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fraction+ to crackd cycle $ t o ( - k  clt.rivvti I'rerni JIiraii111) i - lutt i . .  
The calculated conversions cherktd thtl ohwrved data x i th in  an 
average deviation of about 155;;. 

It is hoped that utilization of the proposed ( ' ?  anti iightisr 
severity index will enable greatly iniproved correlation hetwcwi 
oprrating conditions in thermal c~onrcwion proreswh and yic,lils 
and quality of products. 
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Madison Wood Sugar Process 
ELTI 11 E. HARRIS tYD EDW-ARD BEGLINGER 

( .  9. Forpst Prodiicts 1,aborator.v. Madison, F i b .  

A process, knonn ab the lladibon wood sugar procebs, has 
been developed for hydrolyzing mixtures of wood n aste 
with 0.5 to 0.6% sulfuric acid at  150' to 180' C. by alloHing 
the dilute acid to flow continuously through the charge of 
wood. Compared with the German Scholler process, 
hydrolysis was accomplished in less time because the 
sugars produced were removed more rapidly. Heating wab 
a t  a lower rate, and more efficient use could be made of the 
heat giten off by the liquors being removed from the 
hydrolyzer; steam requirements were therefore lower. 
Decomposition was less because the sugars were in contact 
with the acid for a shorter period of time and, conse- 
quently, yields of sugar and alcohol were higher. Fewer 

RLVIOUSLY reported work (3, 6, f3, 31) on wood racchari- P fication has shown that many of the steps in the process de- 
scribed by Scholler (1, 8, 4, 6, 8-12, 14, 18, BO, 30) are unneces- 
sary and detrimental, and are responsible for making that process 
unsuitable for use in the United States. The batch addition of 
hydrolyzing acid, as used by ScholIer for the treatment of thr 
wood charge in the hydrolyzer, is responsible for the long period& 
required (16 to  20 hours), for the low concentrations of reducing 
sugars, and for the excessive consumption of chemicals. The 
steaming and rest periods between batches of acid promote the 
decomposition of sugar (16), cause unnecessary manipulation of 
controls, and contribute to a short life for valves and other essen- 
tial parts of the plant. This report describes a new short procesh 
which includes: (a) a procedure for charging the digester, (b )  n 
method of automatically controlled continuous addition of the 
acid at the top of the digcbstc'r, (c, controlled removal of wgar 

b~ -products inhibitor) to fermentation were produc.ecl. e o  
that fermentations were more rapid. Life of valtes and 
other equipment was increased because they were b e t  OIIW 

for the run and not changed until the end of the run. The 
sugar produced in 2.8 hours from a ton of dry, bark-free, 
Douglas fir wood waste yielded 64.5 gallons of 95% alcohol 
as compared to 3.2 hours for 58 gallons by the rapid cycle 
method developed earlier, and 13 to 20 hours for 55 gallons 
by the Scholler process as carried out in Germany. These 
new findings indicate that the estimated capacity of the 
wood hydrolysis plant being built a t  Springfield, Oreg., 
may be increased from 4,100,000 to 5,Y50,000 gallons per 
year. 

solution from the bottom, (d )  controlled hydrolysis to  avoid d c s -  
composition and lignin plugs, ( e )  flashing the solution to  a definitr 
pressure so that methanol and furfural produced in the procrib 
may be recovered and ewe-s steam may be used for heating of 
n ater, ( j  I neutralizing automatically under pressure, ( 9 )  filtering 
under pressure to  remove calcium sulfate, (h)  flash cooling of thc 
Yugar solution, and ( 2 1  filtenng again to  remove the organic prr.- 
cqipitate that separate on cooling. 

PILOT P L A S T  EQUIPMENT 

The equipment (Figure 1) consists of a hog chipper for convei t -  
ing wood waste to  the  proper size for hydrolysis; elevating equip- 
ment; a triplex pump for water (capacity variable from 2 t o  10 
gallons per minute); an acid pump (capacity variable from 0.2 to  
4 gallons per hour); a switch, on the valve that opens the liric, 



September, 1946 I N D U S T R I A L  A N D  E N G I N E E R I N G  CHEMISTRY 89 1 

R E L I E F  'VALVE 

PUMP 

RECEIVER u ACID SUGAR SOLUTION 
STORAGE T A N K S  

hitTi4112,NG J 
T A h K  

c 

c n 

1 

Figurr I .  Xquipiiieiit for Saccharification of Food and 
Wood Sugar Solutions 

t o  tlie hydrolyzt~r, whicli controls both pumps; a \vattar Iieatrr 
I*onPisting of a jet heater for blowing steam into th(8 water; H 

jrt in  the water line for introducing arid; two openings in the top 
o f  thci digester for introducing acid liquor; a silicon bronze di- 
Kester, 23 inches in inside diameter (capacity 27 cubic feet), 
fitted with a reducing cone a t  the top and a reducing cone and 
filter screen a t  the bottom; a flash tank; three receiving tanks 
fittetl with mixerd; a lignin receiver; a neutralizing kettle; and 
,storage tanks. The fermentation equipment shown in Figure 1 
i+  dircusred in another paper ( 7 ) .  

