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NOMENCLATURE

A: hemicellulose

Ai frequency factor for rate constant k;, min-1
B: xylose and soluble xylose oligomer

C: decomposed product

Ca, Car, Cas,
CAo/ CAFO/ CASo

Cs, Csr, Css:

CHO:

Cp:

dew:

R:
Sg, SsF, Sss:
t:

concentration of xylan as a xylose

concentration of xylose

(total xylan as a xylose)/(total liquid volume)
average product concentration, w/v%

the density of crystalline wood, 1.54 g/mL
activation energy for rate constant k;

1T

the fraction of fast and slow hemicellulose
reaction rate constant, min-1

reactor length, cm

acid concentration exponent

universal gas constant

Cs/Cao, Csr/Caro, Cs/Caso

time, min
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T: absolute temperature, °K

u: velocity inside reactor, cm/min

X: distance coordinate along reactor length, cm
Ys, Ysr, Yas: yields of B for uniform temperature operation:

overall; fast reaction, slow fraction
Yester, YBr1, YBr2, yields of B for step change operation

Yss1, Yas2:
z: x/L
Greek
o katki, i =1, 2
Bopt: optimum @ (corresponding to maximum yield)
Br: kiL/u
BS: kzL/u
€: void fraction in bed
o: porosity within solid
T tu/L
Subscript
A: denoted component A
B: component B
F: fast xylan
i reaction no.
opt: optimum
S: slow xylan
o: value at t = 0
1: indicates early phase in step change process
2: latter phase in step change process
INTRODUCTION

Dilute acid pretreatment of biomass accompanies an additional bene-
fit of hydrolyzing the hemicellulose fraction. In the design of this pro-
cess, it is essential to consider the production of hemicellulose sugar as
well as the effectiveness of the pretreatment. From the viewpoint of sugar
production, the treatment condition, type of reactor, and mode reactor
operation are important factors in the overall process. In previous studies
(1-3), it has been established that the percolation reactor (packed-bed
flow-through type) is one of the most suitable reactor types for biomass
pretreatment.

In operation of this reactor, the sugar product is removed from the
reactor as it is formed. This enables the process to attain high sugar yield
by minimizing the sugar decomposition. Furthermore, the sugar product
from a packed-bed-type reactor is obtained at a high concentration level
owing to high solid-to-liquid ratio that prevails in such a reactor.
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Fig. 1. Conceptual sketch of percolation reactor.

The authors are currently involved in research exploring the use of
this reactor in pretreatment/hydrolysis of hemicellulose of hybrid poplar,
a fast-growing (short-rotation) hardwood. At the present time, it is con-
sidered one of the most promising biomass resources in the United
States. The hemicellulose in hardwood species is known to be biphasic
(4-8), i.e., it is composed of two different fragments (fast-hydrolyzing
fraction and the slow-hydrolyzing fraction). The biphasic nature of sub-
strate brings about a number of interesting points concerning the reactor
design and operation, especially with regard to the temperature policy.
This study was undertaken to see if there is a theoretical ground for a
nonuniform optimum temperature policy and, if so, to verify its impact
on the performance of this reactor.

MODEL DEVELOPMENT

A simplistic description of a percolation reactor is given in Fig. 1. The
following assumptions are made in the modeling procedure:

1. The hemicellulose in hybrid poplar is composed of different
fragments, fast- and slow-hyrolyzing ones.
2. Its kinetics follows the parallel consecutive first-order reactions:
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Where Ar and A; are fast and slow hemicellulose, respectively,
B is xylose, and C is decomposed product.

3. The axial heat transfer after temperature step change is
negligible.

4. Internal and external diffusion effects are negligible.

Material Balance

A material balance over an incremental column height on component
B leads to the following expression:

u[(3Cs | 0x)] + ks Cs — kyCar —k,Cas = —[(3Cs / 31)] 1)

where Caro = Car exp{—k; [t — (x / u)]}, t> (x / u), and Cas = Caso
exp{~k, [t — (x /w)]}, t> (x/ u).
The pertinent initial and boundary conditions are:
x=0,C=0 (2
t=0,Cs=0 (3)
In order to apply the principle of superposition, we let Cp=Cgr=Css,
where Cgr represents sugar released from fast fraction, and Cgs likewise.
The above equations can be divided into two sets of equations with ap-
propriate initial conditions and boundary conditions.
Both sets of equations have the same form, but different coefficients.
The equation regarding fast hemicellulose is:

u[(3Cse / x)] + k3 Cor — kyCar = —[(8Cgr / 31)] 4)

where Car = Caro exp{ —k; [t — (x /w)]}, t> (x/u).
The equation for slow hemicellulose is:

u[(3Css / 3x)] + k3 Cps — kyCas = —[(8Css / 9t)] ®)
where Cas = Caso exp{ —k, [t — (x/w)]}, > (x/u).
The boundary and initial conditions are same as Eqgs. (2) and (3).

