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ABSTRACT 

A new type of reactor, the attrition bioreactor, has been devel- 
oped to increase the rate of the enzymatic hydrolysis of cellulose and 
also to cut pretreatment costs. It was found that the attrition bioreac- 
tor could be operated continuously or semicontinuously in conjunc- 
tion with a membrane tilter to produce a high cellulose conversion 
rate and low enzyme consumption. The membrane tilter served to 
contain the enzyme and cellulose within the reactor while allowing 
sugar to permeate as a product. 

Index Entries" Attrition bioreactor; enzymatic hydrolysis; cellu- 
lose; enzyme recycling. 

INTRODUCTION 

The  at tr i t ion bioreactor  (ABR) is a n e w  concep t  for the  enzyma t i c  hy- 
drolys is  of cellulose that  combines  the  p r e t r e a t m e n t  a n d  hydro lys i s  s teps  
of the  conven t iona l  m e t h o d  into a one-s tep  process  (1-3). The  t ime re- 
qu i r ed  for the  hydrolys is  of n e w s p r i n t  or s a w d u s t  can  be r e d u c e d  f rom 
days  to h o u r s  by us ing  this process .  This  e n h a n c e m e n t  of the  conve r s ion  
of cel lulose in an  ABR is a resul t  of a combina t ion  of factors,  i nc lud ing  the  
r e d u c t i o n  in crystallinity and  the  increase in pore  v o l u m e  a n d  surface 
area of the  cellulose be ing  conver ted ,  a n d  the inc reased  accessibility of 
g lucos id ic  b o n d  sites to the  cellulase complex  (2). 

A majo r  concern  in the  i m p l e m e n t a t i o n  of this c o m b i n e d  process  in 
the  ABR was  the  possible deact ivat ion of the  cellulase e n z y m e  caused  by 
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the shear introduced by the addition of milling media. Various enzymes 
have been reported to be susceptible to deactivation in a shear environ- 
ment,  possibly a result of the breakage or disturbance of their tertiary 
structures (4-12). Deeble and Lee (2) and Nielson et al. (13) observed the 
deactivation of cellulase during attrition milling. Although there was 
some enzyme deactivation under high shear, it is offset by the increased 
rate of hydrolysis  in an ABR. The deactivation of cellulase caused by in- 
terfacial and shear effects combined has been found to be much more se- 
vere and extensive than that caused by the shear effect alone (4). A recent 
s tudy by Jones and Lee (3) showed that the deactivation of cellulase in an 
ABR could be significantly reduced by eliminating the air-liquid interface 
in the reactor, which was accomplished by filling it full and sealing it. 

The purpose of this study was to develop a continuous ABR with 
enzyme recycling for the enzymatic hydrolysis of cellulose. 

MATERIALS AND METHODS 

Enzyme 
The source of the cellulase enzyme used was a dried commercial 

preparation of Trichoderma reesei (Cellulase TV Conc.) supplied by Miles 
Laboratories, Elkart, IN. The cellulase had a filter paper activity of ap- 
proximately 125 FPU/g. The cellulase enzyme solution was prepared by 
mixing a weighed portion of the enzyme into a .1M sodium acetate 
(NaAc) buffer of pH 4.7. This solution was used. in all experiments at 
various concentrations of cellulase enzyme. 

The cellulase enzyme activity was measurod by the filter paper 
method (14). An IU/mL or FPU/mL is ~mol glucose/min-mL enzyme so- 
lution. An 8 g/L enzyme solution corresponds to approximately 1 
FPU/mL. 

Substrates 

The substrate used in these experiments was a pure microcrystaliine 
cellulose with an average particle size of 50 ~m supplied by FMC Corp., 
Philadelphia, Penn. (Avicel PH 101) 

Sugar Analysis 

Total reducing sugars were measured by the 3,5-dinitrosalicylic acid 
(DNS) method as described by Miller (15). 