.Analytiral values were determined by methods reported pre- 
l.i<nisly by the Forwt Products Laboratory (3, 16, 17). 

THE PROCESS 

('tlippirig or hogging is an important part of the process. Par- 
tirivs should be large enough so that flow of dilute acid down 
through the charge is uniform and rapid, but also small enough 
50 that  diffusion of the acid into the chip, and of the sugar out of 
the chip, is rapid. Douglas fir wood-waste mixtures, containing 
2.j to  3.07 shavinge, 25 to 3 0 7  sawdust, and 40 to 50qc dahs 

Feriiirtitatioii o f  

:, l it1 vtigirigs, hoygccl so tlia t particit- 
measured between and 1 iricli long, 
w r t '  .satisfactory. The hogged wooci 
vontuined 35 to 50Cc hark. A hog chip- 

providcd satisfactory matei,ial whew 
the larger sizes were screened out ancl 
sent through again. Green wood wastc. 
cvmtaining 30 to 50% of its weight :is 
nioisturc appeared more satisfactory 
than dry material because infusion t ) f  

:I tsid was more rapid. 
The digrster had to be chargtd SO 

that the wood waste was evenly dis- 
ti,ibuted with respect to  fine and coarsc. 
material, was uniformly packed and oi' 
-wh density that full usc could be mndc. 
of  tlic ncid as a hydrolyzing and extract- 
ingmeclium, and so that plugging of thc: 
ilig(fistpr (did not result. Variations i n  
t lie amount of bark made possiblevwria- 
tions in the extent of packing the 
vharge. Because of the corky naturc: 
( i f  bark, charges with large amounts of 
l ~ k  vould be packed more heavily into 
the digester without plugging it. IT 
pi.oved helpful but not essential to  p1:ic.e 
wnir. coarse material on the bottom oi 
the digwter to  provide a bed for easy 
How of the sugar solution through tliv 
filtering screen a t  the bottom. Thtwi 
cwnditions were attained when a chargtb 
of mixed wood waste was allowed to 
How into the heated hydrolyzer uiitil 
t h e  latter was completely full; a quirk- 
opening flange cover was then put in 
placc and high pressuro steam (160 
pounds per square inrh) was applicvl 
rapidly on top of the charge, with venth 
open at. the bottom until a gageat thv 
top of the digester showed a pressure of 
10 pounds. The steam valve was then 
vlored and the steam allowed to flow 
through the charge until no pressurc! 
showed on the gage. The cover was 
thtw removed, more of the wood was1 18 

mixture added, and the packing with 
itt'am repeated. Charges of 400 to 500 
Uoun(1s on a dry basis, with 25 to 357', of 

t,ai,k, W I ~ ~ V  introduced under these conditions. The heaviest 
rbharges were used when the largest amount of bark was presciit. 
)lout of the air in the chips was removed, and some heating I(%- 
sulted, as the steam passed over the chips. In  order to  removtb 
more air and continue the heating, a top vent was opened andsteam 
was introduced a t  the bot tom of the digester. When steam flowc~f 
from the top vent, the vent was closed and the steam was allowed 
to flow into the digester until a pressure of 50 pounds was reached. 

Dilute acid a t  150" C'. nras introduced into the heated digester 
in such concentrations that, by the time an amount of dilute acid 
cquivalent t o  half the dry weight of the charge had been intro- 
duced, the acid concentration of all  the water present was 0.5 to  
0.6@;. h charge of wood waste, containing 45y0 of its weight as 
moisture' after i t  had been packed and heated with steam a t  50 
pounds per square inch, rontained approximately 600 pounds of 
moisture and, therefore, required 200 pounds of 2.0% sulfuriu 
aaid to bring the concentration to  0.5%. After this stronger acid 
had been introduced, sufficient heated sulfuric acid of 0.5 to 
0.6% concentration way introduced to  bring the ratio of total 
dilute avid to dry n-ood subsltiincv, to  about 3 to 1. Under one set. 



a92 I N D U S T R I A L  A N D  E N G I N E E R I N G  CHEMISTRY Vol. 38. No. 9 

ACID SUGAR 
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:iccomplished by a piessure-regulatirig rclic'l' valve. 
This valve allowed the steam and vapors of rnctha- 
no1 and furfural to pass through a heat, exchanger 
or condenser, \There they gave up heat which 
\vas used to heat t,he water for the dilute acid. 

