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At the optimum level of severity, the aqueous extraction 
of sugarcane bagasse, an abundant agricultural residue, 
gave, depending on the degree of comminution, 60% to 
89% yield of xylose, most of it in the form of a water 
soluble xylan. A process for producing xylose-rich syr- 
ups was conceived and tested, consisting of aqueous ex- 
traction, acid hydrolysis of the concentrated aqueous ex- 
tract, centrifugal clarification of the hydrolysate, and re- 
covery of the acid by continuous ion exclusion. The cost 
estimate indicates operating costs on the order of $0.12 
to $0.1 5/kg xylose, in the form of xylose-rich molasses. 0 
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INTRODUCTION 
Among the several potential biomass sources, sugarcane 
bagasse has frequently been mentioned in the literature as 
one of the most promising for the biomass-to-sugars pro- 
cess, for fuel grade ethanol, or other uses. It was esti- 
mated12 that without resorting to supplemental fuels, the 
existing sugarcane mills could free up 35% to 45% of the 
total bagasse produced for alternate uses if sufficient eco- 
nomic incentives were in place. The frequently used esti- 
mate of $30 to $40/ton (dry) for bagasse at the mill site, 
with zero transportation cost, which is based on its fuel 
replacement value, is too high for approximately a first 10% 
(or 0.5 million tons annually in U.S.; Table I) that can be 
diverted to other uses without any significant investments 
on the part of the sugar producers. The net cost of the next 
25% to 35% of the total bagasse production (1.1 to 1.6 
million tons per year) will depend on the cost of the high 
efficiency boilers, vapor recompression units, etc., that will 
be needed to bring about the required energy savings, but 
should still be below the fuel replacement value. Only if 
even more bagasse is required for alternate uses, the $30 to 
$40/ton (dry) estimate will apply. 

The preferred conversion process2, l7 involves prehydrol- 
ysis with 0.5% to 1.0% dilute sulphuric acid at 100" to 
130°C to solubilize most of the hemicellulose, which is then 
converted by xylose-fermenting microorganisms to other 
products. At the same time, cellulose, swollen and decrys- 
tallized to some degree, is made accessible to hydrolysis 
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with enzymes or strong acids. Simultaneous enzymatic sac- 
charification and fermentation (SSF) is the most promising 
of processes for conversion of the pretreated cellulose to 
ethanol. Based on the conditions of Bernhardt and Proud- 
foot,2 the cost of the chemicals involved in the pretreat- 
ment; that is, sulphuric acid and lime to neutralize the liquor 
and gypsum disposal amounts to $O.OlO/kg bagasse (dry) or 
$O.O5O/kg xylose. Although the required amount of sulphu- 
ric acid is relatively small, its recovery would be desirable 
if it could be done economically. This does not appear 
feasible from the dilute hydrolysates generated in this pro- 
cess. Furthermore, concentration of the acidic hydrolysates 
with 2% to 4% sugars and 0.5% to 1% sulphuric acid to at 
least 10% sugars for efficient fermentation would be expen- 
sive because of the severe corrosion problems with common 
construction materials. An alternative is steam/aqueous pre- 
treatment, either in a high pressure steam-explosion equip- 
ment, or in more conventional lower pressure continuous or 
batch digesters. The latter was used in this work. Because 
not all extracted hemicelluloses are hydrolyzed to sugars in 
the steadaqueous pretreatment at the optimum severities 
for hemicellulose extraction, postextraction hydrolysis with 
sulphuric acid of the concentrated extracts was investigated. 
The recovery of sulphuric acid from the low volume, con- 
centrated hydrolysates becomes then feasible. Separation of 
the acid by ion exclusion chromatography on strong cation 
exchangers appears most promising, and has been tested 
previously on single column4 and continuous multicolumn 
systems (Advanced Separation Technologies, Inc., Lake- 
land, FL). An eight-column simulated moving bed pilot unit 
was used here to optimize the recovery of sulphuric acid 
from the concentrated pretreatment hydrolysates. Of even 
more interest than in the bagasse pretreatment, where the 
acid consumption is modest, is the recovery of sulphuric 
acid from the glucose liquors from the concentrated acid 
hydrolysis of cellulose, where the acid recycle is a precon- 
dition for economic ~ iab i l i ty .~  The acid-sugar separation 
optimized here for concentrated pretreatment liquors is also 
directly applicable for the cellulose hydrolysates, with the 
exception of the construction materials that will have to be 
designed such as to withstand the highly corrosive hydroly- 
sates with 20% or so of sulphuric acid. 

The enzymatic or acid digestibility of pretreated cellulose 
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Table I. Estimated U.S. bagasse production, in million tons (dry) per 
m u m .  

1991 1992 1993 

Florida 2.4 2.3 2.3 
Louisiana 1 .o 1.2 1.2 
Hawaii 0.9 0.8 0.8 
Texas 0.1 0.2 0.2 

Total U.S. 4.4 4.5 4.5 

was not investigated here, but is expected to be comparable 
to the steam exploded bagasse at comparable severities as 
used in this work. 

