He = gas holdup, volume of gas per unit volume of
empty column

Hp = liquid holdup, volume of liquid per unit volume
of empty column

kes = gas-solid mass transfer coefficient, cm/s

krc = overall gas-liquid mass transfer coefficient, cm/s

krs = liquid-solid mass transfer coefficient, cm/s

Kgs = gas-solid adsorption equilibrium constant, cm3/g

Kie = Henry’s law solubility constant between the gas
and liquid, C(;/ CL

Kis = liqlgid-solid adsorption equilibrium constant,
cm?/

K* = overa%l mass transfer constant defined in Equa-
tion (10a), dimensionless

L = height or length of the packed section, cm

My = total amount of tracer injected in a pulse dis-
turbance, g-mole

Q¢ = volumetric flow rate of the gas or vapor stream,
cm®/s

Q. = volumetric flow rate of the liquid stream, cm?/s

8 = Laplace transformation variable

t = time, s

tg = superficial gas velocity, cm/s

vy = superficial liquid velocity, cm/s

X = variable defined in Table 2

Y = variable defined in Table 2

Z = axial distance in the column, cm

Greek Letters

oy = dimensionless gas-liquid mass transfer coefficient,
krearcL/uy

o3 = dimensionless liquid-solid mass transfer coef-
ﬁcient, krsarsL/u;,

a3 = dimensionless gas-solid mass transfer coefficient,
kesagsLKre/uy,

B8 = dimensionless mean residence time ratio of the
liquid to gas defined in Equation (12a) Hpug/
uLHG = ‘y/ 5]

y = Hp/HoKie

8 = dimensionless liquid-solid adsorption equilibrium
constant defined in Equation (12b) Ho/(1 —
Hy — Hg)Kyis

8(t) = delta function

Ay = expression defined in Table 1

A; = expression defined in Table 1

Ay’ = expression defined in Table 1

Ay’ = expression defined in Table 1

© = up/ucKg, defined in Equation (105)

(#) ¢ = nth moment of the gas effluent, s*
(pn) . = nt® moment of the liquid effluent, s»
(1n®) L = n*t reduced moment of the liquid effluent

(pa®) e = ntt reduced moment of the gas effluent
(m0®) L = zeroth reduced moment of the liquid effluent
(10®) ¢ = zeroth reduced moment of the gas effluent

Subscripts

G = gasphase

L = liquid phase

S = solid phase

n = moment number
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Glucose Production by Biochemical Hydrolysis of Mesquite

The production of glucose from cellulose by enzymatic
hydrolysis has been demonstrated by many researchers
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(Gaden et al., 1976; Millet et al., 1975; Mandels et al,,
1974). Enzymatic hydrolysis of cellulose offers a method

to convert inexpensive sources of cellulose to glucose
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which can be used directly as food or as a substrate for
biological processes to yield other chemicals and prod-
ucts such as ethanol and single-cell protein or even nitro-
gen fixing processes to produce ammonia (Barnett et al.,
1976). Most of the previous research has focused on
readily available substrates with high cellulose content
such as wastepaper and soft woods because of high
glucose yield and reasonably high rates of reactions. Very
little research has been conducted on the enzymatic hy-
drolysis of substrates with a high lignin to cellulose ratio.

This research was designed to determine if glucose
could be produced in appreciable quantities from a sub-
strate with a high lignin content by some suitable pre-
treatment. The substrate chosen was mesquite, which is a
serious problem for Texas agriculture and should be an
inexpensive substrate for cellulose hydrolysis (Parker,
1977). Table 1 shows the component analysis of the
mesquite used in this study. Mesquite composition varies
considerably throughout the year owing to the presence
or lack of leaves and beans,

The structure of wood is such that the lignin tends
to prevent the enzyme from coming in contact with the
cellulose and thus prevents hydrolysis. Consequently,
woods such as mesquite with a high lignin content are
hydrolyzed very slowly. Methods to increase the rate of
enzymatic hydrolysis in lignin containing woods have
been demonstrated on some substrates. These methods in-
clude delignification with acids, alkali swelling, steam
swelling, and ball milling (Goldstein, 1970; Goldstein and
Villareal, 1971). Recently, a method was reported that
utilized a differential speed two-roll mill which markedly
increased the rate of hydrolysis (Tassinari and Macy,
1977).

Three of the methods were investigated in this study.
These methods were alkali swelling, steam swelling, and
sulfuric acid treatment. The alkali treatment produced
the greatest improvement in rate of hydrolysis, but the
sulfuric acid hydrolyzed much of the cellulose to glucose
prior to enzyme treatment.

EXPERIMENTAL PROCEDURE

The mesquite used in this research was harvested in
October, 1975, in Wilbarger County, near Lockett, Texas,
The total harvested mesquite (trunk, branches, and
leaves) was ground to —30 mesh particle size in a hammer
mill, and this material was then used for all the tests.

The enzyme used was furnished by the U.S. Army
Natick Research and Development Command, Natick,
Massachusetts. It was lyophilized cellulase from the fungus
Trichoderma viride with a filter paper activity of 0.125
units/mg and contained 0.24 mg/mg of protein and no
reducing sugar. The activity of the enzyme was verified
after receipt.

The mesquite was pretreated in 4.0 g quantities by
placing equal amounts of mesquite and treatment fluid
in 25 ml, Teflon® lined, Parr digestion bombs. This mix-
ture was continuously tumbled in an oven at the de-
sired temperature to insure adequate mixing. The mes-
quite was then washed with distilled water, dried, and
weighed. The filtrate was analyzed for glucose by the
o-toluidine colorimetric method.

