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INTRODUCTION

The development of the Progressing Batch Reactor (PBR) concept
has been presented previously (1,2). In brief, the progressing batch hy-
drolysis reactor operates on the principle that a continuous reactor can be
approximated by several batch reactors in series. The solids are pro-
cessed batchwise in each reactor, while the liquid containing acid and
sugar flows continuously from one reactor to the next. A reactor is taken
off line at one end of the train when the woodships it contains are
sufficiently hydrolyzed. It is rewplaced by a reactor with fresh chips at
the opposite end of the train. Since the acid—sugar solution moves in the
opposite direction to the apparent motion of the woodships, a counter-
current reaction scheme is simulated without the necessity for continu-
ously moving solids into and out of a pressure zone, and all solids han-
dling is done at ambient temperature and pressure.

The experimental program to investigate the potential of the PBR
concept has been organized into three phases. This paper discusses the
completion of the first phase, in which a single percolation reactor was
operated. In this phase, the baseline data were obtained for comparison
to the upcoming multireactor experiments. Even though other experi-

*Author to whom all correspondence and reprint requests should be addressed.
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ments have been conducted with similar equipment, they have not been
run at the scale of this study, with the feedstock of interest, or in the
configuration deemed desirable for the PBR concept. The second phase
of the study will investigate the performance of a system with two reac-
tors operated in series, and the issues of wood chip pretreatment, in-
terstage processing, and overall system control will be examined. The
resolution of these questions is important to the design of the final exper-
iment of the study, the six reactor system, and to the design and, there-
fore, economics of a full-scale process. The second phase data will also
provide a preliminary indication of the merits of the PBR concept.

MATERIALS AND METHODS

The reactor was constructed of a 15 cm (6 in.) diameter, 0.9 m (3 ft)-
long Carpenter 20 Cb-3 pipe with carbon-steel lap joint and blind flanges.
It has a total volume of 0.017 m® (0.6 {t%), and includes a steam jacket for
external heating. Inserts for acid distribution and wood chip bed support
were also constructed of Carpenter 20 Cb-3.

In a typical run, the lignocellulosic feedstock is loaded into the reac-
tor through the top flange. For the runs reported here, the feedstock is
aspen wood (Populus tremuloides) with the composition shown in Table 1.
Three chip size ranges were used for comparison—those that passed
through a 0.5, 0.25, and 0.125 in. screen. The moisture content of the
chips was approximately 5%.

Table 1
Chemical Composition of Aspen Wood Feedstock

% Anhydrous

45 ° oven % Anhydrous % hydrated*

dried basis bone dry basis  bone-dry basis
Glucan’ 43.0 44.3 49.1
Galactan® 4 4 4
Mannan® 1.1 1.1 1.3
Xylan® 15.2 15.7 17.3
Arabanan’ 9 9 ~ 1.0
Klason lignin’ 21.0 21.6 21.6
Ash® 3 3 3
Acetic anhydride’ 3.1 3.2 4.5
Glucuronic anhydride’ 3.2 3.3 3.6
Water 3.0 — —
Other (extractives) 8.8 9.2 9.2

100 100 108.3

“Results of analysis done at SERIL

*Average values from The Chemical Technology of Wood by Hermann Wenzl.

‘Remainder necessary to add up to 100 except for hydrated, bone-dry basis.

“Takes into account the water added to the original molecule in order to better define
the potential weight of the final product expected from that fraction of the wood charged
to the reactor.
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At the start of a run, the reactor vessel is preheated externally with
steam at approximately 150°C for 30 min. Following this, the wood chip
bed is swept with steam at 140-150°C for 20 min to remove air from the
bed and preheat the chips. Air is removed to facilitate acid penetration
into the chips. A dilute acid mixture (<1% sulfuric acid) is then injected
near the top of the reactor at a temperature of 150°C to prehydrolyze the
wood. It takes approximately 20-30 min to fill the reactor, depending on
the acid flowrate necessary to achieve the desired liquid residence time.
Once full, the pressure quickly rises to the setpoint value of the pressure
control valve, which then opens to stabilize the pressure. At this time,
product begins to flow from the reactor into the product tank, which is
vented to maintain atmospheric pressure. Typical reactor residence times
varied from 30 to 50 min.

