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Abstract

The effect of varied times and temperatures on the yield and chemical prop-
erties of pulps prepared by the use of phenol on wood was determined, Opti-
mum conditions appeared to obtain at about 9C° C, with a 2-hour digestion
time, and a ratio of phenol to wood of 8 to 1. The total and alpha-cellulose
contents of the pulps were higher than for sulfite pulps, and the Roe chlo-
rine number relatively low, Pentosans, extractives, and lignin appeared in
about the same quantities as in easily bleached sulfite pulps, the lignin
content decreasing with increasing time and temperature., The pulp was sonme-
what dark-colored, and yields were low, The strength properties were very
low, as were the absorbency and porosity, while the opacity was high, The
portion soluble in alcohol-benzene was about the saime as for sulfite vpulp,
while that soluble in ether was very low. Tae chemical properties of phenol
pulp appear to make it suitable for the manufacture of cellulose derivatives,
About 80 percent of the phenol was recoverable, In general, total yield
decreased with increasing times and temperatures. Maximum screened yield
was about 42 percent.

Introduction

When wood is heated with phenol, the lignin is dissolved, leaving an almost
lignin-free cellulose, This reaction is greatly stimulated, apparently
catalytically, both as to completeness and rapidity by very small amounts
of mineral acids, . '

l-.A.portion of this report was submitted to the University of Wisconsin as a

thesis for the degree of Bachelor of Arts by E, L. Fiedler.
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Various atteupts have been made to pulp wood by the phenol process because
of the short time and low pressure and temperature required to reduce the
wood to a pulp. Also, because of the increased activity by state health
agencies against the pollution of streams by pulp mills, the attention of
the industry is being directed towards the use of chemicals other than calci-
um bisulfite as pulping agents. Phenol has been reported to be an effective
pulping chemical and, since unused phenol is readily recoverable from the
spent pulping liquor and the residual phenol-lignin might be of use as a
basis for the manufacture of plastics, it is felt that the use of the spent
liquors might be so profitable that stream pollution would be eliminated.
Commercial phenol pulping has not been attempted largely because of the
prohibitive cost of phenol.

The study reported herein was undertaken to determine the chemical prop-

erties and yields of pulps produced by the use of phenol, and to determine
the temperature and time for the production of the best pulp.

Literature Survev

The first systematic study of phenol-lignin was made by Hillmer (8).

L, Hochfelder (9) in a dissertation reviewed by Melander (13) described the
digestion of dried spruce chips at 180° C, for 48 hours with phenol. The
resulting phenol-lignin was composed of two fractions, one insoluble in
alcohol (lignin alpha) and the other soluble in alcohol (lignin beta). The
alpha fraction contained no carboxyl nor carbonyl groups, but the presence
of three hydroxyls was established, Xalb and Schoeller (11) reported that
phenol-lignin may be prepared by heating pine sawdust with phenol and
hydrochloric acid for one hour at 90° C,

According to Legler (12) wood meal could be made lignin-free in 15 minutes
with phenol and very small amounts of hydrochloric acid (0.03 percent of
weight of phenol). In the absence of hydrochloric acid the wood was unaf-
fected in seven hours, He likewise found the optimum temperature to be
between 70° and 80° C. The phenol apparently condensed with the lignin to
form phenol-soluble resins,

Wedekind, Engel, Storch and Tauber (15) showed that the reaction between
phenol and lignin proceeds only while the phencl hydroxyl remains unchanged
and they regarded the linking as occurring para to the phenolic hydroxyl and
considered the possibility of a carbonyl condensation., ILignin was regarded
by these workers as a methoxy compound in which 100 carbon atoms are com-
bined with 110 hydrogen and 35 oxygen atoms, They proposed {KCBH702> (OCHz)
(Oh)(06H4OH§]x as the simplest phenol-lignin, Phenol lignin was described
as a light violet amorphous powder which begins to sinter at 190 to 195° C.
and decompose at 200 to 225° C,, and is somewhat hygroscopic, yields na .
phloroglucinol-hydrochloric acid reaction, and does not reduce Fehling's
eolution, ’
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Jonas (10) believed the phenol and lignin reaction to be a condensation of
the phenolic hydroxyl with the lignin molecule (perhaps accoupanied bv
partlal cleavage of the comglex) ' :

