70.OC -- 
5 15 5 1 looo, 1 hr. 39.7b 40.0 

7 15 10 0 looo, 1 hr. 30. lb 31.3 

8 15 10 5 100°, 1 hr. 42. gb 44.1 

9 10 5 1 170°, 1 hr. 67.0' -- 
10 10 5 0 175', 1 hr. 60 .Oc I d  -- 

Boiled with 1% sulfur ic  acid t o  remove residual carbohydrates. 

bohydrates, waxes and extractives. 

extractives. 

a 

beoiled w i t h  1% sulfur ic  acid and washed w i t h  acetone t o  remove car- 

'Washed with acetone, MeOH and hexane t o  remove the waxes and 

dSolvolysis: dioxane/water (1:l). 

drolysis, and (5) the low MW SL-7 fraction may be the resul t  of monmeric, 

dimeric o r  trimeric fragmented units, particularly evident when the l ignin 

i s  subjected t o  vigorous reaction conditions. 

Property Studies 

As evident from Table 4, reaction 6, the sludge material was solubi- 

l ized almost twofold a t  17OoC us ing  10% sludge s ta r t ing  material versus 
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TABLE 5 

373 

Hardboard Propert ies Using F i l t e r e d  Sludge Lignin/PF Resins 
L ign in  Ex t rac t  v i a  Oioxane-Water (1:l) So lvo l ys i s  

Resin Autoclave Formulation Parts by MOR p s i  1-hr B o i l  
No. Reaction T(OC) Weight (No. o f  Swell, % 

t ime (h r . )  Boards) 

175' 
1 hr .  

175' 
1 h r .  

175' 
1 hr .  

175' 
1 hr .  

175' 
1 hr .  

Soluble sludge l i g n i n  
NaOH 
HMTA 
PF reso l  

Soluble sludge l i g n i n  
NaOH 
HMTA 
PF-1 

Soluble sludge l i g n i n  
ep i  
PF reso l  
NaOH 

Conmercial l i g n i n  
HMTA 
PF resol  
NaOH 

Soluble sludge l i g n i n  
i l ly  
PF reso l  
NaOH 

PF-1 

1 .a 
0.50 
0.067 
1.0 

1.0 
0.50 
0 .O67 
1 .o 
1.0 
0.16 
1.0 
0.50 

1 .a 
0.067 
'1.0 
0.50 

. l . O  
0.16 
1 .a 
0.50 

5361 (8) 

5394 (3) 

4907 (8) 

4788 (2) 

5161 (8) 

5276 (5) 

48 

50 

92 

61 

75 

62 

100°C. 

t o  increase the  so lub le  y i e l d s  as shown i n  runs No. 1, 2, and 8. 

Greater sodium hydroxide and sodium s u l f i d e  concentrat ions tended 

The des i red  physical  p roper t ies  o f  the  hardboard res ins  were: MOR=5000+; 

and 1 hour b o i l  swel l  Dercent o f  50210. 

sludge l i g n i n  (Table 5) obtained by s o l v o l y s i s  i n  dioxane-water (1:l) gave 

favorable MOR and b o i l  swel l  values when compared w f t h  a con t ro l  PF-1 res in .  

This resu l ted  i n  a 50 percent replacement f o r  t he  PF r e s i n  used i n  the  hard- 

board process. 

Therefore, HMTA c ross l inked so lub le  
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TABLE 6 

Hardboard Propert ies Using F i l t e r e d  Soluble Sludge Lignin/PF Resins 
i n  Aqueous A l k a l i  Systems 

No. Autoclave F o n u l  a t i o n  Parts by MOP p s i  I - h r  B o i l  
Reaction T (OC) Weight (No. o f  Swell,% 
time (h r . )  Boards) 

1 170' Soluble sludge l i g n i n  
Zhrs. NaOH 

rlix 

kx 
PF-1 

2 170' Soluble sludge l i g n i n  
l h r ,  NaOH 

PF-1 

3 170' 
l h r .  

4 170' 
l h r .  

5 looo 
l h r .  

6 170' 
l h r .  

Soluble sludge l i g n i n  
NaOH 

ki!; 
PF-1 (R.T.) 

Ins .  recycled sludge 
NaOH 

%; 

Clit: 

k?; 

PF-1 

Soluble sludge l i g n i n  
NaOH 

PF reso l  

Soluble sludge l i g n i n  
NaOH 

1 .o 
0.50 
0.10 
0.033 
1 .o 
1 .o 
0.67 
0.067 
0.033 
1 .o 
1 .o 
0.33 
0.067 
0.033 
1 .o 
1 .o 
0.33 
*0.067 
0.033 
1 .o 
1.00 
0.33 
0.067 
0.033 
1 .oo 
1.00 
0.33 
0 .oo 
0.033 

4944 (4 )  

5414 (3) 

5444 

3332 

5101 (4 )  

5309 (4) 

58 

57 

62 

86 

48 

54 

PF-1 1 I00 
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TABLE 6 
continued 

7 looo 
1 hr. 