Attrition Bioreactor 

The attrition bioreactor (ABR) is shown in Fig. 1. The reactor consists 
of a jacketed stainless steel vessel, milling media, and an impeller. 
Mixing is provided by a variable speed experimental agitator (Chemineer 
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Mode l  ELB Kit). The  impel ler  (a curved-b lade  tu rb ine  impeller)  was  lo- 
cated jus t  over  one  ball d iamete r  above the  b o t t o m  of the  vessel.  This  al- 
l o w e d  free m o v e m e n t  of the  balls u n d e r  the  impel ler .  The  mil l ing m e d i a  
was  3/16 inch  302 stainless steel ball bear ings  (Hoover  Universal ,  
Har t ford ,  CT). The vessel  specifications are l is ted in Table 1. 

Table 1 
Standard Operating Conditions for the ABR 

Substrate 
pH 
Buffer 
Enzyme 
Enzyme concentration 
Ball size 
Impeller type 
Impeller diameter 
Agitator speed 
Reactor temperature 
Height of milling media 
Internal diameter of ABR 

Avicel PH101 
4.7 

�9 1M NaAc 
Cellulase of T. reesei 

1000 FPUFL 
3/16" 302 stainless steel 

Curved-blade turbine 
6.5 cm 

200 rpm 
50~ 

2.4 cm 
10.3 cm 
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Continuous operation of the ABR employs a membrane filter to sep- 
arate the enzyme and cellulose from soluble sugars. The membrane  filter 
acts as a molecular sieve, allowing smaller molecules to permeate the 
membrane  while large ones remain in the original solution. The advan- 
tage of membrane  filtration in cellulose hydrolysis is in separating the 
desirable sugar product  from the cellulose and enzyme. Membrane filtra- 
tion effectively contains the enzyme and cellulose within the ABR while 
producing a clean product stream of glucose, cellobiose, and buffer. 

Figure 1 also shows ~the schematic diagram of the ABR (during con- 
tinuous operation) with its attendant equipment (16). The reactor was 
sealed with a cover and filled with liquid. The outlet stream was pumped  
by a peristaltic pump.  Retained reactor solution (retentate)was returned 
to the reactor, whereas  the permeate (filtrate), containing desired sugars, 
was a net product.  The purpose of the bleeding stream was to prevent  
the accumulation of the substrate, which was difficult to hydrolyze. 
The ultrafiltration system is composed of a Pellicon Cassette System 
(Millipore, Bedford, MA) with a standard high volume Lucite cell, a 
polysulfone 10,000 mol wt filter, and a retentate linear channel.  

To maintain a liquid-full ABR, a gravity feed tank above the reactor 
supplied cellulose solution as product solution was removed by the 
membrane filter. Solid settling in the feed tank was prevented by thor- 
ough mixing with a magnetic stirrer. The gravity feed tank eliminated the 
need for a reactor level controller or an additional pump.  Only two peri- 
staltic pumps  were required to maintain process operations. 

RESULTS AND DISCUSSION 

Batch Operation 
Figure 2 shows the effect of the initial substrate concentration on its 

conversion (grams of sugar produced per gram of substrate) in an ABR 
under  s tandard conditions (see Table 1). The ratio of the height of the liq- 
uid to the vessel diameter (H/D) was .8. As the initial substrate concen- 
tration was increased, the conversion decreased, al though the product 
concentration increased. This may be a result of several factors, including 
product inhibition, a change in the rheological properties, and the lim- 
ited availability of cellulase enzyme. Increasing the substrate concentra- 
tion beyond 160 g/L was not practical because the solution becomes too 
thick to be a liquid medium. 

Figure 3 compares the performance of the ABR with that of a regular 
stirred reactor (SR) with no milling media, both with an initial substrate 
concentration of 80 g/L. The conversion in the ABR after six h was 55%, 
whereas the SR reached a conversion of only 25% in the same amount  of 
time. This is an improvement  of more than 100% over the SR. The im- 
provement  is even more dramatic when  the time for the two reactors to 
reach a given level of conversion is compared. For example, it took 6 h in 



Continuous Attrition Bioreactor 207 

0.9 
Cso(g/~) 

0.8  

~D 

R 
0.7 

~ o.6 
O 

�9 ~ 0.5 
Z 
0 

I1:0 .4  
W 
> 
Z 
0 
~ 0.3 

0.2 

40 

A I 2 0  

- ..... ~m-" ~ _180 

O.I 

- -  ABR 

- - - -  SR 

�9 I I I I I I 
O0 I 2 :3 4 5 6 

TIME (h) 

Fig. 2. The effect of substrate concentration on the conversion in an ABR 
and a regular stirred reactor (H/D = .8, V = .5 L, Other conditions: Table 1). 

an ABR to conver t  55%, whereas  i t t ook  50 h in a regular  stirred reactor,  
which  is more  than 8 times longer (see Table 2). 