Yield, Concentration, and Optimum Condition
for Single-Temperature Operation

By Laplace transform method, we obtain the solution for Egs. (4) and
(5) as follows:

Ser = (1/ ar) exp Be(z — 7) {1 — exp[(— arbr)z]} (6)
Ses = (1/ as) exp Bs(z — 7) {1 — exp[(— asBs)z]} (7)
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Addition of Egs. (6) and (7) (superposition) yields the solution for the
original Partial Differential Equation of Egs. (1)-(3).

Se = HrSer + HsSss (8)

With regard to the reactor performance, there are two items of vital inter-
est, namely, the yield and the product concentration. These are obtained
from the solution as follows. The yield for fast hemicellulose is:

Yer = jlﬁ ! (SeF)z - 1d7 = {[1—exp (—asfr)]/ arfr} [1—exp (=Br1)]  (9)
The yield for slow hemicellulose is:
Ygs = S : i (Ses). - 1d7 = {[1-exp(—asFs)] / asBs} [1-exp(—Bs7)] (10)
The combined yield is:

Ys = HrYsr +HsYss (11)
Average product concentration (C;) can be expressed as follows:
Cp = Cap (Yield/ 7) (12)

where Cao = (total xylan as a xylose inside the percolation reactor / total
liquid volume inside the percolation reactor).

= {(1 —¢) (1 - ) dew (%xylan of hybrid poplar) / [e + (1 — €) 6] 0.88}
= 3.471% (wiv) (13)

The yield is now expressed as a function of reaction time and a number of

dimensionless parameters, including B¢ (k,L/u).
Since B is an important adjustable parameter, it would be of interest to

[(@Ys/3Br)] o, T = [(0YB/3BF)] o, 7, Bs +
[(0YB/3Bs)] o, 7, Br [(3Bs / 3Bk)] ¢, 7 = O (14)

maximize the yield with respect to . In so doing, we set Eq. (14) pro-
vides an implicit equation from which the optimum 8¢ and, consequently,
the corresponding maximum yield can be determined.

Yield for Temperature Step Change Operation

7, represents the dimensionless time up to the temperature shifting
point, and 7,, the rest of the time period.

T=T1+ 17 (15)
Thus, we further define f such that:
f=(r/7 (16)

Total yield consists of four parts, namely, fast fraction reacting for dura-
tion of r,, slow for r;, fast for 7,, and slow for 7,.
The total yield is then expressed as:

Ysster = Hr (Yer1 + RarYsr2) + Hs (Yas1 + RasYssz) 17)
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where

Ygr1 = ] (SBF)Z -1d7 = {[1-exp(—arBr)] / orBr} [1—exp(—Be71)] (18)

Yes1 = 5 (SBs)z—1 dr = {[1-exp(—as,Bs,)] / as,0s,} [1—exp(—Bs,m)]  (19)

Yor = (sBF>z-1 dr = ,[1-exp(-as,8s,)] / as,8s,} [1~exp(—Br,m)]  (20)

Yes2 = 5 " (Sush-1dr = {[1-exp(—as,Bs,)] ] as,Bs,} [1-exp(~Bs,7))]  (21)
Rar = exp(—Br11) (22)
Ras = exp(~Bs,1) (23)

The concentration and the optimum condition (8¢, 8s) can be determined in
the same manner as in uniform temperature operation. This completes the
mathematical modeling.

RESULTS AND DISCUSSION

The kinetics of dilute acid catalyzed hydrolysis of hybrid poplar hemi-
cellulose was investigated. The reaction pattern was modelled as consecu-
tive reactions of hydrolysis of hemicelluloses followed by decomposition
of xylose. From observation of our batch experimental data, it appeared
that the hemicellulose in this substrate was biphasic, i.e., the hemicel-
lulose in hybrid poplar is composed of two different fragments (fast-
hydrolyzing fraction, denoted by Af, and the slow-hydrolyzing fraction,
Ag). This finding was in agreement with the kinetic pattern of hemicel-
lulose hydrolysis in other species of woods, including Aspen and Southern
red oak (9,10). The kinetic model was therefore set to follow the pattern
of parallel-serial reactions. The kinetic parameters (Arrhenius factors and
the acid exponents) were experimentally determined by nonlinear regres-
sion analysis. The results are shown in Table 1. The validity of this kinetic
model is seen by close agreement of the experimental data with the model
prediction as shown in Fig. 2.

