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INTRODUCTION

The production of sugars from cellulosic materials, such as
stréw, linen, cotton, peat, wood, and, in fact, all plant fibers, has
engaged the attention of chemists and technologists for nearly a century.
It is only within the last two decades, however, that serious attempts
have been made to utilize wood wastes for this purpose. The production
of sugars from wood has, of course, been an intermediary process, as the

final product desired in every case was alcohol.

In recent years, the processing of wood wastes to give sugars
and alcohol has received much attention and a great deal of money has
been spent in its technical development. Quite a few plants have been
built in this country, but only two have achieved even moderate success,
and none are in operation at the present time. 7The failure of these
plants has been due largely to the fact that none of the equipment de-
signed in this country has worked efficiently, and also, to the fact
that, from an economic standpoint, the process could not compete with
the othef alcohol processes. In only one instance, a plant at George-
town, South Carolina, did these factors seem to be conguered, but an
unfortunate fire destroyed the large sawmill which was the chief source

of wastes for the plant, and it was never rebuilt.
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The problem of waste disposal is of great importance to the
lumber industry, and as this process seems to offer the only solution,
the Forest Service has investigated each of the different processes,
and the plants that»have been built, in order to, so far as possible,
learn the causes of former failures, and aid in the development of the

process.,

The amount of wood waste produced by cbnverting a tree into
lumber depends, of course, upon the tree and the efficiency of the
sawmill. The following tabulation shows that more than half of the

contents of the tree itself is wasted:

Percéﬁt
Entire Tree 100
Stump 2|
'Top 18
Sawdust | 12
Bark 10
Slgbs
Edgings ' 8
Shavings » 4

Total 62

This includes limbs, top, and stump, the parts of the tree

left in the woods, in addition to the waste at the mill itself. Neglecting



the portions left at the place of cutting, which would not be available
without extra transportation,‘the wastes at the mill itself are of great
interest. The mill wastes of an efficiently run sawmill have been es-

timated by Margolin® as:

Percent
Sawlog 100

Bark | 13.0

Sewdust 13.5

Zdgings and Trimmings 8.7

Slabs | | 8.7

Careless cutting. o 3.5
Loss in cutting to

stagdard sizes 1.7

Total 49.1

Thus, it is cexrtain that even in the final sawing of the wood,

there is almost 50 percent waste.

The disposal of this waste is a problem for the large mill
which is not located near a city, for the waste produced is greatly in
excess of its fuel requirements; in fact, a mill with an efficient power

plant will only be able to utilize about 4O percent of its sawdust, and

gsome method of disposal nmust be found.



In most cases, this disposal is effected by a waste burner,
and this not only destroys any value of the wood, but also calls for a
certain charge for operation. From data gathered by the Forest Products
LaboratoryB, a minimum estimate of the cost of disposal of wood wastes
in this country is said to be well over six million dollars.% This, of
course, does not includg the value of the wood itself, but simply the

cost of disposing of it,

There are many limitations to the utilization of wood waste,
the chief one of which is its bulk, which makes transportation impracti-~
cal except by fans or belts. These methods obviously cannot be used for

long distances, so utilization on the spot is a necessity.

The form of the waste presents another difficulty, in tﬁat
as the length of the wood fiber hasabeen reduced, it has also been
lacerated to an extent that will destroy its value for ﬁulp and paper
production. The form of the waste also prohibits destructive distillation,
because the size of the particle makes it a very poor cénductor which

resists charring, and also, the charcoal produced is so finely divided

that it is difficult to handle.

Therefore, it is obvious that in a search for some use for
these wood wastes, it is necessary to find a process in which neither the

bulkiness of the sawdust, nor the lacerated fibers of cellulose would be



a hindrance. This would seem to point to a chemical utilization of
the sawdust rather than some physical method. A chemical utilization
of the sawdust would overcome all of the previously stated objections

as to the form of the material, and the length of the fiber.
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HISTORICAL

The first recorded attempts to produce sugars and alcohol
from vegetable fiber were those of Braconnet5 in 1819. Little is known
of his work, with the exception of the fact that he obtained a 98 per-
cent conversion of cellulose into reducing sugars, using concentrated

sulphuric acid.

6

Ko work was done subsequent to this until Simonsen® carried
out his investigations in 1898. Simonsen's experiments were very thorough
and he worked not only with sulphite cellulose, but also with sawdust,
using sulphuric acid as an inverting agent. From the results of his ex-
periments, he concluded that the best conditions for the inversion of
sawdust were: .

Time of inversion .s.c.ececescssseseeeesld minutes

Strength of @614 sieevevvensesenssa.ss0.5% HoS0,

Proportion of wood to liquid .........L to 4

Pressure .............................9 atmcspheres‘

Although Hewman? questioned Simonsen's work, K’orner8 later

verified his yield of alcohol, and showed also that the yields of alcohol

and sugars were in proportion to the total cellulose content of the mate-

rial used.

