tents of the pulp and the pH of the
wastewater with multiple-R, R? and ad-
justed- R? values of 0.99, 0.99, and
0.99;0.99,0.99, and 0.98;0.93, 0.86,
and 0.81;0.95, 0.90, and 0.87; and
0.98, 0.96, and 0.95, respectively. The
process variables must be set at low
values to ensure a high yield and pH.
Conversely, if high holocellulose and a-
cellulose contents and low lignin con-
tents are desired, then a long cooking
time, a high temperature, and a medi-
um-to-high methanol concentration
must be used.

Application:

Pulp can be obtained from agricultural
residues by less-polluting methods.

HE CURRENT CHALLENGES OF THE
pulp and paper industry are
the achievement of afford-
able-quality pulp while pre-
serving the environment by using
increasingly smaller amounts of water
and energy, and gradually less raw ma-
terials, and minimizing pollution from
residual effluents resulting from cook-
ing the raw materials used and from
their bleaching.
Specifically, cooking the raw mate-
rials produces large amounts of highly
polluting wastewater, particularly
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when it contains sulfur compounds
(e.g.,in processes using sulfite and sul-
fate).

On the other hand, the current an-
nual output of pulp cannot meet de-
mand, which is growing dramatically
in developing countries and continues
to rise in developed countries [by
2-3%/year in the United States, for ex-
ample (7)). This is leading to an in-
creasing shortage of wood raw
materials and a gradual deforestation
of some areas of the planet.

The above reasons have raised the
need for new plants that use processes
requiring modest investments to ob-
tain quality wood products at a low
cost while preserving the environ-
ment; reducing chemical, water, and
energy consumption; increasing the
yield of wood raw materials; and using
alternative materials such as agricul-
tural residues. This can be facilitated
by the implementation of processes
that use organic solvents, which are
easy to reclaim and give valuable by-
products (7-3) as well as by the use of
previously unexplored raw materials.

Cereal straw abounds in many
countries, such as Spain, that are short
of wood resources. It makes an alter-
native raw material for obtaining pulp
with a view to producing various
types of paper and cardboard. The
Spanish firm SAICA, based in Zaragoza,
uses over 4 x 10> kg/day of cereal
straw to make cardboard.

Regarding wheat straw, the raw
material explored in this paper, Spain
produces more than 7 x 10° kg/year.
This residue is scattered and/or
burned in the field, causing pollution

and other problems that detract from
environmental quality.

While the ability to obtain pulp by
using organic solvents has been
known for a long time, pilot plants and
small-scale industrial plants exploiting
them were started only recently. This
has been the result of the shortage of
alternatives to traditional procedures,
leading to expending substantial ef-
forts in any new processes, even if
they had previously been discarded.In
fact, some processes that use organic
solvents are being reconsidered in re-
sponse to the new economic and en-
vironmental order.

The earliest scientific references to
delignification with organic solvents
date from 1893, when Kason used
ethanol and hydrochloric acid for that
purpose. Subsequently, Aronovsky and
Grotner carried out interesting work
on the topic in the 1930s. Their exper-
iments were followed by those of
Brounstein in the 1950s and Kleinert
in the 1970s. Since then, several au-
thors have investigated the potential of
various organic solvents for the pur-
pose.

Prominent among the processes
that use alcohols for pulping are those
of Kleinert (ethanol or methanol,
in the absence of a catalyst) (2),
Alcell (ethanol-water) (2-4), MD
Organocell (ethanol-soda) (2-4),
Organocell (methanol-soda-an-
thraquinone) (3-5), ASAM (alkali-sul-
fite-anthraquinone-methanol) (3-6),
and ASAE  (alkali-sulphite-an-
thraquinone-ethanol) (7); that using
sodium bicarbonate-ethanol-water
(8); and that using oxygen-alcohol



(9). Other processes based on differ-
ent alcohols also worth special note
are those of ester pulping (10),
phenol pulping (2), Acetocell (acetic
acid-water) (11), Milox (formic
acid-hydrogen peroxide) (712), and
Formacell (acetic acid-water-formic
acid) (13) and those using formic
acid (14), glycerol (15), oxygen-ace-
tone-water (16), water-glycerol-
acetic acid (17), and ammonia and
amine bases (2).