To u n d e r s t a n d  the magni tude  of e n z y m e  deact ivat ion in the AB.R, 
the e n z y m e  solution was stirred in a regular  stirred reactor (SR) and  in an 
ABR in batch mode ,  and their relative e n z y m e  activities were  compared  
over  t ime,  as shown  in Fig. 4. The e n z y m e  deactivat ion in the ABR was 
more  p r o n o u n c e d  than that in the SR. About  30% of the initial e n z y m e  
activity was  lost in the SR after 100 h of stirring, whereas  about  60% was 
lost in the  ABR. However ,  since it takes only  about  one e ighth  of the t ime 
to reach 50% conversion in an ABR compared  to an SR (see Fig. 3), the 
ABR is still a significant improvemen t  over the SR with regard  to e n z y m e  
usage.  

Semicontinuous Operation 
The ABR was opera ted  in a semicont inuous  m o d e  by  making  a series 

of batch runs  and  filtering the reaction solution after each one. Using a 
crossf low m e m b r a n e  filter with a polysulfone 10,000 mol  wt  filter, sugars 
and  o the r  soluble components  with mol wt  less than  10,000 were  re- 



208 Lee  a n d  Wolf  

I.oo 

r 

=a 0.75 

~ 0 .50  

Z 
o 

m o .25  

ILl 

Z 
0 
U 0 O 

Fig. 3. 
.8, V = 

0 ABR 

. . - . - - -~ -""~s  R 

I I I I 0 I I t 
I 0  2 0  3 0  4 5 0  6 0  7 0  

TIME (h)  

Comparison of the ABR with a regular stirred reactor (SR) (H/D = 
.5 L, Cs0 = 80 g/L, Other conditions: Table 1). 

m o v e d  as filtrate, whereas  the  unreac ted  substrate and  the  cellulase en- 
z y m e  were  recycled back into the reactor. Figure 5 shows  the change 
wi th  respect  to t ime of the total sugar concentration,  the a m o u n t  of cellu- 
lose r emain ing  in the reactor,  and  the amoun t  of total sugars  p roduced  in 
a semicon t inuous  run.  The initial substrate and  e n z y m e  concentra t ions  
were  76 and  7.6 g/L, respectively.  The reaction solution was  s tored over- 
n ight  b e t w e e n  batch runs  in a refrigerator (5~ and  was  cycled th rough  
the m e m b r a n e  filter the next  morning.  The next batch r u n  was  then  be- 
g u n  after  replacing the  p roduc t  solution that  was taken  out  as filtrate 
wi th  f resh buffer  solution. About  40 g of cellulose was  also a d d e d  three 
t imes du r ing  the run,  as indicated by the ar row signs in Fig. 5. 

Table 2 
Comparison of Productivity and Enzyme Usage for Batch 

or Semicontinuous Processes 

Enzyme Duration Enzyme 
Mode of recycling of run, Productivity usage 
operation method h g sugar/L h FPU/g sugar Ref. 

Batch ABR None 6 7.3 23 t. 
Batch SR" None 50 0.73 23 
Semicont. ABR UF c 54 2.6 7 ~' 
Semicont. SR two-phase ~ 1678--2105 .36-.74 15.5-17.8 (18) 
Semicont. SR two-phase 1250 .12-.30 8.7 (19) 

with UF d 

~ stirred reactor. 
q'his study. 
'Ultrafiltration. 
~Aqueous two-phase system based on crude dextran and 

(Substrate: Sloka Floc BW200; Enzyme: Celluclast 2.0 L Type X). 
polyethylene glycol 
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Fig. 4. Enzyme deactivation in the ABR and the SR. (HID = 1.37, V = 1 
L, Cso = 0 g/L, Other conditions: Table 1). 