A. C. Glasseng, a German, developed a new process in which

S0o was used, although his first patent covered a mixture of sawdust and
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concentrated sulphuric acid (of 50-60° B), in which the mixture was sub-
jected to great pressure in a hydraulic press. Originally Classen used
an aqueous solution of sulphurous acid, although he later obtained patents
in which ehlorine, air or oxygen were used as oxidizing agents to convert
the sulphurous acid to sulphuric acid. After this, he obtained patenté
covering the use of sulphuric anhydride, and also a patent covering the

process of heating this mixture to 123-125° C.

Classent® also patented the use of a smallér amount of é more
concentrated solution of sulphurous acid, as he claimed the acid recovery
was more effective when the sawdust in the digester was only slightly
moist. In 1914, he patented the use of platinum,13 ferric oxide, etc;
as catalystS'to convert the sulphurous acid into sulphuric in the digester.
The results of this work were corroborated by M. Taffin,lA who, after ex-
perimenting for several months to éétisfy himself‘of the practicability:
of the Classen process, purchased the French rights and organized & com-

pany to promote it.

During this era of expanéion, the organizatiop worked out a pro-
cess whereﬁy the acetic acid formed during the hydrolysis‘could be re-
covered along with a greater part of the sulphurous acid. This organiza-
tion perfected, too, a special type of digester, which was later used iﬁ

this country in a plant at Port Hadloeck, Washington. o

. These plants were operated until asbout 1909, and in 1908 made

a number of runs on American woods in order to try to interest American



capital. Iid record can be found of the results obtained, however, and

shortly afterward these plants ceased commercial operations.

In 1903, the patent rights for America were sold to the Classen
Lignum Company of Chicago. This company erected an experimentai plant,
with a capacity of about two'tons of sawdust per 24 hour day, and later
built a plant at Hattiesburg, Mississippi, to operate on sawdust and waste

of longleaf pine.l5

Some of the disadvantages of this process lay in the length of
time ( about 6 hours for two tons of wood), the lafge gquantity of acid
required, and also, the action of the sulphuriec acid formed on both the

sugars and the equipment was particularly troublesome.

The first American work on this projeet was undertaken by Ewen
16

and Tomlinson, two engineers who were associated with the Classen pro-
cess. Their method shortened greatly the hydiolysis time (from 6 hours
to 45 minutes), and produced other improvements, among them: 1) the
treated wood waste was obtained in a form which could easily and quickly
be extracted; 2) a digester was devised which was not affected by the

reactants; 3) the guantity of acid needed was reduced; 4) a large yield

of fermentable sugars was obtained from the wood.

These improvements were accomplished in part by adding S04 in
a gaseous form, and by using steam as a source of both heat and moisture.
This shortened the heating period considerably, and gave a product which

could be more easily extracted.
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In 1909 Ewen and Tomlinsonl7 were granted a patent for the pro-
duction of fermentable sugars from lignocellulose. In essence, they were

using Simonsen's method, especially as to the ratio of acid to wood.

In a process which Was worked out in 1910 by W. P. Cohoe of
Canada, HCl is used as the hydrol&tic agent, and'its use is preferred
because of its volatility. Cohoe claimed a yield of 25 to 28 percent
of fermentable sugérs, and alsé claimed that he could effect complete
recovery of the acié from the wood by blowing it out with steam. Cther

claims by Cohoel8

weré: 1) 1 to 2 percent of acetic acid can be re-
covered by a preliminary steaming of the sawdust; 2) preliminary steam-
ing gives a constant moisture content regardless of the initial condi-

tion.

The chief apparent flaw in Cohoe's work, however, lies in the
fact that in his paper he reports a yield of about 20 percent, while his
patents give an increased yield - over 10 percent more of the original

weight of the material as reducing sugars.

In 1907, Hafner and K‘rist19 worked out a process for the pro-
duction ofvsuggr from amylaceous or cellﬁlose substances. They mixed their
raw material with water, acidulated or not, under a pressure of 2 atmos-
pheres, and at a temperature of 100°. Then they passed an electric cur-
rent of 100 volts through the mass. XNo vields from this process are re-

ported, so nothing is known of its efficiency.



-10-

P. G. Ekstromzo devised in 1907, a Qethod for the conversion of
cellulose into sugar using sulfite’back water as a diluent for the process.
‘This sulfite back water was boiled for five hours with 70 - 80° HpS0,,.
- By using ihis, Ekstrom claimed that a cellulose waé formed which was
solubie in water, and which could be converted into sugar by simply
boiling with dilute acids. The excess acid was ihenjneutralized'with a
, fresh portion of the sulfite backlwater. A LO percent conversion of the

weight4of the original cellulose present was claimed.