8 looo 
1 hr. 

9 170° 
2 hrs. 

10 looo 
1 hr. 

11 looo 
1 hr. 

12 170' 
1 hr. 

13 rooo 
1 hr. 

14 

Soluble sludge lignin 
NaOH 

PF resol 

Soluble sludge lignin 
NaOH 
Na2S 

K?; 

;x 
HNX 
Soluble sludge lignin 
NaOH 

PF resol 

Soluble sludge lignin 
NaOH 

Kf; 
PF-1 

Soluble sludge lignin 
NaOH 

HNX 
PF-1 

1 .o 
0.50 
0.00 
0.00 
1 .o 
1 .o 
0.60 
0.20 
0.70 
1.0 

1.0 
0.50 
0.00 
0.067 
1 .o 
2.00 
0.50 
0.067 
0.033 
1 .o 
1 .oo 
0.33 
0.067 
.033 
0 .oo 

Unfiltered sludge lignin 1.00 
NaOH 0.50 

0.10 
0 .oo 
1 .oo PF resol 

Unfiltered sludge lignin 1.00 
NaOH 0.33 
NazS 0 .067 
HMTA 0.033 
PF-1 1 .oo 
PF-1 

Cf3: 

5180 ( 2 )  

5170 (2) 

5207 (3) 

3402 (2) 

3085 ( 2 )  

5200 ( 5 )  

4819 (10) 

5438 (4) 

72 

65 

45 

5a 

85 

56 

36 

52 
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Table 6 shows the  hardboard proper t ies  o f  so lub le  sludge l i g n i n  / PF 

and two u n f i l t e r e d  sludge mixtures / PF res ins ,  No. 12-13. These r e s u l t s  

i nd i ca te  t h a t  the  sludge mater ia l  autoclaved i n  a l k a l i  medium a t  e i t h e r  

17OoC o r  100°C w i l l  g ive good bonding prooer t ies .  

increased the  s o l u b i l i t y  o f  the  ma te r ia l .  

sludge mater ia l ,  a f t e r  autohydrolysis,  met the  c r i t e r i a  f o r  the hardboard 

res in .  However, when the amount o f  sludge l i g n i n  e x t r a c t  was increased 

by twofold, run No. 10, t he  MOR f e l l  we l l  below the  snec i f i ca t ions .  Also, 

when the  PF-1 o r  PF reso l  was no t  cooked i n t o  the  r e s i n  mixture, the bond- 

i n g  proper t ies  of t he  r e s i n  gave poor resu l t s .  An at tempt was made t o  auto- 

c lave a second time the  so lub le  sludge (No. 4) t h a t  was f i l t e r e d  o f f  from 

the  f i r s t  hydro lys is .  This recycled sludge gave both unsat is fac to ry  MOR 

and b o i l  swel l  values. An autoclave load of 10-15% crude sludqe, 5-10% 

sodium hydroxide, and 0-1% sodium s u l f i d e  gave good proper t ies .  The HMTA 

served as a successful c a t a l y t i c  c ross l i nk ing  reagent. The good bonding 

proper t ies  o f  the  u n f i l t e r e d  sludge mixtures may have been due i n  p a r t  t o  

the  carbohydrate components present i n  the  crude s l u r r y .  

obtained, t h e  sludge by-product can be success fu l l y  converted i n t o  a usable 

r e s i n  a t  a 50 percent s u b s t i t u t i o n  r a t e  f o r  the  phenol-formaldehyde systems. 

The h igher  temperatures 

Add i t i ona l l y ,  t he  u n f i l t e r e d  

From the  data 

Conclusions 

The spectroscopy, chemical ana lys is  and f u n c t i o n a l i t y  s tud ies  o f  the 

sludge l i g n i n  l e d  t o  t h e  conclusion t h a t  t h e  sludge mate r ia l  ( i n i t i a l l y  

steam exploded fol lowed by K r a f t  hydro lys is )  resu l ted  i n  appreciable bond 

cleavage-rearrangement, and subsequent generat ion o f  add i t i ona l  ac id i c /  

ketone 1 inkages, p-hydroxyphenyl u n i t s  and sa tura ted  hydrocarbons. 

A commercially v iab le  a l t e r n a t i v e  adhesive system was success fu l l y  

developed f o r  the  hardboard i ndus t r y  through t h e  biomass conversion, mole- 

cu la r  s t ruc tu ra l  charac ter iza t ion ,  r e s i n  synthesis and proper ty  s tud ies  o f  

an otherwise useless sludge waste mater ia l ,  
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