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CELLULOSE DERIVATIVES DERIVED FROM PULP AND PAPER MILL SLUDGE 

David C. Barkalow and Raymond A. Young 
Department o f  F o r e s t r y  

U n i v e r s i t y  of  Wisconsin-Madison 
Madison, Wis. 53706 

ABSTRACT 

C e l l u l o s e  d e r i v a t i v e s  were produced from t h e  c e l l u l o s e  
f r a c t i o n  of  pu lp  and paper  m i l l  s ludge .  The raw primary s ludge  was 
r e a c t e d  under convent iona l  c e l l u l o s e  d e r i v a t i z a t f o n  c o n d i t i o n s  and 
t h e  modified c e l l u l o s e  w a s  i s o l a t e d ,  i n  most cases, by d i s s o l u t i o n  
i n  a s u i t a b l e  s o l v e n t .  The c e l l u l o s e  d e r i v a t i v e s  produced vere 
c e l l u l o s e  n i t r a t e ,  c e l l u l o s e  acetate,  carboxymethylce l lu lose ,  
h y d r o x y e t h y l c e l l u l o s e ,  and m e t h y l c e l l u l o s e .  These compounds were 
c h a r a c t e r i z e d  by F o u r i e r  t ransform i n f r a r e d  spectroscopy and 
carbon 13 n u c l e a r  magnet ic  resonance spec t roscopy.  

INTRODUCTION 

h ongotng concern o f  t h e  pulp  and paper  i n d u s t r y  is t h e  

d i s p o s a l  of s o l i d  wastes ( s l u d g e )  genera ted  dur ing  t h e  mechanical  

and c h e n i c a l  process ing  of  wood and pulp. S t r i n g e n t  environmental  

r e g u l a t i o n s ,  t h e  expense i n c u r r e d  in t r a n s p o r t i n g  s ludge,  and t h e  

r i s i n g  c o s t  of land  f o r  s l u d g e  d i s p o s a l  h a s  sparked i n t e r e s t  i n  

a l t e r n a t i v e  u s e s  and d i s p o s a l  p r a c t i c e s .  One unexplored appl ica-  

t i o n  of  s l u d g e  is t h e  convers ion  of t h e  c e l l u l o s e  f r a c t i o n  i n t o  

c e l l u l o s e  d e r i v a t i v e s .  Thus, s imul taneous ly  c r e a t i n g  a v a l u a b l e  

commercial p roduct  and reducing  t h e  q u a n t i t y  of s o l i d  waste. 

Primary s ludge  r e f e r s  t o  t h e  c o n c e n t r a t e d  material  which is 

obta ined  by c l a r i f y i n g  t h e  waste e f f l u e n t  wi th  techniques  such  as 
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294 BARKALOW AND YOUNG 

sed imenta t ion ,  f l o t a t i o n ,  and f i l t r a t i o n .  It may c o n t a i n  f i b e r ,  

bark  p a r t i c l e s ,  s h i v e s ,  g r i t ,  and f i l l e r s  such  as c l a y  . A p a r t i -  

c le  s i z e  d i s t r i b u t i o n  s t u d y  of primary s ludge  demonstrated t h a t  

one t h i r d  of  t h e  material remained on s c r e e n s  of mesh s i z e  72, 
100, o r  150, and w a s  cons idered  fiber’. &Govern and coworkers 

c h a r a c t e r i z e d  t h e  combined pr imary and secondary s l u d g e  from seven 

t rea tment  f a c i l i t i e s  and found t h a t  the t o t a l  carbohydra te  c o n t e n t  

ranged from 23.5 t o  36.2%, and t h e  a s h  c o n t e n t  was 27.7 t o  38.1% 
3 

1 

The work d i s c u s s e d  h e r e  focuses  on t h e  c a r b o h y d r a t e ,  

s p e c i f i c a l l y  t h e  c e l l u l o s i c ,  p o r t i o n  of primary s ludge .  The raw 

s l u d g e  i s  t r e a t e d  w i t h  s p e c i f i c  chemicals  t o  produce a c e l l u l o s e  

d e r i v a t i v e .  Then t h e  modif ied c e l l u l o s e  i s  i s o l a t e d  from t h e  

remainder of t h e  s l u d g e  by d i s s o l v i n g  i t  in an a p p r o p r i a t e  

s o l v e n t .  Carboxymethylcel lulose , h y d r o x y e t h y l c e l l u l o s e  , 
m e t h y l c e l l d o s e ,  c e l l u l o s e  n i t r a t e ,  and c e l l u l o s e  a c e t a t e  a r e  

produced i n  t h i s  manner. 

The commercial a p p l i c a t i o n s  of c e l l u l o s e  d e r i v a t i v e s  a r e  

v a r i o u s  and numerous. For example, t h e  acetate and n i t r a t e  esters 

of c e l l u l o s e  a r e  used in p l a s t i c s ,  l a c q u e r s ,  and f i l m s .  C e l l u l o s e  

n i t r a t e  has  a l s o  been employed i n  e x p l o s i v e s  and p r o p e l l a n t s ,  

h i l e  c e l l u l o s e  acetate is used i n  f a b r i c s  . The a p p l i c a t i o n s  of  

carboxymethylce l lu lose  i n c l u d e  i t s  use  as a t h i c k e n i n g  agent  f o r  

d y e s t u f f s ,  in foods and pharmaceut ica ls  t o  c o n t r o l  rheology and 

v a t e r  c o n t e n t ,  i n  d r i l l i n g  f l u i d s ,  a d h e s i v e s ,  cosmet ics ,  and paper  

s i z i n g  . M e t h y l c e l l u l o s e  and h y d r o x y e t h y l c e l l u l o s e  have a l s o  been 

used as canponents  in cosmet ics  and adhes ives .  Bydroxyethyl- 

c e l l u l o s e  has  a d d i t i o n a l  u s e s  i n  e n u l s i o n  polymer iza t ion  and as a 

t h i c k e n e r  i n  l a t e x  p a i n t s  . 