During prehydrolysis, the amorphous sugars (primarily xylose,
arabinose, mannose, and some glucose) and the acetic and glucuronic
acids are converted into soluble products. When the time alloted for
prehydrolysis is up, the acid inlet temperature is ramped up to the hy-
drolysis value, as is the steam used for external vessel heating. A nomi-
nal hydrolysis temperature of 185°C was used in this set of experiments.
The higher temperature initiates the hydrolysis of the crystalline cellu-
lose to glucose. The cellulose hydrolysis is carried out for up to 3 h.
Samples of the hydrolyzate are collected and cooled under pressure to
ensure that all components are collected.

When the run is completed, the product valve is closed and the reac-
tor drain valve is opened. Free liquid is flashed through this valve into a
separate tank. Cold water is introduced into the top of the reactor and
drained out the drain valve. The solids are then removed from the reac-
tor, weighed, dried, and then reweighed. Two or three 5-10 g samples
are taken of the wet solid residue for analysis of lignin content. The
hydrolyzate samples are analyzed by an HPLC using a Bio-Rad HPX-87P
column for determination of the sugar concentrations.

EXPERIMENTAL RESULTS

Work done prior to that reported here (1) was confined to the acid
hydrolysis of 1/2 in. chips in a single, downflow percolation reactor with
woodchip packing densities averaging approx. 2500 dry g/reactor vol
(g/v)- The standard prehydrolysis routine included filling the woodchip-
packed reactor with acid at 150°C (approx. a 25 min fill time) followed by
a 25 min period during which the 150°C prehydrolysis temperature was
maintained. The acid feed temperature was then raised to the chosen hy-
drolysis level and left there for the duration of the experiment. Variations
in hydrolysis temperature, liquid residence time, acid concentration, and
solids residence time were studied. Results were compared on the basis
of glucose yield and glucose concentration in the product.
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A figure of merit, Mg, was calculated by multiplying the yield by the
concentration. This facilitates both the determination of the stop time for
hydrolysis for each experiment, and comparisons among the various ex-
periments. The best results were achieved using a nominal hydrolysis
temperature of 185°C, a nominal liquid residence time of 30 min, and an
acid concentration of .5 wt%. These conditions produced a yield, concen-
tration and M, of 60%, 6.4 g/L, and 384, respectively, when data from the
full 155 min hydrolysis time was used in the analysis. Shortening the hy-
drolysis time to 109 min changed these values to 55%, 7.8 g/L, and 425.

The latest single-reactor experimental results are presented in Tables
2 and 3. In these Tables, variations caused by differences in the amount
of dry wood charged to the reactor and differences in the hydrolysis time
are eliminated. Each sugar concentration is divided by the ratio of the dry
wood charged in the experiment to the average dry wood charge.

Once hydrolysis begins, the instantaneous concentration of six-
carbon sugars in the product stream rises to a peak and falls off as the
reaction proceeds. The optimum time to terminate the process is deter-
mined by comparing the economic benefit of producing more six-carbon
sugars with the economic detriment of reducing the sugar concentration
as the product sugar concentration continues to fall. Since this is a deci-
sion based on plant economics, most of the experiments were run well
past the optimum termination time. The sugar production data are easily
adjusted back to the optimum termination time by subtracting the weight
of sugars produced after this time from the total sugars produced. The
liquid volume is also adjusted by subtracting the liquid pumped through
the reactor after the optimum termination time from the total liquid
pumped through the reactor during the experiment. The adjusted sugar
weight is then divided by the adjusted liquid volume to find the new
final concentration for the adjusted run time. The time at which the glu-
cose concentration fell to approximately 3—4 g/L. was used as the adjusted
termination time. Figure 1 illustrates typical profiles of the cumulative
values of glucose concentration and yield along with the resulting figure
of merit.

Reactor performance is sensitive to temperature profile when operat-
ing near the optimum temperature region (185-188°C). In a number of
experiments the temperature ramp from prehydrolysis to hydrolysis
temperatures overshot during 15 min or so of the hydrolysis time. For
the same nominal hydrolysis temperature, these experiments with the
temporary temperature overshoot performed better than those without
(see Experiments 2 and 12 in Table 2). The experiments with temperature
overshoot are noted in Table 2, and only those experiments with similar
temperature histories are compared.