- Hagglund, Johnson and Trygz (7) indicate that pnenol-llgnlns are ring conden-
sation products,  The phenol hydroxyl first reacts with the lignin aldehyde
to form-a acetal-like compounu This then reacts further through wandering
cf the aldehyﬂe re51due and 19 COnverted into a ring condensation product
Tiuhler’(z ,5) showed that bhenols at ‘temperatures above 150° C, - dissolve
resins," 11gn1119d materlals and other incrustants. Increasing tpe_teqpera—
tuze and preéssure promoted thé solution.

Hartmuth (6) recommended the addition. of swall quantities of hvarochlorlc
acid to. the reaction.

Buckland, Brauns, and Hibbert (2) showed that the phenol reacts with lignin
in such a way that new phenolic hydroxyl groups appear in the derivative,
two different products being formed in the ratio of 3 to 1, one ether-
insoluble and the other ether-dicxane soluble. The ether-inscluble fraction
contains three new phenolic hydroxyls and it is pfobable that during conden-
sation one methoxyl group is split off, Apparently as many as 15 or 21
molecules of phenol condense with the lignin-in the ethér-dioxane soluble
portion.” While the mechanism of the reaction between phenol and lignin has
not been definitely established, there is.little doubt that the phenol re-
acts with the-lignin in such a way that new phenolic hydroxyl groups appear
in the lignin derivative.

Brauns and Hibbert (1) proposed C4oHzo04(0CHZ)5 (OH)g as the unit of "native

lignin." The ether soluble phenol—11gn1n with one phenol-ether linkage and
three phenol groups present in nuclear condensatién was postulated as . |
042H3806(00h3)4(03)5(00 5) . 3CgHsOH., The-ether-dioxane soluble phenol-

lignin is possibly elther Cyot 3206(00 3)4(0H) (OCGHS) .15 06H5OH’ or

Cugfan 6(00h3)4(oﬂ) (00 5) . 21 06H50H

Experimental .

The wooa used was whlte ‘spruce (Elcea glauc ) and was obtained from Forest:
'Products Laboratory sh;pment 1428 The cnemlcal analyS1s of the wood is
given in. taole 1 (14) ' .

R .
f oo |

The wood was reduced to 5/8—1nch chlps in ‘the laberatory chipper and

scréened to Temove knots s, oversized chips, and.fines, - In the: case of the
cooks made: on:sawdust, the’ chlps were furtaer reduced in-a Wiley iill and
then screened .on a-40-mesh wire screen, the oortion pass1nﬂ through being
rejected]’ In all-cases oven-dried material was used, a i
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Table 1l,—-Chemical analysis of white spruce wood, shipment 1423

B e e s e B .... 60,6 percent

Alpha CellUlCSe erurmicvrvnvansinsoronnenansonnnns ., 42,1 percent

Lignin e......... e R s 27.8 vpercent

Chlorine consumPtion ...uvvvswersncarans P .. 40,2 percent

Total pentosans .......... G rw e ra e e .. 12.1 percent

Solubility in

. Hot l—percent NaOH solution......... Ediaais S e .. 10,7 percent
g F2 Lol e P e e e R e .. 2.1 percent
Alcohol-benzene ,....c.cuvevinesrnarnaminmtnrneens 2.3 percent

Ether ,...civiiieniinninan.. beracussscnsciaarsraes Lol percent

Hydrolysis number ,,..... T L L T e 29,4 percent

The digestions were mede in corrosion-resistant alloy bombs having a capacity
of 350 cubic centimeters. The bombs were immersed in a glycerine bath which
was stirred by a motor-driven screw pump agitator and equipped with two
heating elements of about 400-watt capacity. The teuperature of the bath
was mainteined within X 1° ©, by the use of a bimetallic thermoregulator.