From the flash tank the sugar solution flowed 
ix~ntinuously under a pressure of 30 pounds per 
square inch to a pressure-neutralizing tank (Figure 
2 )  a t  the rate of 16 to  20 pounds per minute. 
\Then approximately 100 pounds of solution had 
flowed into the tank, the automatic pR controller 
was started; lime was thereby introduced under 
:iir pressure from a lime tank through a pro- 
portioning valve. The controller was actuated 
by a stream of liquid, which was removed from 
the neutralizing tank, flashed to atniospheric 

:Figure 2. Equipment for YrutralizaLiotI of U'onrl S t i r a m  pressure, and allowed to  flow over the elvArodcs 
in a specially designed cell. The amount of 
solution required was approximat6)ly 100 cc. per 

*of conditions this acid was introduced rq id ly  so as t o  flood thc minute. This sugar solution was collected arid introduced 
charge and then allowed to  digest for approximately 20 minutes. in the neutralizing kettle prior to  the next run. When the 
Gnder another set of conditions, the acid was pumped in a t  the pII df the solution in the neutralizing kettle had reached the 

-rate of 20 pounds per minute. dwired value, a valve to  the filter was opened; this allowed 
Following this initial charge, heated acid (concentration, 0.5 the same amount of solution to  be removed as was intro- 

to 0.60j0) was pumped in continuously at a rate of 20 pounds per ducrd. Variations in pH were usually less than 0.1 unit 
minute. The temperature of the incoming acid was adjusted during r1c:utralization of thc sugar solution for a run of about 3 
by an automatic controller so that  i t  increased approximately 5" hours. 
For each 10-minute period until 185" C. ww reached; the run \vas Attempts were made to  neutralize the sugar solution eontinu- 
cyxitinued a t  that  temperature until i t  was complete. This pro- ously i n  a pipe line at  atmospheric pressure, without the use of a 
(ydure was also compared with the batch procedure for introduc- holding tank. The lag in the neutralization with lime was too 
iug wid used in previous runs (6). great to permit siltisfactory operation of the pH controller. 

FVhile the continuous pumping was in progress, a How ('on- Tests with sodium hydroxide gave satisfactory operation. 
troller in the acid-sugar solu- 
tion line was opened so that 
20 to  25 pounds of the solu- 
t ion were removed per minute. 

The continuous introduction 
of acid and continuous removal 
of sugar solution provided a 
nicam of rapid hydrolysis and 
ycsmoval of the solution. Initial 
concentrations of reducing 
sugar were as high as 1070. 
Conrentrations decreased as 
t h e  hydro lys i s  c,ontinued. 
Af t e r  abou t ,  2 h o u r s  o f  
rontinuous pumping, the con- 
cc,ntration fell to about 1% 
a i d  a t  this point the intro- 
duction of acid was stopped. 
Sugar solution was removed 
:is long as i t  flowed freely 
1't.om t h e  hydro lyze r .  I n  
nlost cases it, continued to  
flow for about. 15 minutes, 
:\Iter which a. large valve in 
tile bottom of the digester 
\v:ts opened  t o  d i s c h a r g e  
t.lie l i gn in  i n t o  a l i gn in  
receiver. 

The sugar solution with- 
drawn from the hydrolyzer 
was passed into an expan- 
sion chamber, or flash tank, 
to  release the steam and 
tliop the pressure to about 
30 pounds per square inch. 
The drop in pressure was 

179 S:twdust 
194 S a w d u s t  
'"20 Sawdust 
"21 Yawdu-t 

217 
218 

Hogged w o o d  waSi ( . * I  
Hogged wood war ti^^^ 

400 
409 

3 . 0 
3 . 0 

7 ;3 
l i  l i  

,3200 
:3200 

4 72 
4 7 3  

S I  IIydrolysis was discontinued when total hydrolyzate :ireraaed : ip~ir~~xi t~iat?I?  5.0' '0. 
1, Values based on hark-free wood. 
I' Hogged sawmill waste containing SO.QC0 bark. 

t i  Containing 40% shavings and 20% sawdust. 
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Neutralization of the sugar solution, 
under pressure and in batches, was 
carried out satisfact,orily with the same 
rquipment, used for continuous neutrali- 
zation. Such batch neutralizations, how- 
wer, required either the use of a hold- 
ing tank to store the solution under 
pressure or the flashing of acid-sugar 
solution to atmospheric pressure before 
.storage; the solut,ion then had to be 
reheated before it could be neutralized 
:iiid filtered. 