In experiments 12, 20, and 22, 1/2-in., 1/4-in., and 1/8-in. chips, re-
spectively, were used to demonstrate the effect of particle size on glucose
yield and concentration. As the particle size is reduced, the chip surface
area increases and the time required by the glucose molecules produced



255

Progressing Batch Reactor

‘WI0}j0q 103083l je JOOYSIaAO wuﬁum.mw&EWu 4s0»

6IS 91F 0SS O0OZF 8%t 18  I¥p  0S€  ST¥ 3N
LS 8h 96 0S S %S 19 05 Gs % ‘pRIA 9soon1H
16 98 86 %8 ¥9 1L TL 0L 8L /8 “UonEIIU3OUOD 950N
T €Il 0L HIT 90T 10T  ZZT 90T 60T unu ‘owy sIsAJoIpAH
o ford 74 L1 0 LE Ge Y4 Gl uru ‘aury durex amjeadwa],
0z 96 qe 0€ 8 05 8y 05 e uru ‘aury SISAJOIpAYa1]
G697 S9ST 66T T0ST TI10E 1997 WOST  €0FT  ¥8ET 8 “33rey L1
% % % % v % v % % ut ‘az1s dny)
666 668 T0F L6 S6L €6 96T L6T €6 urur ‘aurmy aduapIsal pmbry
_—_ —_— mmo mmo mmo — —_— — _.mmo wﬂ.«o.am &Eﬂu wuﬂumHOQEwF
61 81 91 Gl €T w 0z 14 Z yuauruadxg

PRV dUNJIng %M (G°0-pue
amjeradwa] SISAJOIPAH [BUIWON D.G8T Je umy [y sjuswiadxg mogumo( E:vi woiy s)msay

z dlqeL



256

Table 3

Results from Liquid Upflow Experiments All Run
with 30 Minute Liquid Residence Time and 0.5 wt% Sulfuric

Bergeron, Wright, and Werdene

Acid
Experiment 24 25 26 27
Hydrolysis temperature, C 185 185(0OSB)y 185 180
Liquid residence time, min 29.2 29.4 29.0 294
Chip size, in Y2 Ya Y2 Y2
Dry charge, g 2078 3093 2047 2283
Prehydrolysis time, min 49 49 49 49
Temperature ramp time, min 13 32 14 15
Glucose concentration, g/L 6.9 6.6 6.3 5.9
" Glucose yield, % 40 45 41 46
Mg 278 295 258 271

‘OSB = temperature overshoot at reactor bottom.

within the chip to diffuse out of the chip decreases. Although wood chip
preparation costs increase as particle size decreases, the reduction in glu-
cose diffusion time could reduce product degradation and, therefore, pay
off in higher yields. As can be seen in Table 2, however, the best results
were attained with the 1/4-in. chips. Values for glucose yield and M, of
61% and 441, respectively, were realized for the 1/4-in. chips and only
54% and 381, respectively, for the 1/8-in. chips. This seems to indicate an
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Fig. 1. Typical profiles of the values of the glucose concentration in the

product (X,), the glucose yield (Y,), and the resulting figure of merit (M, = X,

X Yg).
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adverse change in the interparticle hydrodynamics within the reactor for
the smallest chips. The total glucose residence time in the reactor is the
sum of that in the chip and that in the free stream. If the smaller chips
cause more liquid channeling, the effect could be to increase, rather than
decrease, the average glucose residence time.

The interaction of bed hydrodynamics with chip packing density
was also investigated. If packing density has no effect on hydrodynam-
ics, then packing more chips into the reactor should increase the product
concentration while leaving the yield unchanged. Using 1/4-in. chips, the
packing density was raised from 2500 in Experiment 20 to 3000 dry
g/reactor vol (g/v) in Experiment 23. This caused a dramatic reduction in
performance as shown by the drop in values of M, from 441 to 288 and
yield from 61% to 45%, respectively, in Table 2. This was the case despite
the more advantageous temperature profile indicated for Experiment 23.

The consequence of increasing packing density was not, however,
straightforward. This aspect was seen in three experiments performed to
study different prehydrolysis strategies. In Experiments 15 and 16, rather
than maintaining prehydrolysis temperatures through the first 25 min of
product flow, the temperature was ramped up to the hydrolysis level im-
mediately after the reactor was filled and pressurized. In Experiment 16,
1/4-in. chips packed to a density of approximately 3000 g/v were used.
Instead of seeing a drop in performance as in Experiment 23, the yield
and figure of merit, Mg, reached 56% and 550, respectively, this M, being
the highest attained for the single reactor experiments. Experiment 15
was performed using 1/2-in. chips packed to the lower density of 2500
g/v. Reactor performance was not improved, but was nearly identical to
the control run in which the standard prehydrolysis procedure was used
(Experiment 2). Substituting a no-flow, hold time at prehydrolysis tem-
perature for the standard flow time and using 1/4-in. chips at an interme-
diate packing density of 2700 g/v in experiment 19, again resulted in a
significant increase in reactor performance as evidenced by the values of
520 for M, and 57% for yield.