These processes have been ap-
plied with varying success to hard-
wood and softwood, and less
frequently, to nonwood plant materi-
als. There is only a single reference
where the material used in this
work, wheat straw, was treated with
soda-ethanol-water following prehy-
drolysis with sulfuric acid (78).

Pulping processes have been mod-
eled in many ways to derive equations
for estimating the quality of the result-
ing pulp as a function of the process
variables and optimizing the operating
conditions in accordance. Most such
models use equations based on the ki-
netics of delignification to predict the
extent to which it occurs; few, howev-
er, consider the effect of process vari-
ables on pulp quality and yield (79).

So far, few authors have used factor
design for this purpose. This modeling
strategy allows the development of
empirical models involving several in-
dependent variables for examining the
chemical composition, pulp vyield,
kappa number, and degree of polymer-
ization of pulp from various vegetables
treated with organic solvents (719-22).
These empirical models are preferable
to theoretical models that are rather
complex when more than two inde-
pendent variables of the pulping
process are changed.

In this work, we used a central
composition design to study the influ-
ence of cooking variables for wheat
straw with methanol-water mixtures
(i.e., the cooking time and tempera-
ture and the ethanol concentration)
on the properties (yield and holocellu-

T, °C t, min C, % Y, %
-1 +1 -1 35.32
+1 +] +1 31.53
+1 -1 -1 49.42
-1 -1 +1 6791
+1 +] -1 32.12
-1 +1 +1 31.99
-1 -1 -1 75.34
+1 -1 +1 43.12
0 +1 0 33.52
-1 0 0 4791
0 0 +1 38.8I
0 0 -1 40.39
+1 0 0 36.14
0 -1 0 60.12

T = temperature, t = time, C = methanol concentration, Y = yield, H = holocellulose, 0C = a-cellulose, L = lignin

H % aC% L% pH
9221 3943 491 3.93
9349 4225 371 3.79
8334 4128 6.42 427
80.12 3727 8.43 446
90.50  44.52 321 382
9052 4391 413 3.78
7943 3450 10.12 457
8601 3875 5.98 4.18
9064  44.15 472 3.88
8354  37.15 6.72 432
87.64  41.25 478 3.96
8492  35.12 7.52 419
87.64 4112 468 3.95
8134 3823 6.52 439

I. Conditions and results of organosolv pulping of wheat straw”

Equation F Multiple-R R? Adj-R?
Yield (3) 367.10 0.99 0.99 0.99
Holocellulose (4) 121.30 0.99 0.99 0.98
a-cellulose (5) 15.24 0.93 0.86 0.8l
Lignin (6) 2881 0.95 0.90 0.87
pH (7) 75.16 0.98 0.96 0.95

II. Snedecor’s E multiple-R, R, and adjusted- R?

lose, and O-cellulose and lignin con-
tents) of the pulp and pH of the re-
sulting wastewater.

EXPERIMENTAL
Raw material
We used sun-dried wheat straw
(Triticum vulgaris), the composition
of which was as follows: 8.52% mois-
ture, 75.30% holocellulose, 39.67% O-
cellulose, 17.73% lignin, 6.84% ash,
11.74% cold-water solubles, 13.57%
hot-water solubles, 43.48% 1%-NaOH
solubles, and 4.23% ethanol/benzene
extractables. The deviations of these
contents from their respective means
were all less than 10%.
Experimental design

A central composite design was used
to outline the composition of the ex-
perimental process conditions around
a central combination. A central com-
posite design consists of several com-
ponents, i.e., a 2" factor structure
around a number of observations at a
central point and additional observa-
tions on the axes to allow estimation

values for Eqs. 3 to 7

of quadratic terms. Central composite
designs meet the general requirements
that every parameter in a polynomial
model should be estimated from a
moderate number of observations and
that observations be spread fairly even-
ly over the experimental region of in-
terest (23). With three independent
variables, 15 experiments were
enough to fit a second-order polyno-
mial model. The central combination
for the experimental design was as fol-
lows: t = 75 min, T = 175°C, and
[MeOH] = 65%. These three variables
were varied over the ranges 30-120
min, 150-200°C, and 50-80%, respec-
tively. The warmup time (15-20 min)
was excluded form the pulping time.
The liquid/solid ratio used was 40:1.
The results were subjected to multiple
linear regressions as implemented in
the biomedical program (BMDP) new
system package.
Pulping