Calcium sulfate, which had separated 
from the solution under pressure, was 
rvmoved by passing the solution (still 
under pressure) through a steam-jacketed 
I t d  filter. The sulfate content, which 
\vould have been 2100 parts per million 
at 100" C. and atmospheric pressure, 
was reduced to an average of about 
650 p.p.m. by neutralization and filtra- 
tion under a steam prevsure of 30 pounds 
per square inch. This low value for 
cnalcium is expected to aid greatly in pre- 

TABLE 111. CONTINFOES HYDROLYSIS OF DOCGLAS FIR WOOD WASTE, WITH CON- 
TISTOUS -4DDITIOX OF DILCTE ACID A N D  CONTINT'OUS REMOVAL OF SUGAR SOLIJTION 

Bark- Reducing Reducing 
Free Sugar Sugar 

Kuli Wood Waste, Lb. Wood", Time, .kcIda, Soln.. Concn.a, Yielda, .41cobola 
No.  m u e l  Shavings Lh. Hr. % Lb. 70 % Gal./To; 
263 282 108 294 2 . 6  ti.5 2400 4 . 9 5  40 .5  50 .5  
264 292 102 294 2 . 6  6 . 8  2400 4 . 6 7  3 8 . 2  1 7 . 6  
265 300 123 321 2700 4 . 5 6  3 8 . 3  4 7 . 9  
266 320 151 362 ::: ::! 2800 4 . 5 5  3 6 . 5  4 5 . 7  
267 282 170 364 2 . i  3 . 0  2880 6 . 1 0  4 0 . 3  5 0 . 3  
269 310 148 363 3 . 0  6 . 5  3260 4 .87  4 3 . 7  5 4 . 6  
273 
274 
275 
276 
278 
284 

255 
231 
235 
246 
230 
235 

144 
141 
146 
151 
142 
143 

315 
293 
301 
316 
294 
496 

2 . 5  
2 . 7  
"3 
2 . 7  
2 . 7  
2 . 8  

5 . 7  

i, . 9 
6 . 3  
ti .3 
5 . 9  

1 . 4  
2600 
2300 
2530 
2830 
2800 
2800 

5 . 0 8  
6 . 2 0  
5 , 3 0  
5 . 0 3  
4 . 8 3  
4 . 3 6  

4 1 . 9  
40 .6  
4 4 . 6  
4 5 . 0  
4 6 . 0  
4 1 . 1  

5 2 . 4  
#io. 9 
5 5 . 7  
g 6 . 2  
.I?. 6 
5 1 . 5  

283 280 147 329 3 . 0  4 . 6  4 . 7 7  4 0 . 5  5 0 . 6  
286 283 109 293 2 . 8  6 . 1  ;:8 4 . 8 8  4 0 . 6  5 0 . 8  
287 290 131 319 3 0 5 . 7  2800 4 . 9 8  43 .6  54.6 
288 282 120 303 2 . 7  5 . 8  2400 6.00 3 9 . 7  4 9 . 6  
289 ?94 1W 295 2 . 7  5 . 8  2400 4 . 3 0  35.0 4 3 . 8  
292 000 . . .  326 2 . 8  5 . 5  2800 5 .00 4 2 . 9  rA.6 
293 978 151 :331 3 . 0  6 . 5  2800 5 . 0 4  4 2 . 6  5 3 . 3  
294 273 165 344 3 0 6 0 2800 5 .00  4 0 . 7  5 1 . 0  
295 298 137 330 2 . 8  5 . 7  2800 4 . 8 6  4 1 . 2  5 1 . 6  
296 290 140 329 3 0 6 . 2  2800 4.7.5 4 0 . 5  50 6 

Values calculated on the basis of bark-free wood. 

vclnting scale formation in the stills during alcohol distjllation. 
After t,hey had been filtered under pressure, the neutralized 

*ugar solutions were cooled to 30" C. by flashing. A brown pre- 
cipitate separated from the solution as it cooled. When this pre- 
cipitate was removed, the solution was a clear amber color and 
contained approximately 5% reducing sugar. 