In  t he  first  p h a s e  of this  s e m i c o n t i n u o u s  run ,  the  c o n v e r s i o n  r e a c h e d  
o n l y  45%, w h i c h  is abou t  10% less t h a n  tha t  of  the  c o r r e s p o n d i n g  ba tch  
r u n  of Fig. 2 (80 g/L initial subs t ra te  concen t ra t ion) .  This is a resul t  of the  
fact that  the  total  a m o u n t  of react ion  so lu t ion  for the  s e m i c o n t i n u o u s  r u n  
(1000 mL) w a s  twice  as m u c h  as that  for the  ba tch  r u n  of  Fig. 2 (500 mL).  
Since the  a m o u n t  of  mi l l ing m e d i a  and  the  agi ta t ion  s p e e d  w e r e  the  s a m e  
for the  t w o  runs ,  t he  a m o u n t  of p o w e r  i n p u t  pe r  un i t  r eac t ion  so lu t ion  
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Fig. 5. Semicontinuous operation of the ABR with enzyme recycling. The 
vertical arrow indicates the substrate loading. The amount  of cellulose in the re- 
actor was estimated from the conversion data with the theoretical yield. (HID = 
1.37, V = 1 L, Cso = 76 g/L, Other conditions: Table 1). 



210 Lee and  Wolf  

for the semicontinuous run was about half of that for the batch run. It has 
been shown in a previous study by Deeble and Lee (2) that conversion is 
a function of energy consumption, wit:h conversion increasing rapidly 
with increased energy consumption, up to the maximum level. 

In the next two phases of the semicontinuous run there was no ad- 
dition of fresh cellulose. The rate of sugar production, represented by 
the slopes of the curves, decreased with each succeeding phase, even 
though a large percentage of the product was removed and replaced with 
fresh buffer solution. This is probably mainly caused by the decrease in 
the amount  of easily digestible substrate available. It is known that the 
cellulose structure is transformed into a less digestible form during hy-  
drolysis (17). The nature of this less digestible form is not well known.  

The addition of fresh cellulose at the beginning of the fourth phase 
revived the rate of conversion. However, the rate decreased slightly at 
the subsequent  addition of cellulose as the unreacted cellulose accumu- 
lated. After 48 h of semicontinuous hydrolysis, the addition of cellulose 
did not increase the rate of reaction significantly. In addition to the 
buildup of unreacted cellulose, this can also be attributed in part to the 
deactivation of the cellulase in the reactor during attrition milling and hy- 
drolysis. 

The overall productivity of the semicontinuous run was 2.6 g sugar/L 
h, and the enzyme usage to produce 1 g of reducing sugar was 7 FPU/g 
sugar after 54 h of semicontinuous operation. The productivity of semi- 
continuous operation was lower than that of batch operation (7.5 g 
sugar/L h), but the enzyme usage was only one third of that for the batch 
run (22.2 FPU/g sugar). A comparison of these two runs, as well as a reg- 
ular stirred reactor run and some other reported data, for productivity 
and enzyme usage is shown in Table 2. The ABR with enzyme recycling 
in this study required the lowest enzyme usage per gram of sugar pro- 
duced. The two-phase system combined with ultrafiltration by Tjerneld, 
et al. (19) had a low enzyme usage (8.7 FPU/g sugar), but the productivity 
was less than one-twentieth of that of the ABR. 

Continuous Operation 
The flowchart for continuous operation of the ABR with enzyme 

recycling is shown in Fig. 6. The material balance for the substrate (cellu- 
lose) and product (total sugar) results in the following equations 

FCs~ - BCs + rsV = V dCs/dt (1) 

FCp + rpV = V dCp/dt (2) 

Note that rs and re are the rate of substrate consumption and product 
formation, respectively, due to the enzyme hydrolysis reaction. On the 
other hand, dCddt and dCp/dt are the change with respect to time of the 
concentration of the substrate and the product in the reactor, respec- 
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tively. The rates rp and  rs can be related by us ing the yield constant  (YP/s) 
a s  

rp = - Yp/srs (3) 