Wheat straw was pulped in
methanol-water mixtures, containing
no catalytic additive, in a 750-mL
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1. Variation of pulp yield with cooking time and temperature at a

high, constant methanol concentration

2.Variation of pulp yield with cooking time and temperature at an

intermediate, constant methanol concentration

Low ,
concentration

High
temperature

3. Variation of pulp yield with cooking time and temperature at a

low, constant methanol concentration

Berghof reactor. After the reactor was
loaded with wheat straw and the cook-
ing liquor, it was heated to the operat-
ing temperature, which was then
maintained throughout the experi-
ment. After cooking, the pulp was dis-
integrated in a laboratory blender,
washed with a hot methanol-water
mixture, and finally washed with hot
distilled water.
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4.Variation of pulp yield with cooking time and methanol concen-

tration at a high, constant temperature

Analyses
The holocellulose content in the
wheat straw and pulp was determined
by using the method of Wise et al.
(24). The a-cellulose, lignin, ash, cold-
water soluble, hot-water soluble, 1%
NaOH soluble, and ethanol/benzene
extractable contents were obtained ac-
cording to the corresponding TAPPI
test methods. Pulp yield was deter-

mined gravimetrically following dry-
ing at 100°C for 24 hours.
RESULTS AND DISCUSSION

The central operating conditions (65%
MeOH, 175°C,and 75 min) were used in
four experiments. The results obtained
in each experiment regarding yield,
holocellulose, 0-cellulose, and lignin in
the pulp, and pH of the wastewater, dif-
fered from the mean values (42.49,



Intermediate
temperature

Low
temperature

5.Variation of pulp yield with cooking time and methanol concen-
tration at an intermediate, constant temperature

6. Variation of pulp yield with cooking time and methanol concen-
tration at a low, constant temperature

High
tir%e

Intermediate
time

1. Variation of pulp yield with temperature and methanol concen-
tration at a high, constant cooking time

85.92, 38.26, 5.806, and 4.08%, respec-
tively) by less than 5% in all instances.
Subsequently, the proposed exper-
imental design was used to obtain the
results given in Table I. Experimental
data were modeled by using the fol-
lowing second-order polynomial:

where

Y=8, +3% 0X+ 200X+

=171 ni

X =2[(X=X)X _~X ] (2)

The response variable Y represents
the yield, holocellulose, a-cellulose,
and lignin contents of the pulp, and
pH of the wastewater. The indepen- the

8. Variation of pulp yield with temperature and methanol concen-
tration at an intermediate, constant cooking time

23i=13=1 dinnanj @)

dent variables X to X, denote the
methanol concentration (C), tempera-
ture (7), and time (), respectively. The
independent variables were normal-
ized from -1 to +1 by using Eq. 2
to facilitate direct comparisons of co-
efficients and to better understand the
effects of individual variables on the
response variables. Normalization of
independent variables also
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methanol, mixtures, models, organosolv
pulping, pH, process variables, tempera-

ture, time, waste waters, water, wheat
straw.
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12. Variation of lignin with cooking time and temperature at a high,

constant methanol concentration

provides better estimates for the re-
gression coefficients by reducing cor-
relations between linear and quadratic
interaction terms (23).

The central combination is that for
which all normalized independent
variables are zero. Coefficients a.,b,c,
and di,- are unknown regression coeffi-
cients that must be estimated from ex-
perimental data.

The multiple linear regression
analysis was performed on all terms of
Eq. 1 (by using the data in Table I and
those for the four experiments carried
out under the central operating condi-
tions); those terms with Snedecor’s F
values below 4.5 were discarded by
using the stepwise method.

The equations derived for the
different response variables were as




follows:

Y, ,=4211-192-6.6I —13.14 -

ield

1.83C7+ 5.3 + 1.2t + 5.88t
®)

Y, = 85.85 + 0.7€ + 1.57T +

holocellulose

4.71+0.967 + 0.8LT— 1.0t (4)

Y =38.46+0.86+1.57 +

a-cellulose

242-15CT+ 1.9 (5)

Y, = 5.85 - 0.5C — 1.03 -
1.6& + 0.50Tt 6)

Y, =4.10 - 0.06 - 0107 —
0.27 + 0.06Tt ©)

Snedecor’s E multiple-R, R? and
adjusted-R* values for the fitting of Egs.
3 to 7 are listed in Table II.