R. N. Miller and W. H. Swenson?l next experinented on the hydro-
lysis of wood, using powdered sprucé wood as the cellulose containing
material. ?irst extracted with a mixture of ethyl alcohol and benzena,
the wood was then subjected to hydroiysis at 96° for six hours by means
of HCl of concentration varying from 0.05 percent to 3.0 pefcent. The
cellulose, based on wood, in the residue (58.88 percent in wood) was
diminished to 51.18 percent, 43.31 percenﬁ and 48.70 percent byfthe use
of 3.0 percent, 0.75 percen£ and 0.05 percent HCl respectively. The
reducing sugars formed were extracted, and the residue again subjected
to hydrblysis. The use of 3.0 percent HCL produced 16.15 percent of

sugar ( based on the weight of the wood) on this second hydrolysis.

More concentrated acids gave no increase in yield in this ex-
periment. A part of the cellulose was hydrolyzed rapidly, leading to the
theory that the wood particles became coated, thus resisting further

hydrolysis. After two complete hydrolyses, all of the wood could be

accounted for as stable cellulose, lignin, and reducing sugars.

.
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The use of salts of strong acids in addition to "sulfite acid"
appeared to speed up the hydrolysis; salts of weak acids had a contrary

effect, suggesting the influence of the hydrogen ion concentration.

A Russian, V. H. Kulikov?z carried out a hydrolysis of
cellul?sic'materials which used neither concentrated nor dilute acid.
The reaction was carried out in an autoclave, in the presence of hydro-
gen, and the neutralized produce was blown with air, No details concern-
N

ing conditions of the reactants, or the amounts of the yields could be

obtained, however.

On the theory that lignin mey arise by the unsaturation of
glucose, W. Fuch323 oxidized pinewood meal with perbenzoic acid.
Subsequent hydrolysis with B2304 gave greater yields of glucose than
were given by the unoxidized wood. Under the séme conditions, the
following amouﬁts of glucose were obtained: untreated wood, 60 percent;
treated wood, 66 to 70 percent; filter paper, 88 percent. (It is not
stated whether these yields are. calculated on the weight of the ﬁood,’
or the weight of the cellulose present.) Fuchs! conclusion is that un-

saturated compounds of the nature of glucai are present in lignified

tissue.

An experiment using alcohol to decompose wood chips was per-
formed by T. Kleinert and K. Tayenthal24 in 1929. The alcohol solution

(25-80 percent alcohol) under pressure, and at temperatures above 1500
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{(with the addition of a small préportion of an acid or base) was used
X ,
to facilitate the recovery of substances such as lignin and sugar. No

definite date from the experiment were given.

Eduard Farber25 experimented with the hydrolysis of wqod using
hydrochloric acid. The wood "is, first treated with HCl and HCl gas in
quentities insufficient to effect complete conversion into sugar, and
then is transferred to a diffusion battery, and allowed to stand with
" no agitation. The ccnversiqn was eompleted by treatment with HCLl of
a lower concentration than that first used. This second acid was of &
concentrétion of weil over 35 percent, however. The sugar was‘simul-
taneously withdrawn along with this cgpversion, but, again, no yields
were given. \

Gallaghér and Morkzé, in this counpry, next experimented with
the séccharification of wood. The sawdust én& reaction products were
put into a digester, and the pressure raised to 60 - 135 lbs. per square
inch. Then a solution formed of Ho0 and l,pefcent each HpSO, and NaCl,
or 1.5 percent each HpSO, and CaClyp was a&éed. The maximum yields of
reducing sugars were obtained in from 15 to 60 minutes. A yield of
25.8 percent sugars is claimed, but it is not stated whether this is
based on the weight of the wood, or on the weight of the cellulose pre-

sent, . ' ’

Fridrich Befgiu527, discoverer of the process that bears his
name, experimented with the use of concentrated HCl., By his method, dry

shavings were sent through a battery of 18 diffusion vessels, meeting

4



concentrated HCl in a counter current. From 60 to 70 ?ercent of the
material was converted into sugars, and about 30 percent was retained

as lignin, which was collected on built-in porous plates.

A current of hot oil vapors was then blown through the sugar
solution, removing most of the HC1 and a large part of the water. Syrup
and oil were separated by centrifuging, and the syrup was dried by means
of a spray evaporator. The now dilute HCl was concentrated to its

former strength of 40 percent.

Two by-products are said to make this process an econonic
success. The lignin remaining is briquetted directly, with no binder,
and is used for fuel. Acetic acid is recovered in the same yields as

in the destructive distillation of wood.

The use of alkali in hydrolysis isxrecorded in the work of
Yrjo Kaukogs, who used it in his runs on peat. It was necessary, how-
ever, to follow this with dilute HZSOA’ so there is doubt as to whether
any advantages were obtained from the use of the alkali. The Yields

from this work are not reported.

In 1930, J. V. Tamchyna and H. M. Fanto<?? also used concentrated
HCl in the hydrolysis of wood, although their work never reached the same
state of advancement as did Bergius'. Wood was just dried and pulverized,
then heated with concentrated HCl in vessels made of tar and quartz.