The theoret ical  yield for the hydrolysis of pure  cellulose to glucose is 
1.11. The combinat ion  of Eq. (1)-(3) gives the relat ionship 

rp = dCp/d t  + ( F / V ) C p  = - Y p / s  dCs /d t  + (Yp/s/V) (FCsF - BCs)(4) 

If the reactor is opera ted  at steady state and  there  is no bleeding,  dC, /d t ,  
dCs/dt ,  a n d  B will be equal to zero and  equat ion  (4) can be simplified to 

rp = (F/V) Cp = (YplslV) FCsF (5) 

From this equat ion,  the product  concentra t ion a n d  the inlet substrate 
concent ra t ion  are related as 

Cp = Yp/s Cs~ (6) 

The results  of the three cont inuous runs  are s h o w n  in Table 3. The 
opera t ing  parameters  varied for the three runs  we re  the flow rate and  the 
inlet cellulose concentrat ion.  In each case, con t inuous  operat ion was  pre- 
ceded  by six hours  of batch operation. The initial e n z y m e  a d d e d  was  8 
g/L (about  1000 FPU/L) for all runs, and  no  more  e n z y m e  was a d d e d  dur-  
ing con t inuous  operation.  The highest  product iv i ty  obta ined for these 
con t inuous  runs  was  about  3 g/L h, wi th  an e n z y m e  usage  of 7.7 FPU/g of 
r educ ing  sugar  p roduced ,  which is comparable  to the result  of the 
semicon t inuous  run  (see Table 2). 

Figure 7 shows  the change  of the total sugar  concentra t ion wi th  re- 
spect to t ime for runs  n u m b e r  1 and  3. In both  cases, s teady state was  
reached wi th in  10 h and  was mainta ined for about  15 h, after wh ich  the 
total sugar  concentra t ion began to drop gradual ly.  This drop is not  pre- 
dicted by Eq. [4], which  suggests that a decrease  in product  concentra-  
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Table 3 
Summary of Continuous Runs 

Lee and Wolf 

Av. flow Inlet sub. Av. prod. Produc- h of Enzyme 
Run rate, F, conc. CsF, conc., Cp, tivity, cont. usage," 
no. L/h g/L g/L g/L h run FPU/g sugar 

1 .052 30 27 1.4 36 13 
2 .170 15 18 3.1 30 9 
3 .145 20 20 2.9 46 7 

"Enzyme added/(sugar  in the total filtrate + sugar in the reactor at the end 
of the run). 

tion wou ld  lead to an increase in the substrate concentra t ion in the reac- 
tor, which  w o u l d  in turn  result in an increased rate of reaction and  a 
revival of s t eady  state. The failure to regain s teady  state in actual practice 
was  probably  the result  of several factors. The mos t  significant of these 
were  probably  e n z y m e  deactivation, the accumula t ion  of the less digesti- 
ble form of cellulose, and  the decrease of the a m o u n t  of easily digestible 
cellulose available for hydrolysis.  

These  factors were  taken into considerat ion in the cont inuous  run  
s h o w n  in Fig. 8. The e n z y m e  was supp l emen ted  in the feed s t ream ac- 
cording to the expected  rate of deactivation of cellulase in the ABR and  
the reactor  contents  were  bled in order  to p reven t  the accumulat ion of 
the less digestible cellulose. The operat ing condi t ions  are listed in the 
figure caption.  As expected,  the product  concent ra t ion  reached  a s teady- 
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Fig. 7. The change of product concentration with time in continuous 

runs. (HID = 1.37, V = 1 L, Cso = 80 g/L, Other conditions: Tables 1 and 3). 
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Fig. 8. The change of product concentration with time in a continuous 
run with bleeding stream. (HID = 1.37, V = 1 L, Cso = 80 g/L, CsF = 20 g/L, CEF 
= 2 g/L, F = .120 L/h, B = .035 L/h, Other conditions: Table 1). 