MATERIALS AND METHODS 

Aqueous Extraction of Sugarcane Bagasse 

A 20-L Monel batch digester (Fig. 1) was used for the 
bagasse extraction. In most cases, the digester was charged 
with 1 kg of whole sugarcane bagasse from a nearby Lou- 
isiana sugar mill (Table 11) and an amount of water such as 
to obtain the desired (dry) solid-liquid ratio, where the liq- 
uid is the water added and the one in the raw material. The 
ratios 1:5 and 1:lO were used, the former is close to the 
minimum amount of liquid that will still allow a sufficient 
degree of agitation in this type of reactor. Naturally, reduc- 
ing the amount of water used for extraction will lead to 
considerable savings later in recovering the extracted sug- 
ars. In some experiments, the raw bagasse was passed once 
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Figure 1. The 20-L Monel digester used for extraction of sugarcane 
bagasse. The jacket of the reactor was heated with steam and rotated at 
circa 0.3 rpm around its axis. 

Table 11. Average composition of the Louisiana sugar cane bagasse used 
for the aqueous and dilute acid extractions, in weight percent (dry basis). 

Glucan 39.1 
Xylan 18.0 
Galactan 1.4 
Arabinan 2.4 
Mannan 0.5 
Klason lignin 22.6 

1.9 Acid-soluble lignin 
Thermogravimetric ash 4.4 

Total 90.3 

through a Bauer disk mill, giving finer fibrous particles of 
around 0.2 X 8 mm size, and extracted as before. 

After the reactor was charged and closed, steam was 
released to the jacket of the reactor, and counting of the 
processing time was started when the temperature inside 
nearly reached the final temperature. This in most cases 
took between 15 and 30 min. 

During the extraction, the reactor was rotated at about 0.3 
rpm. When the desired processing time (and treatment se- 
verity) was reached, steam supply was turned off and the 
liquid discharged through a screen from the bottom of the 
reactor. Solid residues were recovered after cooling and 
opening the reactor. The amount of water evaporated during 
discharging of the (hot) reactor was calculated from the 
water balance. The processed bagasse sample was washed 
with deionized water, and in some cases dewatered with a 
hydraulic press. All samples were kept frozen in closed 
containers until further analysis. 

Dissolved solid content of the liquid samples was mea- 
sured by refractometry, their turbidity in NTU with a Hach 
ratio turbiditimeter, and the moisture content in the solid 
samples was determined by drying at 95°C for 150 min with 
an infrared moisture analyzer. As the extraction of pen- 
tosans (xylans) was the main focus of this work, each ex- 
tract was analyzed in detail for its content of free xylose, 
total pentosans, and pentosans water soluble at ambient 
temperature. 

The total xylan content in the extract was obtained from 
the differences in xylose concentrations determined in the 
raw extract and extract subjected to complete hydrolysis 
with 6.5% w/w H,SO, for 2 h at 100°C. The content of the 
soluble xylan was determined from xylose concentrations in 
an extract first clarified by filtration with a 4.5-pm cellulose 
acetate disk, before and after complete hydrolysis. The in- 
soluble xylan was then obtained as the difference between 
the two. Since no free xylose is expected to be present in the 
original bagasse, the xylose content of the raw extracts is 
assumed to correspond to the xylan autohydrolyzed during 
extraction, 

The monosaccharides in the raw and hydrolyzed extracts 
were determined with HPLC, using either an anion ex- 
change CarboPac PA1 column (Dionex) and a PED (pulsed 
electrochemical) detector, or a cation exchange sugar col- 
umn (Bio-Rad HPX-87K) and an RI detector. 

In addition, carbohydrate and lignin analyses of the solid 
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samples, and in some cases of the extracts as well, were 
done at the Biobased Materials Center and the Department 
of Wood Science and Forest Products at Virginia Polytech- 
nic Institute, using a slightly modified version of the sum- 
mative analysis procedure outlined previously. ’,‘ Solid 
samples were milled to a 40-mesh size or less with a Wiley 
mill, and dried over P205. Samples of 0.1 g (dry weight) 
were taken and placed in 50-mL glass autoclave bombs, 
combined with 1.0 mL 72% H2S04, and incubated in a 
30°C water bath for 1 h with occasional stirring. After in- 
cubation, 30 mL distilled deionized water was added to 
each sample bomb, sealed, and autoclaved at 120°C for 1 h. 
After cooling, the acid-insoluble (Klason) lignin was fil- 
tered out, and determined by drying at 105°C. 

To account for the loss of one water molecule on forma- 
tion of a glycosidic bond in the polysaccharides, the con- 
tents in the original material of the polysaccharides were 
calculated from the concentrations of the monomers deter- 
mined with HPLC using factors 0.90 and 0.88 for glucan 
and xylan, respectively, with the amount of glucan con- 
verted in the analytical extraction to hydroxymethylfurfural 
(HMF) using a factor of 1.3, and the amount of xylan de- 
graded to 2-furfural using a factor 1 .4.’ 