Heating of the mixture was carried out by finely dispersed oil which does
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not dissolve the sugar or HCl, and separation was effected in a centri-
fuge. The final product, in this work, appeared either as a dark brown

syrup, or as brown crystals.

The carbohydrate yield of this experiment is said to be 60 - 70
percent of the wood, and the lignin about 30 percent. A / percent yield

of acetic acid is claimed.

Using a pressure of 120 lbs, per square inch, J. ﬁiertelakao
obtained a higher yield of sugars at 180 minutes, but from BOlminutes
on the sugar yield increased very slowly. From his experiments, he
found that, at the same pressure, hydrolysis with water produced about
half the amount of reducing sugars obtained when 0.5 percent acid was

used.

Karl Fredenhagén and Gustav CadenbackBl.experimented with the
use of hydrofluoric acid as a hydrolytic agent in the saccharification of
wood. Theoretgcally, they formed glucosyl fluoride by the splitting of
the :0 links, which in turn was changed into glucose by HpO. The solu-
tion they obtained, however, gave pdlyglucosans, which necessitated a
dilute acid boil to change all of the material into glucose. Although
they do not mention the fact, this acid boil in all probability aided
the hydrolysis greatly. No quantitative yields of the sugars obtained

are given in their report.

~In 1933, Bergstrom and Cedarquisth, using 2 periods of hydro-

lysis, obtained about 27 percent of the weight of the wood as reducing
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sugars. The temperature was 180°, and each hydrolysis period 15 minutes,
using 0.5 percent HpS50, as the hydrolytic agent. The proportions were

5 parts of ligquid to 1 part of wood, and some experiments were carried
out in which the time and temperature were varied. It was found that the
maximun yield could be obtained in 15 minutes at 1800, but. at 160°, 50
.minutes were required For hydrolysis in order to ébtain the same amount

of reducing sugar,

Many experiments uging catalysts were carried out by Shenand
33

and Gauger”~ in a search for a substance that would increase the speed
of sugar formation and retard the decomposition reaction. In a séries

of over 70 experimants,lthe best results were obtained with oxalie acid,
and benzenesulphonic aeid, but no truly apprecieble gain in the yield

of sugars obtained from wood was found., The two conclusions reached by
Shenand and Gauger were: 1) the salts of any one group of elements behave
similarly and 2) that the‘greétest possibilities lie in the field of
hydrolytic catélysts, since the use of highly dissociated acids such

as formic and tri-chloracetic lowered the yields.
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THEORETICAL

In any process for the saccharification of wood there are’ two
integral steps; first, the separation of the lignin and cellulose, and

second, ﬁhe hydrolysis of the cellulose to sugars.

Lignin represents the nsn-carboh&drate part of the wood wastes =
that is, the part which cannot be hydrolyzed to give sugars. The struc-
ture of lignin is uncertain, and, to date, no lignin has.been isolated
unchanged, which makes any study of it extremely difficulgaﬁ Chemically,
lignin‘ié considered to be the material remaining when a cellulosic

material is extracted with seventy-two percent sulphufic acid.sk

Cellulose is probably the most complicated of the polysaccharides,
no agreement having yet been reached as to its structure. The fact that
it can be hydrolyzed to glucose in quantitative yields would indicate

that the glucose molecule is essentially anhydroglucose of the structural

form:




Hydrolysis degenerates the cellulose and produces hydrocellulose
and glucose by breaking the O-bonds between anhydro glucose units. Because
of the uncertainty regarding the structure of cellulose, any equation for
the reaction would, of necessity, have to be written:

(CgH1005)y _HOH N CgHin0q

Hydrolysis of cellulose has been effécted by four meaﬁs: 1)
use of water and pressure alone; 2) use of certain salts, with and
without pressure; 3) by regeneration from esters; 4) use of acids,
both with and without pressure.

The use of acids seems to offer the best possibilities, as
it can best be effected without using pressure. Acids, however, depend-
ing upon their nature and strength, may first cause hydrolysis to simple

sugars, then dehydration to hydroxymethyl furfural.36

According to Schorger37, saccharification is of more narrow
scope than hydrolysis and refers to the conversion to the simple sugarse.
He states also that saccharification always appears to take place through

the intermediate formation of dextrins.
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EXPERIMENTAL

The experimental work on this project was divided into four
divisions, 1) hydrolysis with concentrated acid; 2) hydrolysis with
bases; 3) hydrolysis with dilute acids; 4) perfecting an extraction

method from the data secured in the first series of experiments.

In all of these experiments, seasoned, second-growth, southern
yellow pine sawdust was used unless it is otherwise stated. The analy-

sis of the sawdust is as follows:

Table I

Composition gf_Yellow Pine Sawdust

Total Cellulose 53.0%
cciA extract 4e 0%
Lignin 3o b
loisture 5.1%
Ash 0e43%

The cellulose was determined by the method of Cross and

38 and the lignin was determined by the procedure devised by
39

Bevan,

Becker.