Since a bed of unhydrolyzed 1/2-in. chips is much less compressible
than one composed of 1/4-in. chips, the range of packing densities is
much smaller for the 1/2-in. chips. The variability of reactor performance
with packing density and prehydrolysis procedure observed with 1/4-in.
chips was not observed for 1/2-in. chips. The bed hydrodynamics for
1/4-in. and smaller chips may depend on the wood chip packing proce-
dure and chance variations in chip size distribution.

Finally, Experiments 24 through 27 were performed in the liquid
upflow mode to investigate the effect of bed height behavior and the pos-
sibility of improving reactor hydrodynamics. However, our bed of hard-
wood chips has consistently been observed to have shrunk to approxi-
mately 25% of the original height at the end of each downflow
experiment. In the upflow mode, this would cause the bed to shrink
away from the reactor exit. The shrinkage of the wood chip bed for the
upflow experiments was found to be very similar to that for the
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downflow experiments. The upshot of this is an increasing sugar resi-
dence time in the space above the chips as the bed shrinks. The data from
the upflow experiments presented in Table 3 confirms this to be the
overriding consideration in upflow hydrolysis. In all four experiments
the values of M, were below 300, and yields ranged from 40 to 46%. Only
Experiment 25 compared favorably with its downflow counterpart-the
1/4-in. chip, high packing density Experiment 23. This experiment pro-
duced almost identical values of M, and yield as the downflow Experi-
ment 23 that performed so poorly relative to the other downflow experi-
ments. The similarity of performance is assumed to be a result of the
variability in reactor performance when using the smaller 1/4-in. chips.

DISCUSSION

These experiments conclude the initial phase of the PBR program.
The primary objective of this phase was to provide a sound baseline for
comparison of the results to be obtained from the multireactor experi-
ments. Data from the single reactor, 1/2-in. chip experiments provide
such a reliable baseline. These data are not sensitive to wood chip pack-
ing procedures nor to prehydrolysis strategies, as are the data from the
experiments using smaller chips. The use of wood chip sizes smaller than
1/2-in. may improve reactor performance enough to justify the additional
expense in the chip preparation section. However, the combined effects
of wood chip size and packing density on bed hydrodynamics needs fur-
ther study.

The inferior performance of the reactor in the upflow versus the
downflow configuration highlights a potential problem for the multireac-
tor system because of the shrinking bed phenomenon. The height of a
wood chip bed and, therefore, the void volume fraction in each of a
series of reactors at any time will be determined by the extent of hydroly-
sis in each reactor at that time. The residence time of liquid through an
empty portion of a reactor is much higher than that for a wood chip-filled
portion. Consequently, the average residence time for sugar molecules
produced in a reactor train can be much higher for a series of liquid-
filled, shrinking-bed reactors than for reactors with constant void volume
fractions. The extent of the problem associated with bed shrinkage de-
pends on the as yet unknown rate at which the bed shrinks.

With information on bed hydrodynamics, improvements in reactor
design and/or operating procedures can be developed to eliminate poten-
tial problems associated with the use of a series of percolation reactors to
hydrolyze woodchips.

CONCLUSIONS AND RECOMMENDATIONS

The data obtained in the single reactor experiments has shown the
use of 1/2-in. chips to produce results that are reliable and repeatable.
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These data are not sensitive to variations in wood chip packing or
prehydrolysis procedures. The latter is important since multireactor
studies will try various prehydrolysis strategies while investigating the
operational characteristics of a multireactor system.

The possible importance of hydrodynamics within the wood chip
bed was demonstrated by the data from the 1/4- and 1/8-in. chip experi-
ments. The importance of shrinking wood chip bed was demonstrated
by the reactor’s inferior performance in the upflow versus the downflow
mode. A hydrodynamic study should be undertaken to investigate these
phenomena. This study can proceed concurrently with work on a two-
reactor system that can give a preliminary glimpse at the operation and
benefits of a multireactor system.
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