Twenty~five grams of oven~dried chips (or sawdust) were placed in the bombs
and covered with 200 grams of molten phenol (at about 60° C.) to which had
been added 1 cubic centimeter of concentrated hydrochloric acid. Complete
immersion of the chips in the phenol was insured by covering them with a
perforated disk of stainless alloy, so constructed as to prevent the chips
from floating, The temperature of the bath was raised 4° C., above the cook—
ing temperature for each bomb immersed, to allow for the heat capacity of
the metal. Three minutes were allowed after immersion for the bomb and its
contents to reach thermal equilibriwnm,

After the elapse of the predetermined time, the bomb was removed, opened,
and its contents emptied on a 70-mesh wire screen and washed with a warm,
O.5-percent caustic solution. The pulp was then broken up with a motor-
driven stirrer, again washed with dilute caustic, and finally with tap
water, The residue was dried overnight at 105° C. and weighed. The total
yield was calculated as

weight of residue x 100 = percent total yield.

weight of chips
The dried pulp was broken up again in water and screened through 0,012-inch
slots in a bronze plate on a diaphragm screen. The screenings were dried
at 105° C, and weighed, the rield of screenings being reported as a percent-
age of the wooa. The screened yield was reported as the difference between
the total rield and the screenings. The cooking conditions and yields are
reported in table 2. '
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In the case of the digestions using sawdust, it was impossible to wash the
residue thoroughly with water or caustic,” Hence the contents of the bombs
were transferred to an extraction thimble and extracted with methyl alcohol
in a Scxhlet apparatus until the extracting alcohol was colorless., The saw-
dust pulps were not screened, the total yield alone being determined and
reported, Table 3 presents the cooking conditions and yields of the sawdust
digestions, .

Table 3,~-Cooking conditions, yields, and properties of phenol pulps prepared

from white spruce sawdust

Diges~:Tem~ ¢ Time :Tield: Roe : Cellulose :Lign{B:Total ¢ Solubility in

tion ‘pera-: F {DUMDET § == —memomimm mm m = — ! tpento-ter——a——————
number: ture : : : :aAlpha :Total : tsans :alcohol-:Ether
: : : : ¢ : : : tbenzene :
P °C. :Eours :Fer- : Per— : Per- : Per- : Per- :Fercent :rercent
: cent cent : cent i cent cent : :
43 100.: 0,25 :69.2 :+ 26,7 : 50,0 : 70.5 : 19.3 : 8,3 : 0.7 : 0
45 100 .50 :66,8 ¢ 29,1 : 45,5 : 64,6 : 25.6 : 9,6 : & H 0
46 100 .75 :47,2 ¢+ 21.6 : 57,8 : 76,4': 16,0 : 7,1 : 1.3 0
44 100 : 1.00 :41,6 : b5,47: 74.6 ¢ 96,9 : 1.7 @ 3.4 : o & 0
47 100 : 2,00 :40.0 6.20: 69,0 ¢ 92,4 1.5 : 3.5 .5 .3

In order to obtain some idea of the gquantity of recoverable phenol remaining,
two Cigestions were made with sawdust, following which the contents of the
bombs were extracted with ether, the unused phenolteing distilled from the
ether extract, These results are presented in table 4,

’

Teble 4,--Cooking cgnﬂitions} vields, and amount of phenol recovered
f;pm phenol cooks using white spruce sawdust °

BEQéS—I:Tem— : Iime‘:Oveﬂ:Erj : Yield Fhenol

tion  :pera~ : tsawdust S A I AR i I

numper :ture | tuged © ¢ 0 v Used - tRecovered: - -Losgs-
2 120, Hours: Grams :Percent @ ‘Grams : Grams : Graums
48 : 100 : 0,5 : 25 ¢ 69,6 : 200.9 : 162,3 : 38,6
49 : 100 : 1.5 : 25 : 40,0 : 201,8 : 156,0 : 45,8

The following chemical constants of the pulps were determined; total and.
alpha cellulose, lignin, total pentosans, solubilities in alcohol-~benzene
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and ether, and the Xoe chlorinefnumber. The color of the pulp was also
determined,