The first set of experiments 'was run using concentrated sul-

phuric acid as the hydrolytic agent. The procedure was as follows:
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1. Forty grams of sawduét were treated with 200 cc of concentrated
sulphuric acid. The reaction was carried out at 0% - 50
by cooling the reaction vessel with an ice-salt mixture.
The reaction was carried out in a 800 cc beéker, and the
reactants were agitated by an electric stirrer. The re-

sultant mixture was diluted with water.

2. The resultant mixture was filtered, using glass wool as a

filter medium.

3. The filtrate was treated with Na,SO,, in order to precipi-

tate the sugars formed.

4o The S0 lution was again filtered, and the residue was com-

bined with the washings from the first filtration.

5. The sulfates were then precipitated with Ca(GH)2 and again

filtered.

6. The final filtrate was evaporated, and tested for sugars.
The determination was made using Fehling's solution by the

method of Munson and ‘.%’alker.8

The results obtained from the above outlined experiment were

- as follows:
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Table II

Concentrated H-S0, as Hydrolytie Agent

Run Cms. Sawdust CC Acid Grams Glucose
1 | 40 200 .0393
2 40 200 .0406
3 40 200 +0375
4 40 200 .0371
5 40 300 - +0341
6 4O 300 .0352
7 50 200 .osdé
8 50 200 .0516
9 30 200 0315

10 - 30 200 .0326

11 20 200 0215

12 i 20 | 200 0215

Another set of experiments was run, using ammonium sulfate as
the precipitating agent in place of the sodium sulfate. The conditions
and procedure were exactly as above, with the exception of the gubm

stitution of precipitating agents. The results of this experiment are:



Table IIA

Concentrated HoS0,; as Hydrolytic Agent

Run Gms. Sawdust CC Acid - Gms. Glucose
1 40 200 .0375
2 40 © 200 .0381
3 40 o 200 0364
4 40 © . 200 .0378
5 40 200 .0399
6 40 200 ,0380

These experiments were a notable failure and only one reason
for such a lack of formation of glucose could be observed. Despite the
low temperature, charring was observed, and the distinetive odor of
burnt sugar was present. The assumption was therefore made that the
sugars were actually formed, but were decomposed by the strong acid

used.

The next series of experiments were run using sodium hydroxide
as the hyd:olysis agent. Although Groggin339 states that cellulose could
not be hydrolyzed by bases, it was decided to try the effect of different

concentirations of a base on the sawdust.
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This reéction was éarried out in a five liter flask fitted
with a reflux condenser. The sawdust was put in the flask with the
alkali, and the hydrolysis carried out at the B. P, for different lengths of
times. The sugars were analyzed as before and the foilowing résults

were obtained.

Table III

Sodium Hydroxide as’Hydrnlytic,Agent

Run  Time Gms. Sawdust ¢C Alkali % Alkali  Gms. Glucose

1 3 hrs. 50 500 1% trace
2 3hrs. 50 500 5% .0216
3 3 hrs. 50 500 0% 0325
4L 2 hrs. 50 500 15% 0326
5 2 hrs. 50 . 500 20% <0404
6 2 hrs. 50 ~ 500 25% 0400
7 } hrs, : 50 500 30% ,0311
8 4 hrs. 50 - 500 35% »0287
9 5 hrs. 50 500 LO% .0100
10 1 hr. 50 500 205 L0421

The amounts of sugar obtained in every case were negligible
when calculated on a percentage basis, as, for instance, the percentage

in Run #2 would be 0.04%. The conclusion drawn from this experiment
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was that the alkali had no hydrolytic effect upon the cellulose, but
that the amall amounts of sugars obtained were due to the heat and the
water. Although it was not checked, it was assumed that the same amounts

of sugar could have been obtained had water alone been used.

The next experiment was an attempt to combine the first two
series of experiments, and perhaps obtain some quantitative yield of

sugars from a combination of the two,

In the first experiment, the sawdust was first treated with
alkali, then carefully filtered and éashed. The residue was then treated
with concentrated acid, filtered and washed. The filtrates and washings
were then mixeq and evaporated to a volume which could be easily handled.

The solution was then neutralized and analyzed for sigars.