This information was then used in the simulation of percolation reac-
tor performing dilute acid pretreatment/hemicellulose hydrolysis. In so
doing, the partial differential equation depicting percolation reactor
operation was analytically solved to determine the product yield and con-
centration under various conditions. The simulation was designed to deal
with these two factors as affected by reaction temperature, duration of
operation (cumulative recovery of product effluent), and optimum flow
rate under various reaction conditions. The main interest of this study,
however, was placed on the temperature policy. The conventional tem-
perature strategy in percolation reactor operation has been to apply a
uniform temperature throughout. This subject has been previously
reported on for simplified kinetics (serial reactions of hemicellulose-
xylose-decomposition products [3]). On recognition of the fact that the
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Table 1
Kinetic Parameters?

Preexponential factor

Reaction No. Activation energy,

1 A; Ni E;

1 6.17 x 1013 1.40 28,000
2 1.88 x 101 1.20 31,000
3 1.01x 101 0.48 25,330

?Fraction of fast hemicellulose=Hf=0.71; Hs=0.29.
ki= Ai[C]Niexp[ - Eil/(RT)).
[Cl=w/v% of sulfuric acid.

n 15
14 4 i

- N N
| I |

3 coooo 140°C
2- xxxxx 150°C
Trivtrfrdr 160°C

Xylose Yield based orn 100 g dry weod, gram
~J

T
20 30 40 S0 60 70 80 90 100
Reaction Time, minutes

| T
0 10

Fig. 2. Reaction progression in hydrolysis of hardwood hemicellulose
at 0.49 wiv% H,SO,. (—: Model Prediction). cccco 140°C, x x x x x 150°C,
r Ye Y ¥ ¢ 160°C.

hemicellulose of our interest is biphasic, it was thought that the uniform
temperature policy may not be the best solution. For a simple serial reac-
tion, high temperature is preferred because of the activation energy dif-
ference between the hydrolysis and decomposition. The upper limit of
the temperature is determined by practical considerations. For biphasic
substrate, however, applying uniformly high temperature may cause
excessive decomposition of the sugar released from Hr fraction, which
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Table 2
Optimal Yield vs 72

T

Temperature, °C 2 3 4 5 6 7 8 9

150 753 790 817 837 8.3 865 875 884
180 794 8.1 8.6 8.4 887 898 9.6 913
Step change 81.2 85 8.0 898 91.0 920 928 934
140 738 775 802 8.2 8.9 8.2 863 872
170 780 818 844 863 877 888 897 905
Step change 79.5 841 8.8 887 9.1 911 920 926
165 77.3 811 838 8.7 871 883 892 90.0
185 80.0 837 8.2 89 8.2 902 910 917
Step change 827 864 886 9.2 914 922 93.0 935

4Temperature: uniform low, uniform high, and step change.

builds up at the early phase of the reaction. Whether there exists an opti-
mum uniform temperature for parallel-serial reaction in percolation reac-
tor is unknown at this time. Consequently, it became of interest to see if
variation of temperature during the process, especially a step change from
uniform low to uniform high, can give better results than either limit case.

The simulation results addressing this point are summarized in Table
2. Three sets of temperature ranges were studied: 150-180, 140-170, and
165-185°C. These temperatures were chosen randomly below 185°C. It is
well known that at temperatures above 185°C, an appreciable degree of
cellulose hydrolysis occurs, which is highly undesirable in pretreatment
practice. Temperature shift (from low to high) were made at about 60% of
total reactor operation time. All yields and concentrations were calculated
on the basis of a substrate loading of 10% weight hemicellulose/volume of
liquid. The 8 value (a quantity inversely proportional to flow rate) was
optimized at each reaction temperature and at a given r value, so that it
could give maximum xylose yield. We have limited the tau (7) (dimen-
sionless operation time) to 9 in order to maintain the average product
concentration about 1% w/v. In all of the three cases, the xylose yield
with step change in temperature was indeed higher than either of uni-
form temperature cases. The increase in yield was discernible: about 6.5%
over that of low uniform temperature case and about 2.5% over uniform
high temperature case. In the dilute acid pretreatment process, it is im-
portant to minimize hydrolysis of the cellulosic component in the bio-
mass. The step change temperature policy provides an additional advan-
tage in this regard. In this method, the high temperature is applied at the
latter phase of the process. Since cellulose hydrolysis occurs only under
high temperature condition, the loss of cellulose under this scheme is ex-
pected to be lower.
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Fig. 3. Yield (concentration) vs 7,/(7;+ 75) (t1+7,=4.0). 150-180°C,

HEE5EE 165-185°C, ©0-S5G 140-170°C.