4 

5 

5 

RESULTS AND DISCUSSION 

A l a r g e  U.S. pulp  and paper caupanp provided t h r e e  pr imary 

s l u d g e  samples. Two o f  t h e  samples were from the l a n d f i l l  s i t e  of  

a s o u t h e r n  U.S. mill and are r e f e r r e d  t o  as L1 and L2. This  mill 
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CELLULOSE DERIVATIVES 29 5 

produces groundwod pulp ,  b leached  k r a f t  pulp,  and newsprint  from 

p r e d m i n a n t l y  a s o u t h e r n  p ine  f e e d s t o c k .  The t h i r d  sanple  was 

obta ined  from t h e  primary c l a r i f i e r  of a n o r t h e r n  U.S. t i s s u e  m i l l  

and is l a b e l l e d  C 1 .  The t i s s u e  m i l l  u s e s  purchased pulp,  of which 

25% i s  r e c y c l e d  f i b e r ,  and i s  composed of approximately 60% s o f t -  

woods and 40% hardwoods. The s ludge  samples were c h a r a c t e r i z e d  i n  

terms of  a s h ,  a c i d  i n s o l u b l e s ,  and t h e  d e g r e e  of  polymerizat ion 

(DP) of t h e  c e l l u l o s e  f r a c t i o n .  The c e l l u l o s e  d e r i v a t i v e s  were ' 

produced mainly from s l u d g e  L2. 

Sludge C h a r a c t e r i z a t i o n  

Ash i s  a term g e n e r a l l y  used t o  r e f e r  t o  i n o r g a n i c  s u b s t a n c e s  

such as si l icates ,  s u l f a t e s ,  c a r b o n a t e s ,  or meta l  ions6 .  The a s h  

c o n t e n t  of  t h e  s l u d g e s  is presented  i n  column one of Table  1. The 

high ash  l e v e l ,  51.60%, f o r  L2 i s  probably due t o  a high concen- 

t r a t i o n  of  calcium carbonate .  The FTIR ( F o u r i e r  t ransform i n f r a -  

r e d )  spectrum of L2 ( F i g u r e  1) c o n t a i n s  two s h a r p  peaks a t  880 and 

720 cm-I and a broad band a t  1430 cm-'. This  a b s o r p t i o n  p a t t e r n  i s  

q u i t e  similar t o  t h a t  of calcium c a r b o n a t e  . 7 

The Klason l i g n i n  procedure was used t o  o b t a i n  a rough 

estimate of t h e  l i g n i n  c o n c e n t r a t i o n  in t h e  s ludge samples. T h i s  

method of a n a l y s i s  was des igned  f o r  wood and pulp and is not  

e n t i r e l y  a p p r o p r i a t e  for sludge.  For example, t h e  s i l i ca tes  

p r e s e n t  i n  s l u d g e  are a c i d  i n s o l u b l e  and,  hence,  a r e  inc luded  as 

l i g n i n  in t h e  results. To c o r r e c t  t h i s ,  t h e  a c i d  i n s o l u b l e  

material is ashed and a p p r o p r i a t e  ad jus tments  made t o  o b t a i n  a 

c o r r e c t e d  a c i d  i n s o l u b l e s  v a l u e  (Table  1). 

The carbohydra te  p o r t i o n  of t h e  s l u d g e  samples was c h a r a c t e r -  

i zed  a s  t h e  percentage  of g l u c o s e ,  x y l o s e ,  g a l a c t o s e ,  a r a b i n o s e ,  

and mannose ( T a b l e  2). From t h e  g l u c o 3 q c o n c e n t r a t i o n  i t  is 

p o s s i b l e  t o  estimate t h e  c e l l u l o s e  c o n t e n t  i f  a c o r r e c t i o n  f a c t o r  

i s  used t o  s u b t r a c t  t h e  amount of g l u c o s e  p r e s e n t  as galac togluco-  

mannan o r  glucuronoxylan. As s t a t e d  p r e v i o u s l y ,  t h e  mill from 

which s l u d g e  L2 was obta ined  u s e s  a s o u t h e r n  p ine  feeds tock .  Thus, 
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296 BARKALOW AND YOUNG 

TABLE 1 

Ash Content and Acid Inso lub le  Material Present  in Sludge 

Tot a1 % Ash in Correcteda 
Acid Acid Acid 

Sludge Ash ( X )  Inso lub le s (%)  Inso lub le s  Inso lubles (%)  

L1 39.92 31.98 11.61 28.28 
L2 51.60 15.30 8.26 14.04 
c1 27.86 32.78 76.42 7.73 

a Tota l  ac id  in so lub le s  less t h e  c o n t r i b u t i o n  of 
inorganic  (ash)  m a t e r i a l  

TABLE 2 

Carbohydrate Content of t h e  Sludgesa 

Sludge IGLU %XYL %GAL %AM %MAN %CELLb 

L 1  19-01  3.33 1.50 0.54 5.40 17.5 
L2 20.4 3.6 1.7 1.6 5.2 18.9 
C l  31.15 5.11 0 0.07 3.12 30.4 

aGLU=glucose; XYL=xylose; GAL=galac to se  ; 

best i rnat ion based on glucose  conten t  

ARA=arabinose; MAN=mannose; CELL=cellulose 

t h e  major hemice l lu lose  component is galactoglucomannan. Assuming 

a glucose t o  mannose r a t i o  of 1:3.5 in galactoglucomannan, t h e  

est imated c e l l u l o s e  con ten t  of s ludge L2 is 18.9%. 