In order to obtain sufficient pulp for a physical analysis, cook P65 was
nade, In a l2-liter flask 3,43 pounds of chips at a moisture content of 7.4
percent were covered with 27,44 pounds of molten phenol, The flask and its
contents were submerged in water in a steam-jacketed autoclave and maintained
at 90-100° C, for 1,25 hours. Following cooking, as much liquid as possible
was drained off the chips and the residue placed in about 25 gallons of
dilute caustic soda and broken up with an electric stirrer. The liquor was
washed from the pulp in a screen box and the vulp again treated with about
25 gallons of dilute caustic and stirred, ZXollowing washing, the pulp was
screened and the yield determined, The pulp was pebble-milled and tested
for physical properties, the physical data of which are given in table 5.
The cooking conditions, yield, and chemical analysis of this pulp are
presented in table 2,

Table 5.~¢Co&kiﬁ£'cdhditioﬁs. yield, and physical characteristics of pulp
prepared by the use of phenol

ar

Digestion pumber ,..........., P~65 - :
' Temperature, °C. ,....,......, 90-100 »
Time, NOUr§ 4o, vuvnrvrassnnns 1-25 o
Bleach used, percent ;........ O 15
Color, Ives parts:
Red ,vewivruninrnnannn crrens B5 88
Green .uuveevvivenniasnncea, D4 86
Blue suiucrnanervrnarnnannas 49 80

Bleach required, percent ,..., 20

Pebble mill tests (Ream 25x40 - 500)

after milling, minutes weweee.v.'vevon. s ¢ O : 20 : 40 : 60 : 80
Bursting strength, points per pound per : : : :

TOAM 4 wesvacac:nnritnseseanesasa arrrene 0,47 @ 0,49 : 0,57 : 0,49 : 0,48
Tearing strength, grams per pound per : : 3 :

TPOAM wurvuvrnnrtrsnacensa esiereraceraas & L899 : ,93: .81 : .86 : .74
Folding endurance, double folds ...,...... : 36 : 36 : 77 :-37 : 55
Tensile strength, pounds per square inch. : 2965 : 2895 : 3540 : 3685 : 4525
Freeness, S.~R. CC. uvyevirvarsancionnnas 3 845 1 765 : B50 : 390 ;290

Solid fraction ,..,ueiuuusssssisraananeans & 0,41 : 0.46 : 0,54 :°0,50 : 0,57
Absorbency, seconds Per CC. ..vvewese.waa @ 390 : 461 71184 : 1350 : 2580
rorosity, seconds per 100 €C. ........i0s ¢ 42 : 29-: 140 ¢ 205 : 827
Opacity, contrast ratio .. isies s sesscos . 0,98 : 0,97 : 0.96 : 0,95 : 0,93
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. Discussion of Results

Figure 1 shows the change in total yield with increasing cooking time at
different temperatures, The yield decreased as the time increased, the
decrease in yield being very great in the early stage of the digestion, At
80° C, the yields tended to approach a minimum of about 45 percent, at

9C° C,, a minimum of about 42 percent, at 100° C,, a minimum of about 38
percent, at 130° C,, a minimum of about 33 percent or less, while at 150° C,
complete solution of the wood would apparently occur in about 2 hours. The
yields using sawdust run slightly higher than when chips are used.

Figure 2 presents the effect of digestion time on the yield of screenings,
The screenings decreased with increase in digestion time and teaperature.
The screened yield, as given by the difference between total yield and
screenings, was optimum at a digestion temperature of 90° C,, being about
42 percent after a 2-hour pulping period (table 2), It is doubtful if
screened yields above 43 percent could be obtained using phenol in this
Jpanner.  Temperatures above 110° C, result im rapid and drastic decreases
‘in yield, ' it '

‘ out

The effect of temperatures on total yield is brought /in figure 3 at two
different times, The desirability of aveciding higher temperatures is
confirmed by these curves, In figure 4 it is shown that at 110° C. the
screenings are reduced to an acceptable percentage in 1 hour.