The procedure described as the Madison wood sugar process 
was used to hydrolyze the carbohydrate portion of Douglas fir 
ivood waste from sawmills operating in the Eugene, Oreg., aren. 
Representative samples of bark, bark-free hogged slabs, hogged 
mill-run slabs and edgings, shavings, sawdust, and hogged mill 
waste from which the best slabs had been removed were analyzed 
for bark content, potential sugar content, and potential ferment- 
able sugar content; the samples were then subjected to the pilot 
plant batch hydrolysis procedure described' in previous reports 
(5, 6) .  

CONDITIONS 

Two sets of conditions were employed. In one, the hydrolysis 
was continued until the concentration of the sugar being removed 
was 0.5% or less. In  the other, the hydrolysis was continued 
until the average reducing-sugar content, of the total hydrolyzate 
 as approximately 5.0%. In  the case of bark the latter hy- 
drolysis was discontinued when the concentration of the reducing 
mgar being removed was 1.0% or less, because a t  no time was the 
ron-6Znhtion of reducing sugar from bark as high as 5.0:;. 
The values for the analysis, hydrolysis, and yields of alcohol from 
the various samples are given in Table I. 

The yield of alcohol from bark was so low that the capacity of 
the hydrolyzer equipment to produce fermentable sugar was 
lessened. In order t.o increase this capacity, several tests were 
made in which eit,her larger quantities of wood waste were charged 
into the digester by using higher packing pressures, or shavings 
or hogged bark-free slab wood were mixed mith the hogged mill 
waste to reduce the average bark content of the total charge. 
111 these tests, in which about 2 5 5  of the charge was bark, about 
7 7  of the tot,al alcohol obtained \vas from the bark. In  order to 
have a uniform basis for comparison, however, the yields of 
rtlducing sugar and alcohol are expressed on the basis of bark-free 
aood. Table I1 gives the values for the wood waste contain- 
ing varying amounts of bark and hydrolyzed by batch addition 
of the dilute acid and batch removal of the sugar solution. 

Because of the greater ease of operation and control al- 
forded by the method, several tests were made in which 
acid was continuously introduced and sugar solution con- 

tiiiuously removed throughout t'he entire hydrolysis period. In 
most cases sugar solution began to flow from the hott,om of thelty- 
drolyzer about 15 minutes after the acid was first introduced. In 
many cases, the h t  sugar solutions to come off were only partially 
hydrolyzed. Values for the hydrolysis of wood obtained with tho 
completely continuous process are given in Table 111. Hydrolysis 
was discontinued when the average concentration of reducing 
sugar of the total hydrolyzate was approximately 5.0%. 

To overcome the tendency toward mere partial hydrolyzation 
of the first reducing sugar removed, the following changes in prc- 
cedure were made: (a) Two hundred pounds of dilute acid (1.5 
to 2% concentration) was rapidly introduced; (6 )  400 to 600 
pounds-the amount of acid of 0.5 to 0.6% concentration re- 
quired to bring the ratio of dilute acid to wood to 3 to 1-were 
introduced a t  a rate of about 12 gallons per minute; (c) the re- 
action was allowed to continue for 30 minutes from the time the 
first acid was introduced, and meanwhile the temperature was 
maintained a t  150' C. by admitting steam at the bottom of the 
digester; (d) after this reaction period the pumps were set to in- 
troduce 20 pounds of acid (0.5 to 0.6% solution) per minut.e, and 
the controller was set to increase the kmperature 0 . 5 O  per minute 
until 1%' C. was reached; a t  this temperature the run was con- 
tinued until it  was cornplebe. The sugar solution was removed con- 
tinuously through a flow controller a t  the same rate the acid waR 
introduced. The hydrolysis was discontinued when the average 
reducing sugar concentration of the total hydrolyzate was about 
5.0%. The solutions were neutralized under pressure with limc, 
cooled t,o 30" C., adjusted for pH to the final desired value, and 
then fcrmented. The procedure for fermentation is given in 
another report (7) ,  and the results of hydrolysis t,est.s and fer- 
mentations are presented in Table IV. 

4I'PLICATION TO COMMERCIAL PLANTS 

Assunling that the values in the last twenty-two runs of Table 
1V are representative of the charging capacity of the digester 
and of the mixture of wood waste available, an average charge of 
319 pounds of dry, bark-free wood waste can be placed in a 27- 
cubic-foot digester. This corresponds to a charge of 11.8 
pounds of dry, bark-free, mixed wood waste per cubic foot. The 
average alcohol 'yield from the sugars produced by hydrolysis 
corresponded to 64.5 gallons per ton of dry, bark-free wood, or 
0.38 gallon per cubic foot of digester space. 