The molecular  weight d i s t r i b u t i o n  of  t h e  c e l l u l o s e  f r a c t i o n  of 

s ludge C 1  and L2 was determined by high pressure  l i q u i d  ch rma-  

tography (HPLC) us ing  t h e  technique of Schroeder and Haigh8. A 
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TABLE 3 

29 7 

Molecular Weight and DP of C e l l u l o s e  i n  Sludge 

Molecular Molec u l  ar DP 
Weight Weight (weight  

Sludge (number average)  (weight  average)  average)  

L2 232013 1100440 2118 
c1 134799 562444 1083 

c e l l u l o s e  t r i c a r b a n i l a t e  is g e n e r a t e d ,  d i s s o l v e d  in t e t rahydro-  

f u r a n ,  and analyzed by HPLC. The molecular  weight d a t a  f o r  

c e l l u l o s e  i n  s ludge C 1  and L2 are s m a r i z e d  i n  Table 3. 

C e l l u l o s e  D e r i v a t i v e s  Produced from Sludge 

Carboxymethylcel lulose (CMC) was produced from both oven-dry 

and Y e t  (59% water )  s l u d g e  L2. The s l u d g e  was d i s p e r s e d  in iso- 

propanol and an a l k a l i  c e l l u l o s e  w a s  genera ted  v i t h  sodium hy- 

droxide ;  t h i s  i n t e r m e d i a t e  was t h e n  conver ted  t o  CMC w i t h  mono- 

c h l o r o a c e t i c  ac id .  S ince  water is  a known so lvent  for CMC with a 

DS (degree  of  s u b s t i t u t i o n )  in t h e  range  of  0.5-1.2 ', t h e  r e a c t e d  

s ludge was d i s p e r s e d  i n  water .  The s o l u b l e  CMC was then  i s o l a t e d  

from t h e  remainder of t h e  s l u d g e  by c e n t r i f u g a t i o n .  The FTIR 

s p e c t r a  of CMC produced from w e t  s ludge  L2, CHC from a - c e l l u l o s e ,  

a - c e l l u l o s e ,  and s l u d g e  L2 a r e  shorn i n  F igure  1. The s a l t  form of 

t h e  carboxyl  a s s o c i a t e d  with t h e  carboxymethyl pendant group ab- 

s o r b s  a t  1600 m-'. The CMC d e r i v e d  from s ludge  a l s o  c o n t a i n s  a 

band a t  1730 cm-', which is due t o  t h e  f r e e  a c i d  form of t h e  

carboxyl .  This 1730 cm-l band is reduced i f  t h e  CMC i s  i s o l a t e d  

from t h e  s ludge  wi th  a d i l u t e  aqueous sodium hydroxide s o l u t i o n .  

The ester of t h e  carboxymethyl group absorbs  a t  1220 t o  1100 an-'; 
t h e  same r e g i o n  as t h e  C 4 - C  br idge ,  -0-H. and <-0 a b s o r p t i o n s  

a s s o c i a t e d  w i t h  t h e  c e l l u l o s e  backbone - 10 
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FIGURE 1.  FTIR spectra of  ( A )  a-cellulose, ( B )  sludge L2, (C) CMC 
produced from a-cellulose, and (D) CMC produced from sludge L2. 
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CELLULOSE DERIVATIVES 299 

Hydroxyethylce l lu lose  (HEC) produced from w e t  s ludge  L2 was 
i s o l a t e d  by d i s s o l u t i o n  i n  a d i l u t e  aqueous sodium hydroxide 

s o l u t i o n .  From t h e  FTIR of  t h i s  compound ( F i g u r e  2), i t  is 

apparent  t h a t  t h e  oxyethyl  ( o r  hydroxyethyl )  s u b s t i t u e n t s  absorb  

in t h e  same g e n e r a l  r e g i o n s  as c e l l u l o s e .  A minor d i f f e r e n c e  i s  

noted in t h e  CH s t r e t c h i n g  bands l o c a t e d  a t  3000 t o  2760 c m - l .  

While c e l l u l o s e  e x h i b i t s  one peak c e n t e r e d  a t  2900 an-', t h e  HEC 

d e r i v a t i v e  shows two peaks a t  2920 and 2880 c m - l .  A similar 

a b s o r p t i o n  p a t t e r n  has  been noted f o r  e t h y l c e l l u l o s e ,  with bands 

a t  2959 and 2857 c m  -1 11 

To s u b s t a n t i a t e  t h e  format ion  of  HEC from s ludge  L2, t h e  

product w a s  analyzed by carbon 13 n u c l e a r  magnetic resonance 

spec t roscopy (13C nmr). The spectrum f o r  s l u d g e  der ived  KEC 

( F i g u r e  3) is n e a r l y  i d e n t i c a l ,  except  f o r  r e s o l u t i o n  d i f f e r e n c e s ,  

t o  t h a t  ob ta ined  by DeMember e t  a l .  f o r  pure HEC. Also shown i n  

F igure  3 is a s i n g l e  HEC r e s i d u e  showing t h e  carbon numbering 

system. By comparison w i t h  DeMember's s t u d y  i t  is p o s s i b l e  t o  

a s s i g n  t h e  i n t e n s e  peaks a t  69.16,  71.33, and 60.08 ppm t o  carbon 

atoms C 7 ,  C8, and C9, r e s p e c t i v e l y ,  of t h e  oxyethyl  s u b s t i t u e n t .  