The procedure for this experiment was as follows: 50 grams
of sawdust and 500 cc of 20% NaOH were heated at the boiling tempera-
ture for two hours in a 5 liter Erlenmayer flask fitted with a reflux
condenser. Then the mixture was filtered, and the filtfate set aside,
together with the washings. The residue was then treated, as in the
first set of experiments, with 200 cc of concentrated stcé at from 0° -
5° with constant agitation. The mixture was agitated until it appeared
uniform throughout, and was then diluted, filtered and washed. The fil-
trate and washings from both reactions were combined, neutralized, and |
filtered through charcoal to remove as much of the brown coloring pre-

sent as was possible. The results obtained from this experiment were:
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Table IV

Suceessive Treatment with NaOH and HoS0,

Run Gms. Sawdust © CC Alkali CC Acid Gme. Glucose
1 50 500 200 0.271
2 | 50 500 200 0.306
3 50 500 200 0.308
A 50 500 200 0.372
5 50 500 200 0.361
6 50 500 200 0.351

Although this reaction appeared to be verj vigorous, it was de-
cided to try the same experiment, but to repeat the treatment of the saw-
dust by the alkali and the acid. The procedure was the same as above, ex-
cept that afte; the first two hydrolyses, the entire procedure was repeated -
giving two alkali and two acid reactions. The results from this experiment

were as follows:

Table IVA

Successive Treatment with NaOH and HoS0,

Run Gms. Sawdust CC Alkslil CC Acid Gms. Glucose
1 50 500 + 500 200 + 200 0.741
2 50 500 + 500 200 + 200 ‘ 0.634
3 50 500 + 500 200 4 200 0.742
A 50 500 + 500 200 + 200 0.834
5 50 500 + 500 200 + 200 0.881
6 50 500 4 500 260 + 200 1,071
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The results from the combination of these two experiments was
still far from satisfactory, although one run (#6) gave the best yield
of sugers so far obtained. This, however, was barely over 2% of the
weight of the wood used, so it was decided to abandon the strong acid

and the alkali experiments, and to try the use of dilute acids.

The plan of investigation adopted for the use of dilute acids
was to treat dry, seasoned sawdust with 1%, 5%, 10%, 15%, and 20% sul-
phuric acid at the boiling point of the mixture. The treatment was to
go for eight hours; samples to be taken at the end of 1/4 hr., 1/2 hr.,
1, 2, 4, 6, and 8 hours. From this arrangement, the variance of the
yield of sugar with the time of reaction and the strength of the reagent

could be cotained.
The above procedure was then to be repeated using HCl.

The entire experiment, as described above, was then to be re-

peated using green, unseasoned sawdust just as it is cut from the tree.

No variation of the temperature was to be tried, for from all
of the literature it was assumed that the heat was an integral part of
the reaction, so all experiments were carried out at the boiling point

of the mixture.

From the outlined plan of investigation the optimum

conditions could be obtained - the time, concentration of the reagent,
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the best reagent, and the condition of the wood which would all combine

to give the maximum yield of sugars.

The procedure for this experiment was to put 20 grams of the
sawdust into a 1000 cc Erlenmeyer flask fitted with a reflux condansef,
and add 400 cc of the acid. Heat was applied so as to keep the mixture
agitated, so no mechanical stirrer was necessary. Ten cc samples were
withdrawn by means of a pipette, and a careful measurement of the volume
of acid solution was made at the end of the experiment iﬁ order to cal-
culate the yields correctly. The samples for analysis were neutralized
and analyzed as before. Two reactions were run as a check. The following

are the results obtained:
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Table V

Effect of Concentration and Time on Hydrolysis by

Dilute HoSOy and HC1

. % Glucose from HCL

lucose from H»S0y
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(Continued)

Table V
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% Glucose from HoSO,
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% Glucose from HCL

Table VI
HCL on Green Sawdust
% Glucose from HoSO,

Time(hrs)

Effect of Concentration and Time on Hydrolysis by HoS0, and

- % Acid
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Table VI (Continued)
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As a result of this experiment it was seen that the best con~
centration of acid to secure a maximum yield of sugars lay between 5 and
16%, and the optimum time between 15 minutes and 1 hour. There was no
narked difference between the yields obtained from the dry wood and the
green wood, except that the yield from the green wood were usually a ~
percent lower. One fact was noted which was of interest, however, and
that was the marked decline in yileld upon treatment of the green wood.

with 10% acid. This appeared in the 10% solutions of both acids, and

no explanation is known.

Another pointvaf interest is that in some instances the sugar
content was higher after a period éf from 15 minutes to 2 hours than it
was after 6 or 8 hours. The explanation offered for this is that the
continued heating with thé hydrolysis agent destroyed some of the pro-

duct formed.