These values may be used in determining the capacity of the 
wood hydrolysis plant being constructed by the Defense Plant 
Corporation a t  Springfield, Oreg., formerly sponsored by the War 
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TABLE Iv.  HYDROLYSIS OF DOVGLAS F I R  SAFYYILL WOOD \TASTE, U S I N G  B.4TCH .4DDITION OF F I R ~ T  C F l R G E  FOLLOWED BY 
C O N T I h T O V s  INTRODVCTION OF ACID AND CONTISUOUS REkfOVAL OF SUGAR SOLUTION 

Hog F u e l B  Shav- Dry Reducing Reducing Yield, Alcohol 
Run (35% Bark),  ings, Wood, Bark-Free Hydrolysis Sugar Sugar Bark-Free Concn., Yield, 
N O .  70 % Lb. Wood, Lb. Time, Hr. Acid, 70" Weight, Lb. Concn., % Wood, %a G./100 M1. Gal./Tonli 
243 100 . .  451 294 3 . 0  5.8 3020 5 , 0 5  52 .0  1 . 9 6  65 .0  
245 100 . .  463 302 3 . 0  6 . 2  3000 5 .08  50 .3  1 . 9 7  63.0 
246 75 25 148 328 3 . 1  5 . 3  3100 5 .18  4 8 . 8  2 . 0 3  61.0 
249 75 25 470 340 3 . 0  4 . 5  2900 5 . 2 5  4 5 . 0  2 .04  56 .0  
250 72 28 ,478 344 2 . 7  4 . 9  2700 5 .65  45.6 2 . 2 0  57 .0  

253 50 a0 436 357 2 . 8  5 . 4  3100 4.90 42.5 1 . 9 0  5 3 . 0  
254 52 48 434 350 2 . 9  5 . 6  3100 5 .40  4 8 . 0  2.12 60 .0  
255 54 46 447 364 3 .  I 5 . 6  3200 5 .48  48.2 2.14 60.2 

257 100 444 290 2 . 9  7 . 0  3200 4 .85  5 3 . 3  1 .89  65.6 
262 i o  30 38,s 293 2 . 8  6 . 7  3000 LO1 5 1 . 5  1 . 9 5  64 .3  
268 62 38 457 3.58 3 . 2  6 . 3  3640 4.96 5 0 . 5  1 . 9 4  63 .2  
270 56 44 380 314 2 . 6  5 . 9  3100 4 . 9 5  4 9 . 0  1 . 9 3  61 .3  
,271 59 .4 1 383 313 2 . 7  6 . 5  3000 5.06 4 8 . 5  1 .97  6 0 . 7  
277 65 35 880 296 2 . 7  6 .7  3100 4 . 9 2  5 1 . 5  1 . 9 2  6 2 . 3  
279 70 30 41i 318 2 . 8  7 . 0  3500 5 . 0 0  5 4 . 8  1 . 9 5  68 .5  
280 65 35 412 322 2 . 9  7 . 0  3500 5 . 0 0  5 4 . 5  1 . 9 5  6 8 . 0  
281 64 36 405 318 2 . 8  6 . 5  3500 4 .80  52 .7  1 .87  66.0 
282 67 33 392 302 2 . 8  6 . 8  3200 .*, 85 5 1 . 4  1 . 8 9  64 .2  
283 67 33 386 299 2 . 5  6 .2  3200 5 , l O  54.5 1.99 6 8 . 2  
290 67 33 415 319 2 . 8  6 . 8  3200 5 .00  50.2 1 . 9 5  62 .7  
29 1 72 28 450 339 2 . 5  5 . 5  3200 5 . 3 0  50.2 2 .06  62 .7  
297 68 32 405 308 2 .7  7 .0  3120 5.04 5 0 . 8  1 . 9 6  63 .5  
298 49 51 387 303 2 . 9  7 . 2  3300 5 .10  5 5 . 5  1 . 9 9  69 .0  
299 6 i  33 449 343 2 7  6 . 4  3650 4 .80  5 0 . 8  1 .87  63 .5  
302 70 30 391 285 2 . 6  7 .3 .  3200 4 .85  5 4 . 5  1 .89  68 .2  
303 71 29 407 305 2 . 8  6 . 8  3315 4.90 5 3 . 1  1.91 6 6 . 5  
304 70 30 401 301 2 6  6 . 8  3100 R ,  10 5 2 . 5  1 . 9 8  65 .5  

252 50 BO 460 370 3 . 0  5 .0  2980 5 .15  4 1 . 5  2 . 0 1  52.0 

256 54 46 447 364 3 . 1  5 . 6  3300 5 .18  47.0 2.01 58.9 

0 Value calculated on dry, bark-free noori. 

Production Board and now by the I-. 8. 1)fy:ii.trnorit of Agritrul- 
ture. 