The broader  band a t  101.9 ppm i s  ass igned  t o  C 1 ,  whi le  t h e  peak a t  

60.46 ppm is due t o  t h e  u n s u b s t i t u t e d  C6 of t h e  anhydroglucose 

King. When t h e  primary hydroxyl  c o n t a i n s  a s u b s t i t u t e d  oxyethyl  

group,  t h e  C6 peak i s  s h i f t e d  downfield t o  69.48 ppm. The t h r e e  

broad bands c e n t e r e d  a t  81.07, 77.99, and 73-40  ppm in Figure  3 

a r e  caused by a combinat ion of t h e  s u b s t i t u t e d  and u n s u b s t i t u t e d  

carbons C2 and C 3 ,  as w e l l  as C4 and C5 12- From t h e  I 3 C  w r ,  i t  

is apparent  t h a t  t h e  product  f s o l a t e d  from t h e  r e a c t e d  s ludge  L2 
is HEC. 

Methylce l lu lose  was produced from s l u d g e  L2 u s i n g  e i t h e r  (I) a 

d imethyl  sulfoxide/parafonnaldehyde (DMSO/PF) c e l l u l o s e  s o l v e n t  

system and methyla t ing  w i t h  methyl  i o d i d e  i n  t h e  presence  o f  

sodium hydroxide,  o r  ( 2 )  f i r s t  exposing t h e  s ludge  t o  sodium 

hydroxide and m e t h y l a t i n g  ui t h  d imethyl  s u l f a t e .  Through i n f r a r e d  

techniques  i t  was possible t o  v e r i f y  t h e  format ion  and i s o l a t i o n  

of  m e t h y l c e l l u l o s e  v i a  method 1. Zhbankov c i tes  IR s t r e t c h i n g  
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i 

WAVENUHBERS 

FIGURE 2. FTIR spectra of hydroxyethylcellulose ( A )  and methyl- 
cellulose ( B )  produced from sludge L2. 

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



CELLULOSE DERIVATIVES 30 1 

:..7 
FIGURE 3. "C nmr spectrum of h y d r o x y e t h y l c e l l u l o s e  produced from 
s l u d g e  L2. 

v i b r a t i o n s  at 2970,  2 9 2 0 ,  2 8 1 0 ,  L W U ,  and L6LU c m  t o r  methyl- 

cellulose". The product  from method 1 shows i n t e n s e  peaks a t  2920 

and 2850 c m - l ,  with smaller peaks a t  2950 and 2870 an-' and a 

s h o u l d e r  around 2810 an-' ( F i g u r e  2 ) .  The i n t e n s i t y  of  t h e  bands 

in t h i s  r e g i o n  of  CH s t r e t c h i n g  i s  much g r e a t e r  than  in t h e  case 

of a - c e l l u l o s e .  Also noted i n  F i g u r e  2 is t h e  d e c r e a s e  i n  t h e  

a b s o r p t i o n  a s s o c i a t e d  wi th  t h e  hydroxyl  group o f  c e l l u l o s e ,  which 

r e f l e c t s  t h e  e x t e n t  of methyla t ion .  The methyl  deformat ion  

v i b r a t i o n s  appear  a t  1460, 1370, 1310, and 950 c m - l .  

The m e t h y l c e l l u l o s e  produced by method 2 was i s o l a t e d  from t h e  

s ludge  by d i s s o l v i n g  i n  water. This method appears  t o  produce less 
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30 2 BARKALOW AND YOUNG 

m e t h y l a t i o n  of  t h e  c e l l u l o s e .  The FTIR o f  t h e  product  has  a CH 
s t r e t c h i n g  r e g i o n  t h a t  is f a r  less i n t e n s e  t h a n  t h a t  of  t h e  

m e t h y l c e l l u l o s e  produced by method 1. A v e r y  small  peak appears  a t  

940 cm-l ,  presumably a s s o c i a t e d  w i t h  methyl  deformat ion .  

C e l l u l o s e  n i t r a t e  was prepared by exposure  of  oven-dry s l u d g e  

L2 t o  a n i t r a t i n g  s o l u t i o n  and s e p a r a t e d  from t h e  remainder of t h e  

s l u d g e  by i t s  c h a r a c t e r i s t i c  a c e t o n e  s o l u b i l i t y .  The n i t r a t e  group 

i s  e a s i l y  i d e n t i f i e d  by FTIR s p e c t r o s c o p y  ( F i g u r e  4 ) .  The i n t e n s e  

peaks a t  1650 and 1 2 7 0  cm-l a r e  due t o  t h e  s t r e t c h i n g  v i b r a t i o n s  

of  t h e  n i t r o  group,  and t h e  a b s o r p t i o n  a t  830 c m  is a s s o c i a t e d  

v i t h  t h e  n i t r a t e  ester13. It is a l s o  apparent  t h a t  t h e  n i t r a t e  

s u b s t i t u t i o n  g r e a t l y  d e c r e a s e s  t h e  hydroxyl  s t r e t c h i n g  peak a t  

3600-3200 an-'. 