A few other noteworthy points have been found from the simulation
results. One of such has to do with the optimum shifting point in the step
change (at what point do we shift the temperature). In numerical exer-
cise, we fixed 7 at 4, a representative value. The computed yield vs shift-
ing is shown in Fig. 3. For the three cases, the maximum yield occurred
with the shifting at 0.55, 0.45, and 0.6 of total 7 for the respective runs.

The authors also sought a plausible explanation as to why the yield
with step change is higher than those attainable at low- and high-end
temperatures. It appears that 8 value holds the key to this answer. First of
all, it was found that there is a vast difference in optimal 8 value (a quan-
tity inversely proportional to flow rate) between fast hemicellulose and
slow hemicellulose. Table 3 lists the Bopt values for each hemicellulose
fragment. Taking 140°C as an example, Sop for fast hemicelluose is about
one-sixth of that for slow hemicellulose. Similar trends are seen at other
temperatures. In reference to Table 3, in order to hydrolyze the fast hemi-
cellulose (again at 140°C) in an optimal fashion, one must apply an
operating condition, such that Bop=1.15. On the other hand, to do the
same for slow hemicellulose, one must adjust the Sop to 6.50. Since the
slow and fast hemicellulose cannot be processed separately, one must
seek a compromised Bopt. We found such Bopt to be 2.95 (Table 3). Under
uniform temperature condition, the overall Bopt lies between the two Sopt

Applied Biochemistry and Biotechnology Vol. 39/40, 1993



128 Kim, Lee, and Torget

Table 3
Bopt values for Af, As, and for Combined Hemicellulose
Temperature, Bopt for
°C Af As Ar+As
140 1.15 6.50 2.95
150 1.17 6.32 3.07
165 1.19 6.04 3.19
170 1.20 5.95 3.21
180 1.22 77 3.24
185 1.23 5.69 3.25
Table 4
Bopt for Step Change of Temperature
1st Temp., 2nd Temp., Before step change, After step change,
°C °C value of Ar value of Ag
150 180 1.21 (1.71) 10.97 (5.77)
140 170 1.15 (1.15) 11.57 (5.95)
165 185 1.92 (1.19) 7.82 (5.69)

for each fragment. A similar computation was carried out for the case of
step change. Table 4 lists the Bopx before and after the temperature
shift. For the step change operation where temperature shifts from 165 to
185°C, the Bopt shifts accordingly from 1.92 to 7.82. The shift of 8 in this
case can be practiced in reactor operation simply by adjusting the inlet
fluid temperature and the flow rate. It is to be noted that the initial Bopt of
1.92 is close to 1.19, the optimal value for fast hemicellulose at 165°C. The
final Bop: Of 7.82 is somewhat close to 5.69, the Bop: for slow hemicellulose
computed at 185°C. With the step change in effect, at low temperature
phase (early phase), the reaction and operating condition is set to work
primarily on the fast-hemicellulose fraction. At the shifting point, the
substrate contains mostly the slow hemicelluose. At high-temperature
phase (latter phase) then, reaction and operating condition is readjusted
to work primarily on the slow hemicellulose. The authors believe this is
the reason for the projected improvement in yield associated with the
step change of temperature during percolation reactor operation.

In conclusion, a theoretical basis for the need of optimal temperature
policy is diluted acid pretreatment of biomass has been provided. As one
such case, the authors have proven that step change of reaction tempera-
ture during percolation process is advantageous especially in improving
the sugar yield. The main reason for the existence of variational optimal
temperature is the biphasic nature of the hemicellulose in biomass. A

Applied Biochemistry and Biotechnology Vol. 39/40, 1993



Biphasic Hemicellulose 129

strong possibility exists that further variation of temperature policy (con-
tinual variation rather than step change of temperature, for example) may
further improve the reactor performance. In this regard, our work on the
subject matter is at an early phase. Nonetheless, the authors believe it is a
significant finding that temperature policy in percolation reactor opera-
tion is an important factor that can impact on the process economics of
biomass pretreatment.
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