The percentage of sugars obtained from this wood was still
far from what other investigators had obtained from similar woods {or
woods having a similar percentage of eellulose), and it was thought
that perhaps the lignin and cellulbse were not separated completely
enough. Chlorine gas separates lignin and celluluse, forming lignin
chloride and leaving the cellulose. It was decided to try an experi-
ment in which the moist wood was treated with chlorine, and then hydro-
lyzed. The procedure involved putting 10 grams of moist sawdust in a

large funnel fitted with a cover, and with a plug of glass wool at the



lower end, This smaller end of the funnel was inserted into a chlorine
generator, in which Eﬂno2 was treated with concentrated HCl. The upper
end was fitted to a cohdenser, to take care of the fumes. Chlorine was
passed through the moist sawdust, and then the sawdust was hydrolyzed as
in the previoué experiment. Seven percent sulphuric acid was used, since
it was decided to concentrate on su}phuric acid because of its cheapness.
Thevtime selected for chlerine treatment was one hour, followed by wash-

ing with water, and then a hydrolysis of one hour. Results were:

Table VII

Prechlorination and Yield of Glucose

Run %_Glucose : Run % Glucose
1 6.8 4 9.3

2 Ted 5 / 8.2

3 6.4 6 8.0

As an average higher yield of sugars was obbtained by this
method than by any heretofore tried, it was decided to double up on it -

that is, two treatments with chlorine, each followed by a hydrolysis.
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Table VIII

Prechlorination and Hydrolysis - Repetition of Process

Run % Glucose First Hydrolysis % Glucose Second Hydrolysis Total %

1 8. 5.6 14.0
2 7.8 5¢4 13.2
3 8.0 5.2 132
L 8.2 ' A 5.0 13.2
5 8.0 5,1 13.1

These runs gave a high yield as compared to most of the pre-
vious ones; so it was decided to devise some method of extraction, other
than simply mixing the two substances and heating them. Some device along
the lines of a percolator was desired, an the apparatus shown in the ac-
companying diagram was devised. The flask was heated, and a jet of air
through the inlet at the left forced the hot liquid up the tube, and over

the sawdust, from whence it fell back into the reaction vessel,

The analyses of the solutions, all made up to this time by the

use of Fehling's solution, were now made with a polariscope.

- It was decided, with the new extractor, to determine again the
conditionsrwhich would give a maximum yield - that is, the time of ex~-
traction, and the number of chlorinations and hydrolyses. The procedure

in this experiment was as follows:
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‘l) 10 grams of moist sawdust was put into the previously des-
eribed funnel for chlorination, and treated with chlorine

for the designated period of time.

2) The chlorinated sawdust was washed thoroughly, and the wash

water set aside to be later added to the sugar solution.

3) The chlorinated sawdust was hydrolyzed in the extractor with

dilute H,SO Le
4) The solution was neutralized and evaporated for analysis.

As wtassium permanganate is a good solvent for lignin salts, it
was décidea to try washing the chlorinated sawdust with a 10 percent so-
lution of permenganate instead of the washing with water. The first six
runs in Table IX used water as the wash liquid, while the last six used

the permanganate solution. Results were:



Table IX

Yields of Glucose fron Continuoué Chlorination and Hydrolysis

Run % Acid Time Chlorine (hrs.) Time Acid (hrs.) % Glucose
1 7 2 6 742
2 7 2 6 6.9
3 7 2 6 T4
JA 7 2 6 6.8
5 7 2 6 7.2
6 7 2 6 A
7 7 2 6 7.0
8 7 2 6 7.2
9 7 2 6 6.9

10 7 2 6 6.8
11 7 2 6 7.2
12 7 2 6 7.1

These results did not differ appreciably from the results ob-

tained without the permanganate wash, so it was decided to discard this

step.

With the idea of inereasing the sugar yield, it was decided to
intersperse a treatment with alkali between the chlorination and the acid

hydrolysis step. The procedure was to chlorinate as before, wash the
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chlorinated sawdust and save the wash water. Then the sawdust was
treated with 10% NaCH for two hours, followed by an acid hydrolysis.
The wash water was then added to the acid solution, and the whole was

neutralized, filtered and analyzed. The following results were obtained:

Table X

Bffect of Alkali Treatment After Chlorination

Run % Alkali Time Alkali % Acid Time Acid Time Chlorine % Glucose

1 10 2 hrs. 7 1 hr. 1 hr. 6.5
2 10 2 7 1 1 ' 6.3
3 10 2 7 1 1 | 7.0
4 0 2 7 1 1 6.2
5 10 2 7 1 1 6.1
6 10 2 7 1 1 5.8

As these values were even lower than the percentage obtained by
the same procedure without the alkali treatment, it was eliminated. The
reason advanced for the lower yield of sugars was that there could pos-
sibly have been a protective coating formed on the sawdust by the reaction

between two of the reagents used.

Another attempt was made to increase the yield of reducing
sugars by varying the strength of the acid used. The procedure was the

same as previously described - ten grams of sawdust were chlorinated,



washed, and then hydrolyzed in the extractor. The results of this ex-

periment were:

Table XI

Effect of Acid Concentration>on'Yields of Glucose

Run % Acid Time Acid Time Chlorine % Glucose
1 1 1 hr, 1 hr. 6.1
2 1 1 504
3 5 1 1 6.6
b 5 1 1 6.7
5 7 1 1 7.5
6 7 1 BEEt 7.8
7 01 1 | 6.0
8 10 1 1 Le2
9 15- 1 1 548
10 15 1 1 5.3
11 20 1 1 Le2
12 20 1 1 2.8

From the above results it was determined that from‘5 to 7 percent

acid was the best strength to use.