-1 

F u r t h e r  ev idence  t h a t  t h e  product  i s o l a t e d  from n i t r a t e d  

s ludge  L2 is indeed c e l l u l o s e  n i t r a t e  was obra ined  by a n a l y s i s  of  

t h e  I3C nmr spectrum ( F i g u r e  5 ) .  Uu h a s  publ i shed  s e v e r a l  13C nmr 

s p e c t r a  of c e l l u l o s e  n i t r a t e  with v a r i o u s  d e g r e e s  of s u b s t i t u t i o n  

(DS)I4. The spectrum of s l u d g e  d e r i v e d  c e l l u l o s e  n i t r a t e  i s  very  

s imi l a r  t o  t h a t  publ i shed  f o r  c e l l u l o s e  n i t r a t e  with a DS o f  3. 
1J The components of  t h e  

s ludge  L2,  as vell as t h e  peaks a s s o c i a t e d  wi th  c e l l u l o s e  t r i -  
n i t r a t e  r e p o r t e d  by Wu14 and Clark  e t  a l ?  are  summarized in 

Table  4. The c o r r e l a t i o n  o f  t h e  1 3 C  wr peaks wi th  t h e  carbon 

atoms o f  t h e  n i t r a t e d  ~-D-glucopyranose r e s i d u e  f o l l o w  t h e  con- 

v e n t i o n  of C l a r k  e t  a l . 1 5  Ln Table  4 ,  t h e  peak v a l u e s  r e p o r t e d  by 

C l a r k  et a l .  a re  about  1.5 ppm downfield of t h e  v a l u e s  obta ined  

f o r  c e l l u l o s e  n i t r a t e  from sludge  and t h o s e  publ i shed  by WU f o r  

c e l l u l o s e  t r i n i t r a t e .  This may r e f l e c t  t h e  d i f f e r e n c e  i n  i n t e r n a l  

r e f e r e n c e s .  The band due t o  M S O  a t  39.5 ppm was used as t h e  

r e f e r e n c e  in F i g u r e  5,  w h i l e  Clark  e t  al. used t e t r a m e t h y h i l a n e .  

A small peak i s  v i s i b l e  a t  96.88 p p  in t h e  I 3 C  nmr of  c e l l u l o s e  

n i t r a t e  from s l u d g e .  C l a r k  e t  a l .  a s s i g n e d  t h i s  peak t o  t h e  C1 i n  

a 2 . 6 - d i n i t r a t e d  r e s i d u e .  However, o t h e r  bands a s s o c i a t e d  w i t h  

p a r t i a l l y  n i t r a t e d  material a r e  not v i s i b l e  in F i g u r e  5 .  

C nmr spectum of  c e l l u l o s e  n i t r a t e  from 
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FIGURE 4 .  FTIR spectra of  ce l lu lose  n i trate  ( A )  and ce l lu lose  
acetate ( B )  produced from sludge L2. 

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



304 BARKALOW AND YOUNG 

FIGURE 5. 
s ludge  L2. 

13C NIIK spectrum of e e l l u o s e  n i t r a t e  produced from 

C e l l u l o s e  acetate was i s o l a t e d  from an a c e t y l a t i o n  r e a c t i o n  

conducted on s ludge  L2 by d i s s o l v i n g  it i n  a m i x t u r e  of d i c h l o r o -  

methane and methanol ( 9 : l  by volume). The FTIR spectrum of  t h i s  

c e l l u l o s e  a c e t a t e  is shown i n  F i g u r e  4 .  The a b s o r p t i o n s  a s s o c i a t e d  

w i t h  t h e  a c e t y l  s u b s t i t u e n t  occur  a t  1750 an , due t o  t h e  car- 

bonyl ;  -1430 and 1370 cm-’, due t o  methyl  deformat ion;  and 1240 and 

1050 an‘’, due t o  ester s t r e t c h i n g  

-1 

10 . 
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CELLULOSE DERIVATIVES 30 5 

TABLE 4 

Peak As:iglments f o r  13C wr Spectra of Cel lu lose  N i t r a t e  
Samples 

Cel lu lose  Cel lu lose  Cel lu lose  
Carbon Nitrate from T r i n i  a t e  T r i n i t r a t e  '' (Clark  et  -- Atom Sludge 3.2 (Mu 1 

CL 98.19 98.2 99.7 
c2  75.41 75.5 76.9 
c3 78.66 78.7 80.2 
c4 77.57 77.6 79.1 

C5,C6 70.08 70.1 71.6 

aValues a r e  i n  ppm 

TABLE 5 

Percent Yield of Cel lu lose  Der iva t ives  Produced from Sludge L2 

CN CA CMC HEC Kl MCZa 

72.9 72.3 86.3 64.3 88.8 25.6 

aCN-cellulose n i t r a t e ;  CA=cellulose a c e t a t e ;  
CMC-carboxymethylcellulose ; HEC=hydroxyethyl- 
c e l l u l o s e ;  MCl=methylcellulose (DMSO/PF method); 
MC2-met h y l c e l l u l o s e  (d b e t  hyl s u l f a t e  met hod) 

Yield Values f o r  Sludge Derived Der iva t ives  

The es t imated  percent y i e l d  f o r  t he  var ious  c e l l u l o s e  deriva- 

t i v e s  fomed from sludge are slmrmarized in Table 5. The ca l cu la -  
t i o n s  a r e  based upon a c e l l u l o s e  conten t  o f  18.9% in t he  s ludge  

L2. The DS, and molar s u b s t i t u t i o n  i n  t h e  case of HEC, a r e  

approximated from the  s o l u b i l i t y  p rope r t i e s  and t h e  va lues  quoted 
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306 BARKALOU AND YOUNG 

f o r  t h e  v a r i o u s  procedures .  According t o  t h e  y i e l d  v a l u e s ,  methyl- 

c e l l u l o s e  produced by t h e  d imethyl  s u l f a t e  method (method 2 )  is 

much less s u c c e s s f u l  t h a n  t h e  MSO/PF procedure (method 1). The 

l a t t e r  method i s  a homogeneous r e a c t i o n  where t h e  c r y s t a l l i n i t y  o f  

t h e  c e l l u l o s e  is d i s r u p t e d ;  hence,  t h e  c e l l u l o s e  hydroxyls  are 
p r e s m a b l y  more a c c e s s i b l e  t o  t h e  m e t h y l a t i n g  agent .  