Figure 5 shows the effect of increasing time, at various temperatures, on
the chemical constants of the pulp. The lignin is readily rewoved by the
action of phenol, However, it appears to be impossible to reduce the liznin
content to below 1,0 percent by the use of phenol in this manner, There
appears to be a tendency for the phenol to lower the total cellulose after
the lignin has been reduced to less than 1.5 percent. In general the total
cellulose is nigh in comparison with commercial sulfite pulps. <chenol ap-~
parently degrades the alpha cellulose readily., At 80° C, the percentage of
alpha cellulose begins to drop off markedly in as short a time as 1,0 hour,
and this point is reached earlier if the temperature is increased, In
general, however, the percentage of alpha cellulose in pulps prepared with
phenol is relatively high, '

The Roe chlorine number values obtained are plotted in,figure 5. The Roe
nunber Qecreases with increasing time and temperature, If the sulfite Zoe
number (to a hypochlorite bleach requirement factor of approximately 5) is
epplicable to phenol pulps, then these values would indicabe that most of
the pulp could be classed as eagy—-bleaching -~ that is, have a standard
hypechlorite bleach requirement of less than 15 perceat.

The phenol pulps are characterized by relatively high total and alpha cel-
lulose and low lignin contents and low Roe numbers, Sincé these properties
are usually considered desirable for the mamufacture of cellulose deriva~
tives, the possibility of using pheanol pulps for this purpose is indiccted.
Confirmation by actual trial is necessary, however, to establish this point,
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The total pentosans,.alcohol~benzene,gggqigyher solubilities of the pu}p§
were about the same as for sulfite pulps., The unbleached color was slightly
darker,

Referring toﬁthevphySical data on cook‘P65,-presented in table 5,;it is seen
that pulp possesses’ extremely poor strength characteristics. It has a very
low porosity and absorbency, and a high opacity.

The theoretical quantity of phenol used up by the wood can ve calculated from
the formulas of Brauns and Hibbert (1), and. Buckland, Brauns, and Hibbert
(2). If 15 moleciles of phenol are present in the ether-dioxane-soluble
portfon of the phencl-lignin, which makes up 25 percent of the total phenol-
lignin, the following formulas may be assumed to hold:

; I_OK | H,_OH 1
Cynfle 01 + 4C HOH S OB 0 o BOGHO (1)

"native lignin" Ether—insoluble phenol-lignin

1 1.0H - : )21
Cymtlso0 + 16 CgE.OH sy Ogofi5,01g + 15 Cglly (2)
"native lignin" = , - Ether-dioxane—~soluble phenol-lignin

Molecular weight of "native-lignin' = 872
Molecular weight of phenol = 94
Molecular weight of ether-insoluble phenol-lignin = 1216
Molecular weight of ether—dioxane~soluble phenol-lignin = 2344
Let a = grams phenol used in (1)

= grams phenol used in (2)

a+ b=t = total phenol used
¢ = grams phenol-lignin formed in (2)
3¢ = grams phenol-lignin formed in (1)
X = grams native lignin in (1)

Since 25 grams of sawdust were used, which had a lignin content of 27.8
percent (table 1),  the total lignin in (1) and: (2) is 6,95 grams.

Therefore 4794 x =g,
872

and .16 * 94 (6,95 ~ x)
872

i
ot

i

10452, 8 ~ 1504x = 872(a+b) = 872t (1)

also 1216 . x = 3o
872
1216x = 2616¢ (2)

.

also 4° 94  5c =g

— .

1216
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and 16 * 94 , ¢ =1
2344

.928¢c + .64lc = a + b S 1.569¢ = ¢ (3)

rom the three simulteneous equations in x, ¢, and t (1), (2), and (3):

t = 3,56 grams phenol to react with the lignin of 25 grams of white spruce
wood, if the ether-dioxane soluble portion of the phencl-lignin has 15
molecules of vphenol condensed with it,

Similarly, if the ether-dioxane soluble portion of the phenol-lignin has 21
molecules of nhenol condensed with it, 25 grams of the wood would require
4,91 grams of phenol,

Comparing these calculated values with those of table 4, which were ex—
perimentally obtained, it is noted that the latter are approximately ten
times greater, This may be due to the fact that, in addition to the forma~
tion of phenol-lignin, the phenol is also used up by the cellulose and
certain extraneous materials of the wood. Zrom these data it appears
doubtful if much more than 80 percent of the theoretically unused phenol
can be considered as recoverable by ether extraction.
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