Coefficients a, represent the esti-
mated response values for the central
combination of operating conditions.
The vyield, holocellulose, a-cellulose,
and lignin contents, and the pH, were
found to be satisfactorily fitted by
seven, six, five, four, and four ex-
ploratory variables, respectively.

There were significant interactions
between the temperature and time for
the yield, the holocellulose
and lignin contents, and the pH.
There was an additional interaction
between the methanol concentration
and time for the yield, and between
such a concentration and the temper-
ature for the holocellulose con-tent. On
the other hand, only the methanol con-
centration and temperature were cor-
related for a-cellulose.

A comparison between the fitted
values calculated from the polynomial
equations and the experimental re-
sults for the different response vari-
ables revealed the experimental yield,
holocellulose, and a-cellulose con-
tents, and pH, to be predicted with er-
rors less than 5%, and the lignin
content with errors less that 15%. As
can be seen from Snedecor’s £ multi-
ple R, R?, and adjusted-R* values in

Low )
concentration

Table 1II, the
model fitted the
experimental val-
ues for all the re-
sponse variables
well. The lowest
values of these
parameters for 0O-
cellulose arose
most likely from
the high sensitivi-
ty of this depen-
dent variable to
differences in the
pulping condi-
tions that were

not included in
the model and to
small variations
in the raw mater-
ial used.

Figures 1-9 show the variation of
yield as a function of the normalized
values of two independent variables
on constancy of the third indepen-
dent variable. As can be seen, if a low
yield (similar to that of chemical pulp)
is desired, then one should use a high
temperature and methanol concentra-
tion, and a long cooking time. If a high
yield (similar to that of semichemical
pulp) is to be obtained, then de-
creased values of the operating vari-
ables should be used; the methanol
concentration, however, has little in-
fluence relative to the cooking tem-
perature and time. From Figs. 1-9 and
the use of Eq. 3, one can estimate the
yield variation with each of the inde-
pendent variables over the range con-
sidered on constancy of the other
two. If the central values (65% MeOH,
175°C, and 75 min) for the two vari-
ables to be kept constant are used,
then the maximum variations in the
yield are obtained when the time is
changed (26.28) and the minimum ap-
pears when the methanol concentra-
tion is altered (3.84). The variations
with temperature (13.22) lie in be-
tween the previous two, so the yield is
much more sensitive to changes in the
cooking time than in the methanol

13. Variation of pH of the resulting wastewater with cooking time
and temperature at a low, constant methanol concentration

concentration.

Based on Eq. 4, one should use a
high methanol concentration and,
judging from Fig. 10, also an in-
creased cooking temperature and time
for holocellulose. The variation in its
content is more sensitive to changes in
time (9.42) than in the methanol con-
centration (1.84), with the tempera-
ture in an intermediate situation
(3.04).

Regarding a-cellulose, one should
use an increased cooking time (Eq. 5),
a high temperature, and a low
methanol concentration (Fig. 11). The
greatest changes in d-cellulose content
result from variations of the cooking
time (5.13), and the smallest are from
alteration of the methanol concentra-
tion (1.72), the effect of cooking tem-
perature lying between the previous
two (3.14).

Regarding lignin, if a low content is
obtained, then a high methanol con-
centration (Eq. 6) and an increased
temperature and time (Fig. 12) should
be used. Variations of the lignin con-
tent are more sensitive to changesin
time (3.36) than to variations of the
methanol concentration (1.02), with
the temperature lying in between
(2.06).
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Finally, if the pH of the resulting methanol has two principal advan-
wastewater is not to be low,then alow  tages:
methanol concentration (Eq.7) and a e It uses a residual raw material and

decreased cooking temperature and
time should be used (Fig. 13).
Changes in pH are most sensitive to
variations in the cooking time (0.54)
than in the methanol concentration
(0.12), the temperatures having an im-
mediate influence (0.20).

SUMMARY
Pulp making from wheat straw and

saves wood.

* It gives pulp properties (holocellu-

lose and a-cellulose contents,

among others) that are suitable for

making paper and/or cardboard,

depending on yield, which in turn

is dictated by the operating
variables. T}
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