CONCLUSIONS 

An a l t e r n a t i v e  t o  d i r e c t  l and  d i s p o s a l  of  primary s ludge  i s  t o  

u s e  t h e  s l u d g e  as a raw material  f o r  product ion  of c e l l u l o s e  d e r i -  

v a t i v e s .  The s ludge  can  be  r e a c t e d  under s tandard  d e r i v a t i z i n g  

c o n d i t i o n s  and t h e  modif ied c e l l u l o s e  recovered by d i s s o l u t i o n  i n  

a s u i t a b l e  s o l v e n t .  Using t h i s  technique ,  carboxymethylce l lu lose ,  

h y d r o x y e t h y l c e l l u l o s e ,  m e t h y l c e l l u l o s e ,  c e l l u l o s e  n i t r a t e ,  and 

c e l l u l o s e  acetate v e r e  produced from s l u d g e  (L2) v i t h  y i e l d  v a l u e s  

ranging from 64.3 t o  88.89: (based on t h e  es t imated  c e l l u l o s e  

c o n t e n t  of s ludge  LZ) .  

The c e l l u l o s e  d e r i v a t i v e s  produced from s ludge  c o n t a i n  s m a l l  

amounts of  i m p u r i t i e s ,  as is e v i d e n t  from t h e  tan c o l o r  of t h e  

product .  Small amounts of  l i g n i n  are probably r e s p o n s i b l e  f o r  t h e  

c o l o r a t i o n .  The product  may a l s o  c o n t a i n  some d e r i v a t i z e d  hemi- 

c e l l u l o s e s .  However, t h e  r e l a t i v e  m o u n t  of t h e s e  subs tances  i s  

be l ieved  t o  be minimal. 

The c e l l u l o s e  d e r i v a t i v e s  formed from s l u d g e  have n m e r o u s  

p o t e n t i a l  commercial a p p l i c a t i o n s .  Sludge d e r i v e d  c e l l u l o s e  

n i t r a t e  and a c e t a t e  can  b e  used as p r o t e c t i v e  l a c q u e r s  o r  p l a s t i c s  

where t h e  product  i s  c o l o r e d  or dyed. The s ludge  d e r i v e d  c e l l u l o s e  

e t h e r s  c a n  b e  used as components o f  a d h e s i v e  formula t ions .  In 
a d d i t i o n ,  l a r g e  volumes o f  s ludge  d e r i v e d  CHC could be used i n  

d r i l l i n g  f l u i d s  and as paper  s i z i n g  for c o r r u g a t i n g  board. EEC 

could  also be  used as a t h i c k e n e r  i n  c o l o r e d  latex p a i n t s .  
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CELLULOSE DERIVATIVES 30 7 

Sludge C h a r a c t e r i z a t i o n  

The amount o f  a s h  p r e s e n t  in t h e  s l u d g e  samples was determined 

us ing  Tappi s t a n d a r d  T15m-58. The a c i d  i n s o l u b l e  material was  

measured by Tappi s t a n d a r d  T222m-54. WLC techniques  e r e  used t o  

de te rmine  t h e  c o n c e n t r a t i o n  o f  g l u c o s e  , g a l a c t o s e  , mannose, 

x y l o s e ,  and a r a b i n o s e .  The i n s t r u m e n t a t i o n  c o n s i s t e d  of a Waters 

HPLC o p e r a t e d  a t  48OC and a Bio-Rad HPX87P column. 

The molecular  weight  and DP o f  t h e  c e l l u l o s e  f r a c t i o n  of t h e  

s ludge  vas a l s o  measured by HPLC methods using t h e  technique  of  

Schroeder  and Haigh . The l i g n i n  was f i r s t  removed from t h e  s l u d g e  

by t h e  a c i d  c h l o r i t e  method f o r  g e n e r a t i n g  h o l o c e l l u l o s e  from 

woodL6. The remaining carbohydra te  material was r e a c t e d  w i t h  

phenyl i s o c y a n a t e  i n  p y r i d i n e  t o  g e n e r a t e  c e l l u l o s e  t r i c a r b a n i l a t e  

(CTC). The e x c e s s  phenyl i s o c y a n a t e  was des t royed  wi th  a s m a l l  

q u a n t i t y  of  methanol. The s o l u b l e  CTC was i s o l a t e d  by c e n t r i f u g a -  

t i o n  and subsequent  p r e c i p i t a t i o n  in methanol. The CTC, which was 

d r i e d  over  phosphorous pentoxide,  was d i s s o l v e d  i n  t e t r a h y d r o f u r a n  

(THF) and i n j e c t e d  i n t o  t h e  HPLC. The HPLC u n i t  c o n s i s t e d  of a 

Perkin-Elmer Sigma S e r i e s  2 pump, Sigma S e r i e s  15 d a t a  s t a t i o n ,  