The plant consists of five digesters, each with a capacity of 
about 2000 cubic feet. Each digester will hold 11.8 tons of dry, 
bark-free wood, or 15.8 tons of the dry wood substance. 111 

most cases moisture constit'uted about 40% of the total weight 
of the material charged into the digester; the usual chargi.. 
therefore, including moisture, will be about 26.5 tons. 

Loading equipment and valves are designed to  charge aiiii 

pack the digesters in about 30 minutes, and steaming and heating 
will require about another 30 minutes. Assuming the rate oi 
flow of the initial charge of acid downward through the bed 01' 
chips to be a function of the depth of the bed, and the rate pi>r 
foot traveled to  be the same as in the 27-cubic-foot digester, 40 
minutes will be required for the liquid to pass through the charges 
in the 2000-cubic-foot digester instead of the 11 to 12 minutes. 
required in the pilot plant digester. The rate of hydrolysis ol 
the cellulose is a function of acid concentration, time, and tem- 
perature (16) and is independent of the size of the digester. 
Since the introduction of acid and removal of sugar solution arc' 
continuous, no extra time will be needed for the flow of hydrolyz- 
ing liquid through the charge after the run is started and until 
the pump is stopped, when another 40 minutes will be required to 
drain the liquid from the digester. 

The over-all increase in time necessary because of the larger 
size of the commercial digester should, therefore, be only 55 to 60 
minutes. The average time required for the last twenty-two run$ 
listed in Table I V  was about 2 hours and 50 minutes from the 
time pumping started until the lignin was discharged from the 
digester.' This indicates that 4 hours should be sufficient for the 
same operation in the large digester and that, including the charg- 
ing of the digester and heating, a 5-hour operating cycle will he 
possible. Such conditions will allow no time for repairs and for 
the possible need of removing some lignin from a digester. It 
appears, however, that  the latter possibility has been eliminated 
because, in about a hundred runs using continuous pumping with 
Douglas fir mill waste, the equipment never failed to blov- the 
lignin completely from the digester. Even allowing an hour for 
such exigencies, or a 6-hour operating cycle, hydrolysis of twent!. 
charges of wood will be possible per day: 

The yield of alcohol obtained in t h e  last twenty-tn-o runs 01 

l 'abk I\' iridiciites that  760 gallons of alcohol can Le productd 
from thc sugars from one digester charge, or 16,200 gallons per 
'&hour day and 5,472,000 gallons per 3Wday year for the wholv 
Idant. If a. 5.5-hour cycle is possible, allowing 30 minutes down 
time per run, the output will be 16,550 gallons per day, or 5,950,- 
000 gallons per gear. 

For the production of 15,200 galloria of alcohol per day, 236 
tons of dry, bark-free ~ . o d  or 310 tons of dry wood with bark will 
lie required. If the 5.5-hour operating schedule is used and 260 
ti)ns of dry, bark-free wood produce about 16,550 gallons of 
:tlcohol per day, 3.50 tons of dry wood substance with hark will 
be required. 

.4utomatic control of the introduction of the acid and removal 
l i t  the sugar solution, :is well as automatic control of neutraliza- 
tion, makes possible better operation with less manpower. 1111- 
~it'ovements in a process for continuous fermenmtion, which will 
tit, published in another report, make possible savings in mm-  
power and better distribution of the utilization of cquipmiwt fcir 
ih:it portion of the operation. 

COST OF ALCOHOL PRODUCTION 

l l iere are many unknown factors in the cost, of operating a 
ivood hydrolysis plant. Assuming the values for chemicals w- 
(Iuired and the yields of products obtained in the pilot plant to be 
rrpresentative of values possible in a large plant, the cost of 
vhcmicals for processing one ton of dry, hark-free wood wwte 
(.:in be tabulated as follows: 

Pounds Cost of 
Required Value of Chemical 
per Ton Chemical per Tori 

Chemical of Wood per Ton of Wood 

I h e d  on a yield of 64.5 gallons per ton of wood, the cost of clienii- 
v'tl per gallon of alcohol produced will be 3.9 cents. 

in average delivered price of 2 dollars per ton of dry, barh- 
, I (  (' wood i. awumed. Wood with bark and moisture i- to t i i t  
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r i ~ l  for the procest, bu t  hiiii’e moisture axid bark yield little or 
no  alcohol, the processor does not expect t o  pay for them. The 
pi i v n c e  of moisture and bark increases delivery costs and limit< 
il l( ,  distance wood waste may be transported; 2 to 2.5 tom of 
miterial must be delivered at the plant for each ton of dry, bark- 
frets wood. The cost of wood per gallon of alcohol produced 011 

t h i i  basis is 3.1 cents. 
The calculated labor requirement for the plant is sixty-five men. 