Batch, enzymatic hydrolysis tests were conducted in
stoppered, 250 ml Erlenmeyer flasks placed in a shaking
water bath maintained at the desired temperature, The
reaction mixture consisted of 100 ml of a potassium bi-
phthalate-sodium hydroxide buffer, 1.0 g of substrate, and
1.0 g of lyophilized cellulase.

AIChE Journal (Vol. 25, No. 5)

TABLE 1. MESQUITE ANALYSIS

% of dry matter®

Component by weight

Ash 2.7
Cellulose 41.8
Hemicellulose 177
Lignin 15.7
Cell solubles

Crude protein 72

Soluble carbohydrates 149

* Dry matter = 94.4% of mesquite.

TasLE 2. REsuLTs OF MESQUITE PRETREATMENT

% weight
Weight loss as
Pretreatment conditions loss, % glucose®
5% NaOH, 150°C, 1 hr 180 —_
5% NaOH, 150°C, 2 hr 229 —_—
10% NaOH, 150°C, 2 hr 233 0.56
10% NaOH, 150°C, 2 hrt 319 0.61
Hy0, 150°C, 1 hr 106 —_—
H»0, 150°C, 2 hr 185 1.42
1% H3804, 150°C, 1 hr 17.1 -_—
5% HS04, 150°C, 2 hr 39.3 12.4

# Determined from glucose in filtrate after washing. .
$ 36.0 g mesquite sample for pH and temperature dependence studies.

TABLE 3. RELATIVE RATE OF MESQUITE HYDROLYSIS AS A
FuncrioN oF pH AND TEMPERATURE
(Based on conversion in 1 hr)

Temperature, °C

rH 40 50 60
3.0 34.6

35 58.2

4.0 69.1

45 §9.1

5.0 78.2 100 764
53 58.2

8.0 60.0

DISCUSSION OF RESULTS

Each of the pretreatments used in this study extracted
a fraction of the mesquite which consisted of the soluble
carbohydrates (pentoses, xyloses, etc.), the resins, and
some of the cellulose and hemicellulose which was hy-
drolyzed during pretreatment. Preliminary screening ex-
periments were conducted to evaluate the effect of pre-
treatment conditions on subsequent enzymatic hydrolysis
rates. A summary of the pretreatment results is shown in
Table 2. It can be seen that a significant fraction of
the mesquite was hydrolyzed to glucose during the acid
pretreatment.

The optimum conditions for enzymatic hydrolysis using
crude cellulase from T. viride were thought to be 50°C
and pH = 5.0 (Reese, 1977) which was verified using 2
sample of mesquite treated with 109 sodium hydroxide.
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Figure 1. Conversion to glucose during initial five hours of hydrolysis
tests.

This treatment was chosen to prepare a large (36.0 g)
batch of mesquite for determination of temperature and
pH dependence of the enzyme activity, The activity of
cellulase as a function of pH and temperature is shown
in Table 3.

Filter paper and crystalline cellulose (Sigmacell 50, 50x
particle size) were used as substrates to provide a basis
for comparison of mesquite hydrolysis rates. It was as-
sumed that hydrolysis of filter paper (Whatman No. 1)
would result in the highest yield of glucose possible. The
hydrolysis tests were conducted over a 48 hr or 7 day
period. Figure 1 shows the glucose produced during the
initial 5 hr, and Figure 2 shows the conversion for the
total test.

The fact that the hydrolysis of crystalline cellulose pro-
ceeds at a rate comparable to noncrystalline cellulose
suggests that the structure of the cellulose does not sig-
nificantly inhibit the enzyme. The very low hydrolysis rate
of mesquite is not a result of the cellulose structure but
is due to either lignin or an inhibitor in the mesquite and
is probably the result of both, It has been reported that
mesquite heartwood contains a cellulase inhibitor that is
not extracted during pretreatment (Goldstein and Villar-
real, 1971). Because the mesquite used in this study con-
tained some heartwood, the hydrolysis rate would be re-
tarded. This investigation has not disproven the possi-
bility that an inhibitor is present. The results of this study
have shown that lignin inhibition can be reduced.

Caustic pretreatment produced the greatest increase in
hydrolysis rate based on conversion of treated mesquite
charged to the reactor. This is due partially to the fact that
the caustic treatment extracted the least glucose (con-
verted cellulose) during pretreatment. Also, the mesquite
is swollen during caustic treatment, which allows the en-
zyme to penetrate the structure more easily.

Steam swelling of mesquite produced very little im-
provement in hydrolysis rate. This indicates that the
mesquite is not swollen as much as with caustic treatment.

The hydrolysis rate for acid treated mesquite was es-
sentially the same as untreated mesquite. This may be
misleading in that a significant portion of the cellulose
was converted to glucose by acid hydrolysis. As a result,
the total glucose produced during the acid treatment
followed by enzymatic hydrolysis was greater than that
produced by the caustic treatment and subsequent hy-
drolysis.

None of these pretreatments are as effective as the two-
roll milling reported by Tassinari and Macy (1977).
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Figure 2. Conversion to glucose during entire hydrolysis tests.

CONCLUSIONS

When we consider commercial processing to produce
glucose from wood, the results of this study lead to the
following conclusions. Acid pretreatment followed by
enzymatic hydrolysis might produce the most glucose
in a given amount of time. However, because the use
of sulfuric acid will require a much higher capital invest-
ment, the caustic treatment may be the most economic
method of producing glucose from wood. A detailed proc-
ess design will be required to determine the optimum
conditions. Based on the results of this study, a better
pretreatment method than those considered must be de-
veloped before high lignin content woods will be suitable
substrates for enzymatic hydrolysis to produce glucose.
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