LC-85 U V  d e t e c t o r  se t  a t  235 m, and Shodex columns A/804 and 

A I 8 0 5 .  The l i q u i d  phase was THF and polys tyrene  s t a n d a r d s  were 

used f o r  c a l i b r a t i o n -  

8 

C e l l u l o s e  D e r i v a t i v e s  Produced from Sludge 

CMC was produced from w e t  s l u d g e  L2 by a d a p t i n g  t h e  procedure 

d e s c r i b e d  by Browning f o r  pulp16. Wet s l u d g e  (19.7 g ) ,  v i t h  a 

m o i s t u r e  c o n t e n t  o f  about  5 9 % ,  was suspended i n  400 m l  of  

i s o p r o p y l  a l c o h o l .  Over a per iod  of  30 min., 10 g of NaOH d i s -  

so lved  in 7 r n l  of water was added t o  t h e  suspens ion .  Monochloro- 

acetic a c i d  (9 g) was  added over  30 n i n .  v i t h  s t i r r i n g .  The 

r e a c t i o n  f l a s k  was t h e n  placed i n  an oven a t  5 5 O C  f o r  3.5 h r .  w i t h  
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308 BARKALOW AND YOUNG 

o c c a s i o n a l  s t i r r i n g .  The s o l i d  material was f i l t e r e d ,  d i s p e r s e d  in 
methanol ,  and n e u t r a l i z e d  w i t h  90% acetic a c i d .  The s o l i d s  were 

washed s e v e r a l  times w i t h  75% e t h a n o l  and f i n a l l y  w i t h  a b s o l u t e  

methanol. The CMC vas  recovered  by d i s s o l v i n g  in vater, c e n t r i -  

fug ing  t o  remove t h e  i n s o l u b l e  material ,  and f r e e z e  d r y i n g .  

HEC was produced from u e t  s l u d g e  L2 by f i r s t  g e n e r a t i n g  an 

a l k a l i  c e l l u l o s e  and t h e n  reacting it with  e t h y l e n e  oxide". A 

mixture  of  25 g w e t  s l u d g e  L2, 200 ml i s o p r o p y l  a l c o h o l ,  and 4 g 

NaQH d i s s o l v e d  in 20 m l  of  water  w a s  s t i r r e d  f o r  1 h r .  t o  swell  

t h e  c e l l u l o s e .  E t h y l e n e  o x i d e  was bubbled through 50 m l  of 

i sopropanol  u n t i l  approximately 10 g had d i s s o l v e d .  The e t h y l e n e  

o x i d e  and a l k a l i  s l u d g e  s o l u t i o n s  u e r e  combined and placed in an 

oven a t  5 5 O C  f o r  5 . 5  hr .  The s o l i d  material w a s  c o l l e c t e d  and 

n e u t r a l i z e d  i n  75% methanol w i t h  a c e t i c  a c i d  and rashed 4 times 

wi th  75% methanol. The HEC was recovered  by d i s s o l v i n g  i t  i n  a 

d i l u t e  aqueous NaOH s o l u t i o n .  Material t h a t  =s i n s o l u b l e  was 

rmoved by c e n t r i f u g a t i o n .  The HEC s o l u t i o n  w a s  d i a l y z e d  with 

de ionized  water t o  remove sal ts  and NaOH. The r e s u l t a n t  aqueous 

HEC s o l u t i o n  w a s  f r e e z e  d r i e d .  

Two d i f f e r e n t  m e t h y l a t i n g  procedures  *re  a p p l i e d  t o  s ludge  

L2. The f i r s t  method was d e s c r i b e d  by Nicholson and Johnson f o r  

methyla t ing  c e l l u l o s e  in t h e  d imethyl  s u l f o x i d e  (DMSO)/para- 

formaldehyde (PF) s o l v e n t  system''. Oven-dry s ludge  L2, 1.53 g, 

was combined w i t h  lOOml DMSO and 4.25 g PF (Fluka  AG, Chimische 

Pabr ik) .  This m i x t u r e  was hea ted  s lowly ,  o v e r  20-30 min., w i t h  

r a p i d  s t i r r i n g  to  12OoC. The tempera ture  was decreased  t o  80°C and 

an a d d i t i o n a l  1 g of  PF was added. Again t h e  tempera ture  was 

i n c r e a s e d  s lowly  t o  135OC. The f i n a l  tempera ture  was s u f f i c i e n t  t o  

decampose excess PF. A t  t h i s  stage t h e  unwanted components of the 

s l u d g e  wre removed by c e n t r i f u g a t i o n .  l e a v i n g  t h e  methylol-  

c e l l u l o s e  i n  s o l u t i o n  wi th  t h e  DMO. Sodium h y d r i d e  ( 2  g ,  50% 

m i n e r a l  oil) was washed w i t h  petxolerm! e t h e r ,  added t o  t h e  DMSO/- 

m e t h y l o l c e l l u l o s e  s o l u t i o n ,  and s t i r r e d  s lowly  for 2 hr .  Methyl 

i o d i d e  ( 3  m l )  vas t h e n  added and t h e  r e a c t a n t s  s t i r r e d  f o r  24  h r .  
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CELLULOSE DERIVATIVES 30 9 

a t  room t a n p e r a t u r e .  The sodium h y d r i d e  and methyl  i o d i d e  s t e p s  

were repea ted  a second time. A s o l u t i o n  o f  formic  a c i d  and water  

(50 m l ,  each) was  added t o  t h e  r e a c t i o n  mixture .  The c o n t e n t s  vere 

d i a l y z e d  f o r  3-4 days  and f r e e z e  d r i e d .  

t o  methyla te  mercer ized cellulose19. Sodium hydroxide (150 m l  of  a 

30% aqueous s o l u t i o n )  waa added t o  7.55 g Of vet s ludge  L2. A f t e r  