0 1 1  the basis of present wage scales and other labor overhead, 
-uch as insurance, social security, and other expenses, the cost for 
latior and labor overhead will be 4 cents per gallon. Other casts, 
.uc-h as electric power, xater,  maintenance, overhead, supenision, 
. i r i t i  extra wood waste that may be needed for th? power plant 
I I  t s  estimated to  be 3.7 cents per gallon. 

These values bring the cost of production, exclusive of plant 
:rrnortiaation, to 14.7 cents per gallon. No credit is taken in 
t hese calculations for by-products. Assuming that ib is desirable 
to  pay off as much of the cost of the plant as possible while alcohol 
iirices remain high, and allowing 37, interest on the investment, 
thr retirement of the principal in about four years for a plant 
producing 5,472,000 gallons per year will cost 13.7 cents per gal- 
lon. Amortization in seven years with a production of 5,950,000 
trallons will cost 7.6 cents per gallon, bringmg the cost of produc- 
tion to a value between 22.3 and 28.4 cents per gallon, rxclusivc. 
rif :Iny income from by-products 

BY-PRODUCTS 

‘The daily by-products of the process are about 100 tons of lignin 
;dry basis), 33 tons of calcium sulfate dehydrate, 6000 pounds of 
furfural, 5000 pounds of methanol, and about 11.8 tons of non- 
fcrmentable sugars dissolved in about 1800 tons of water. . Read!. 
markets are available for the furfural and methanol, and incomv 
from these products can reduce the cost chargeable to the alcohol. 

Until other markets are developed, it is expected that the l i p  
tiin will be used as boiler fuel. On a dry basis this lignin has a 
v : h e  of about 10,500 B.t,.u. per pound. Xormally the produci 
R-ill be obtained from the process with about 50.07, moisturr. 
The sulfur content due to sulfuric acid will be about 0.16ci. 
This value may be lowered by washing if a lower acid content id 

ilcssired. It is believed that th r  lignin will supply most of the fuel 
wquired. This lignin is being tested as a resin extender, f i ~ i  

pl:intics, as a carrier of chemicals for soils improvement, and as :t 

wurce of new chemical product>s. If it is found that lignin has :i 
higher value in some of these or other fields than it, has as fupl. 
i t ,  too, may be used to reduce the cost of alcohol. 

(’alcium sulfate has value in some localities as a source of limr 
:id sulfur for the soil. It is expected that its value for this pur- 
pose will pay for its removal and transportation. 

The 11.8 tons of nonfermentable sugars are largely xylow. 
Pilot plant experiments on the growing of fodder yeast on thest. 
nugars are in progress and show some promise. This material 
may prove to be an undesirahle source of stream pollution i f  it is 
not used. 

OTHER PLANTS 

There has been a great deal of interest in the possibility of pro- 
ducing alcohol from smaller quantities of wood waste, and for this 
reason the effect of plant size on production costs should be con- 
.iidered. The cost of acid, lime, steam, lvood waste, water, anti 
power may differ in various parts of the country because of varin- 
t ions in distance from the point of production. In  geneial, how- 
t’ver, these variations arc small and depend on the amount pror- 
cs<cd. That charge, therefore, may be assumed to be fixed. 
T h e  costs for labor and plant will differ according to plant sizr. 
Labor required for a ivood hydrolysis plant depends on the num- 
Iwr of operations to be performed rather than on the size of tht, 
tyuipment and, therefore, is practically independent of sizc,. 
I n  a plant producing ani' f o u r t h  thc amount of :ilcohol. the cost 

for labor is approximately four times as great per gallon of alcohol 
produced. 

I t  is possible that a plant built under peacetime conditions will 
lust less, and also that many of the simplifications found in the 
pilot plant operations will result in a reduction in cost of equip- 
ment; in general, however, size reduction does not result in H 
proportionate reduction in the cost of equipment. 

At present it is not possible to forecast the postwar price of  
alcohol. Assuming, however, tha t  the cost of production is 
iimilar to that under prewar conditions, alcohol must be pro- 
rluced for 30 cents per gallon or less in order to compete with 
other sources. Under such conditions a plant processing ap- 
proximately 150 tons of wood waste daily would be about the 
*mallest plant that could operate with a profit, unless valuable 
I I S ~ S  could he found for lignin. 
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