s ta te  va lue  that  was m a i n t a i n e d  for abou t  30 h unt i l  the  r u n  was  s t o p p e d .  
The re  w a s  a very gradual  decrease  in the  p roduc t  concen t r a t i on  d u r i n g  
this t ime  tha t  migh t  be corrected by increas ing the  e n z y m e  concen t r a t i on  
of the  f eed  a n d  the  flow rate of the  b leed ing  s t ream.  The  average  concen-  
t ra t ion  of the  p roduc t  was  17.7 g/L a n d  the  overall  p roduc t i v i t y  was  2.8 
g/L h. The  e n z y m e  usage  was  17 FPU/g sugar  p r o d u c e d ,  w h i c h  was  
grea te r  t h a n  that  of the c o n t i n u o u s  r u n s  w i t h o u t  the  b l eed ing  s t r eam (see 
Table 3). 

To conf i rm that  the  reactor  had  i n d e e d  reached  s t eady  state,  the  
s teady-s ta te  p r o d u c t  concen t ra t ion  in this r u n  was  c o m p a r e d  w i t h  tha t  
p r e d i c t ed  f rom the material  balance Eq. [4]. Set t ing dCp/dt a n d  dCddt 
equal  to zero in Eq. [4], we  obtain 

CF = YPIs (CsF - B/F Cs) (7) 

The  subs t ra te  concen t ra t ion  of the  b leed ing  s t ream (Cs in the  above  equa-  
t ion) can  be es t imated  f rom the  overall  integral  mater ia l  ba lance  of the  
run .  The  s teady-s ta te  p r o d u c t  concen t ra t ion  p red ic t ed  by  this  e q u a t i o n  
was  15 g/L. This is very  close to the  exper imenta l  va lue  of 16 g/L, w h i c h  
con f i rms  tha t  s teady state h a d  been  reached.  

C O N C L U S I O N S  

The  a m o u n t  of cellulose conve r t ed  in an  ABR after six h of ba tch  op-  
e ra t ion  was  over  100% greater  than  tha t  in a regular  s t i r red  reactor ,  
w h i c h  t ook  about  e ight  t imes  longer  to reach the  s a m e  level of  conver -  
s ion.  A l t h o u g h  60% of the  initial e n z y m e  activity was  lost  in the  ABR af- 
ter  100 h,  c o m p a r e d  to 30% for the  SR, this was  m o r e  t h a n  m a d e  u p  for 



214 Lee and Wolf 

by the 8-fold reduction of hydrolysis time in the ABR. The ABR proved to 
be much more efficient than the SR in the usage of enzyme. 

It was demonstrated that the ABR can be operated in .semicontinu- 
ous mode.  The overall productivity of semicontinuous operation was 2.6 
g sugar/L h, with an enzyme usage of 7 FPU/g sugar after 54 h of opera- 
tion. 

The ABR was also operated successfully in a continuous mode  with 
enzyme recycling, with steady state being reached within 10 h. Continu- 
ous operation resulted in a productivity of about 3 g sugar/L h, with an 
enzyme usage of 8 FPU/g sugar produced. Steady state was maintained 
for a longer period of time by supplementing the enzyme according to its 
rate of deactivation in the ABR, and bleeding the reactor contents to pre- 
vent  the accumulation of undigested substrate. The product concentra- 
tion in this case reached a steady-state value and remained there until the 
run was stopped 30 h later. The average product concentration for the 
run was 17.7 g/L, and the productivity and enzyme usage were 2.8 g/L h 
and 17 FPU/g sugar produced, respectively. 
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NOMENCLATURE 

B 
Ca 
Cp 
Cs 
F 

L 
Fp 

TS 

t 
V 
YP~s 

The flow rate of the bleeding stream, L/h. 
Enzyme concentration, g/L. 
Product sugar concentration, g/L. 
Substrate concentration, g/L. 
Medium flow rate, L/h. 
The flow rate of the filtrate stream, L/h. 
The rate of product formation by enzymatic hydrolysis, g/L 
h. 
The rate of substrate consumption by enzymatic hydroly- 
sis, g/L h. 
Time, h. 
The volume of the medium in the reactor, L. 
The yield constant, g of product formed/g of substrate con- 
sumed. 

Subscripts 

0 
B 

Initial value. 
Bleeding stream. 
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F Feed  s t ream.  
L Filtrate s t ream.  
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