1 h r . ,  t h e  mixture yds c e n t r i f u g e d  and t h e  a l k a l i  s o l u t i o n  removed 

by d e c a n t a t i o n .  The s l u d g e ,  s t i l l  w e t  with 30% NaOH, was allowed 

t o  age  f o r  about  1 h r .  The s l u d g e  was d i s p e r s e d  in 150 ml of 

to luene  and d imethyl  s u l f a t e  (15 ml) was added dropwise. The 

r e a c t i o n  mixture  was s t i r r e d  under n i t r o g e n  f o r  18 h r .  The t o l u e n e  

w a s  removed by f i l t r a t i o n  and t h e  s o l i d s  washed wi th  90% a c e t i c  

a c i d  (50 ml) in methanol (250 m l ) ,  and s e v e r a l  a d d i t i o n a l  times 

with methanol. The product  w a s  i s o l a t e d  by d i s s o l v i n g  i t  i n  v a t e r ,  

c e n t r i f u g i n g  t o  remove i n s o l u b l e  material, and f r e e z e  dry ing .  

The second method o f  m e t h y l a t i o n  w a s  adapted from a procedure 

C e l l u l o s e  n i t r a t e  w a s  g e n e r a t e d  from s ludge  L2 by r e a c t i o n  

w i t h  a n i t r a t i o n  m i x t u r e  of frrming n i t r i c  a c i d  and acetic anhy- 

d r i d e L 6 .  Nitr ic  a c i d  (75 m l  o f  a 90% aqueous s o u l t i o n )  was cooled 

t o  -2OOC in a d r y  i c e / a c e t o n e  ba th .  Acetic anhydride (112 ml) ,  

cooled t o  O°C, was added s l o v l y  t o  t h e  n i t r i c  a c i d .  Sludge L2 (1.5 

g ) ,  v h i c h  had been oven-dried and f l u f f e d  in a b l e n d e r ,  was then 

added t o  t h e  a c i d  mixture .  The r e a c t i o n  f l a s k  was  sea led  and 

maintained a t  less t h a n  -2OOC u n t i l  t h e  h e a t  of t h e  r e a c t i o n  had 

d i s s i p a t e d .  The r e a c t i o n  mixture  was k e p t  n e a r  0 C f o r  an addi- 

t i o n a l  3 hr. w i t h  o c c a s i o n a l  s w i r l i n g .  Most o f  t h e  n i t r a t i n g  ac id  

w a s  removed by d e c a n t a t i o n  and t h e  product w a s  d i s p e r s e d  i n  co ld  

water  and f i l t e r e d .  The s o l i d s  a r e  washed v l t h  co ld  water  un t i l  

t h e  f i l t r a t e  was n e u t r a l .  The c e l l u l o s e  n i t ra te  w a s  i s o l a t e d  and 

s t a b i l i z e d  by d i s s o l v i n g  i t  in a c e t o n e  and r e p r e c i p i t a t i n g  wi th  

petroleum e t h e r .  

0 

The procedure for a c e t y l a t i n g  t h e  c e l l u l o s e  p o r t i o n  of s l u d g e  

was adapted from a method used t o  produce c e l l u l o s e  acetate from 
c o t t o n  l i n t e r s z 0 .  Wet s l u d g e  L2 (8 g) was immersed i n  water for 15 
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3 10 BARKALOW AND YOUNG 

min., f i l t e r e d ,  and d e u a t e r e d  by 3 washings w i t h  g l a c i a l  acetic 

a c i d .  The s l u d g e  was t h e n  added t o  90 ml o f  g l a c i a l  acetic a c i d  

c o n t a i n i n g  about 1 m l  o f  s u l f u r i c  a c i d  and shaken f o r  1 =in .  

Acetic anhydr ide  (25 m l )  was added and t h e  m i x t u r e  was shaken 

v i g o r o u s l y  f o r  1 min. and allowed t o  react f o r  1 hr .  A s o l u t i o n  of  

water, 4 m l ,  and acetic a c i d ,  8 m l ,  was added t o  t h e  mixture  and 

s t i r r e d  f o r  30 min. The c o n t e n t s  of  t h e  r e a c t i o n  f l a s k  were d i s -  

persed i n  water and f i l t e r e d .  The s o l i d s  were washed wi th  aqueous 

sodium b i c a r b o n a t e ,  fol lowed by water. The c e l l u l o s e  acetate was 

i s o l a t e d  by d i s s o l v i n g  in dichloromethane/methanol (9: 1 by v o l . )  , 
removing t h e  i n s o l u b l e  material by c e n t r i f u g a t i o n ,  and reprec ip-  

i t a t i n g  t h e  c e l l u l o s e  acetate w i t h  petroleum e t h e r .  

I n s t r u m e n t a l  Analys is  

The FTIR s p e c t r a  were o b t a i n e d  w i t h  a N i c o l e t  7199 FTIR u s i n g  

KBr p e l l e t s .  The l 3 C  nmr s p e c t r a  were recorded w i t h  a Bruker 

WM-250 FT o p e r a t i n g  a t  62.9 M H z .  The samples  were run o v e r n i g h t  

(about  10,000 s c a n s )  in t u b e s  of 10 mm d i a m e t e r .  The s o l v e n t  f o r  

c e l l u l o s e  n i t r a t e  VBS d6DMS0 w i t h  t h e  39.5 p p  DMSO peak s e r v i n g  

as r e f e r e n c e .  m e  sample was tun a t  70'~. me HEC sample was run 

i n  D 2 0  w i t h  a t race of  a c e t o n e  as t h e  r e f e r e n c e  (29.8 ppn) .  The 

tempera ture  d u r i n g  a c q u i s i t i o n  was 37 C .  
0 
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