It was decided to successively chlorinate and hydrolyze, to see if

repeated hydrolysis would increase the yield. The procedure was the same as
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before, chlorination followed by extraction, except in this case it was

repeated. The experiment is outlined below:

Table XII

Effect of Repitition of Treatment on Yield of Glucose
Iio. of Hydro-
% Hydrolysis Time lyses and
Run Acid Time Acid  Chlorine Chlorinations % Glucose Total
1 7 1 hr. 1 hr. 2 7.2 + 6.9 lﬁ.l
2 7 | 1 1 2 7.1 4+ 5.8 12.9
3 7 1 1 2 6.9 + 5.3 12,2
4 7 1 1 2 7.2 + 6.3 13.5
5 7 1 1 3 10.9 + 1.4 + 2.1 ‘ 15.4
6 7 1 1 3 11.1 + 3.2 + 4.2 18.5
7 7 1 1 3 12.0 + 3.0 + 4.0 19.0
8 7 1 1 3 il.é 4 3.4 + 3.6 18.6
9 7 1 1 4 9.8 + 3.1 4 6.0 + 0.9 19.8
10 7 1 1 4L 10.1 + 3.8 4 5.4 + 0.8 20,1

From this experiment, it was seen that successive hydrolysis in-
creased the yileld of sugar considerably over anything that had yet been
tried. A yield of 20.1%, based on the weight of the wood itself, is a
yield of about 37% of the total cellulose present. As successive hydro-
lysis seemed to be one of the factors which would give an increased yield, it
was decidéé to vary the time, and perhaps obtain some higher percentage of

sugars by this method.
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It was also decided to cut down on the chlorination time, to
see if the same effect could not be obtained with a much shorted in-
terval of time. This experiment was run using only one hydrolysis, as

the primary interest was in the chlorination:

Table XIIT

Effect of Time of Chlorination on Yield of Glucose

Run % Acid Time Acid Time Chlorine % Glucose

1 7 1 hr. 1 hr. » 7.5
2 7 1 1 7.6
3 7 L 3/4 7uh
4 7 o 3/4 7.8
5 7 1 1/2 7.7
6 7 1 1/2 T2
7 7 1 1/4 7.4
8 7 1 1/4 7.6

On comparison with results of Table XI it was determined that
the time of treatment with chlorine could be cut to 15 minutes without

lessening the yield of sugar, so this was done in subsequent experiments.

The variation of the time of hydrolysis using this new chlorina-
tion time, was now carried out. The procedure followed was to chlorinate

and hydrolyze four times, changing the time of hydrolysis. A sample of
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each hydrolysis acid was kept and analyzed, and the total percentage of

glucose obtained from the four analyses is reported:

Table XIV

Effect of Time of Hydrolysis on Yield of Glucose

- No. of Hydrolyses
Run % Acid Time Acid Time Chlorine & Chlorinations % Glucose

17 1/4 hrs.  1/4 hrs. 4 242
217 /4 /4 - 4 2006
37 1/2 1/4 4 23.2
A 7 1/2 1/4 A 241
5 7 b 1/4 4 21.2
6 7 3/4 1/4 4 20.9
7 7 1 1/4 4 19.9
8 7 1l 1/4 4 20.2
9 7 11/2 1/4 L 14.2
10 7 ~11/2 1/4 4 15.7
n 7 11/2 - 1/4 4 17.9
12 7 11/2 1/4 A 18.4
13 7 2 1/4 4 17.8
14 7 2 1/4 4 18.0

It was noted that the meximum yield was obtained after a hydrolysis

period of only 15 minutes, so this cut the time of hydrolysis considerably.
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The yield increased as the time deéreased from 2 hours to 15 minutes, with
the exception of the 1 1/2 hour hydrolysis, but a recheck of that gave a
value Which was in line with the others. Based on the amount of cellulose

present, the best yield represents a L5% conversion.
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CONCLUSICN
As a result of this investigation, the following conclusions
were reached:

1. Concentrated acid gives no appreciable yield of glucose

from sawdust, doubtless due to the caramelizing effect.
2+ Alkali hydrolysis is of no value with wood wastes.

3. The best yields of reducing sugars can be obtained from

the use of dilute acid under these conditions:

Time of Chlorination 15 minutes
Time of Hydrolysis . 15 ninutes
HNumber of Chlorinations | A
Number of Hydrolyses 4
Strength of Acid %

Should any more work on this problem be attempted, it is re-

comnended that:

l. In the use of concentrated acids, some inhibiting agent be

found, in order to prevent charring of the sugars formed.

2. In any use of dilute acids it is most likely that the hydro-
lysis should be carried out under pressure in order to give

any increase in yield of reducing sugars.
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