The diluted filtrate was analyzed for its content of acid- 
soluble lignin by measuring its absorbance at 205 nm.‘ The 
sugars, glucose, fructose, xylose, galactose, arabinose, and 
mannose and their acid degradation products, HMF and 
2-furfural (2-F), were determined with HPLC equipped 
with cation exchange columns (a Bio-Rad HPX-87P for 
sugars and a Brownlee Labs PPH-GU guard column for 
HMF and 2-F) with RI (sugar) and UV (277 nm, furfurals) 
detection.’ Ash was determined by thermogravimetry at 
800°C at lO”C/min under an air purge. 

For comparison, a few tests were done on extraction at 
conditions identical to those suggested as “optimum” for 
dilute acid pretreatment2: 0.7% H2S04 (concentration cal- 
culated including the bagasse moisture); and solid (bone 
dry):liquid ratio 1 5 ,  at 132°C for 75 min. 

RESULTS 

Raw bagasse contained on average 39.1% glucan, most of 
course in the form of cellulose, although an amount com- 
parable with that of arabinose’ may be a part of the hemi- 
cellulose complex. The cellulose content found here agrees 
well with the 38% reported from South Africa and 36.8% 
from Louisiana.’ The total content of hemicellulose, a xy- 
lose-based poly~accharide~.~ with some glucose, arabinose, 
galactose, and mannose, and assuming that 2.4% glucan 
came from hemicellulose instead of cellulose, and disre- 
garding the minor contribution to hemicellulose from the 
acetyl, glucuronil, and methyl groups (that split off on hy- 
drolysis) is 24.7%, somewhat lower than reported for Lou- 
isiana bagasse but within the wide range of 20% to 33% 
tabulated for a number of cane varieties and geographical 
conditions.’ No fructose was detected in any of the sam- 
ples. 

Raw aqueous extracts (Table 111) were turbid, cloudy 
green-yellowish liquids, darker at higher severities, with 
2.5% to 3.5% dry solids, slightly acidic (pH 4 to 4.5) on 
account of acetic acid released from hemicellulose during 
hydrolysis, with the sugar purity (percent of dry solids) 
close to 50%. Xylose was the main component, and to a 
large degree still present as xylose-based oligo- and 
polysaccharides as indicated in more detail in Figure 2. 
HFH and 2-F determined in the extracts using the summa- 
tive analysis of Kaa? as roughly 0.5% (dry basis) were 
again assumed to be the artifact of the analysis and were 
added, using the factors given earlier to glucose and xylose, 
respectively. Although some were certainly generated dur- 
ing extraction, these were likely to be volatilized at least to 
some degree during discharge of the superheated contents 
after heating. Furthermore, their contents found in extracts 
were comparable with those in the original bagasse, where 
no HMF and 2-F was expected. 

The effects of time and temperature on the extent of 
solubilization of carbohydrates were combined in a single 
severity factor, R ,  

R = * e(T-100)/14.75 

with residence time t in minutes, and temperature T in de- 
grees Celsius as suggested earlier.8 The extraction temper- 
ature ranged between 150” and 170°C (steam pressure be- 
tween 0.68 and 1.01 MPa or 100 to 150 psig), so that the 
variations of log R in Figure 2 reflect variations in both time 
and temperature. Although the severity factor equation, 
based on the assumed equivalence of time and temperature 
effects, appears to hold reasonably well, there is some in- 
dication that higher temperature/shorter time conditions 
give somewhat better yields than lower temperaturellonger 
time combinations. Overall, hemicellulose extraction (re- 
ported as xylose in Fig. 2a and b) peaked at a severity 3.9 
for both ground and “as-is’’ bagasse. For ground bagasse 
(Fig. 2b), at log R of 3.9, a total of 14 g xylose or 89% of 

Table 111. 
from aqueous and dilute acid extractions of “as-is” bagasse. 

Representative extract composition (as monosaccharides) 

Aqueous Dilute acid 

PH 
Dissolved solids 
Sulphur 

Xylose 
Glucose 
Galactose 
Arabinose 
Mannose 
Klason lignin 
Acid-soluble lignin 
Thermogravimetric ash 

Total 

3.9 
2.8 
0.2 

43.4 
1 .o 
2.0 
4.2 
0.0 
8.9 

11.8 
33.5 

104.8 

2.0 
1.4 
2.7 

35.9 
9.1 
I .o 
1.9 

NA 
NA 
NA 
NA 

48.5 

Data expressed in percentage of dry solids, except dissolved solids (from 
RI) which are in grams/100 g solution. So1id:liquid ratio = 1:5 log R = 
4.0 (aqueous extraction). NA = not analyzed. 
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Figure 2. Recovered amounts and extract composition at various sever- 
ities of aqueous bagasse extracts: (a) “as-is” bagasse; and (b) ground 
bagasse. Solid symbols: pressure ca. 100 psig, 155°C; empty symbols: 
pressure 130 to 150 psig, 160” to 170°C. (0) Insoluble xylan (reported as 
xylose); (A) soluble xylan (as xylose); (0) free xylose; (0) total recovered 
xylose. 

the original amount was recovered in the extract per 100 g 
dry bagasse. Of the recovered total, 9% was in the form of 
an insoluable xylan, 74% as water soluble xylan, and 17% 
as free xylose. With “as-is” bagasse (Fig. 2a), the recovery 
was about 60%, considerably lower than with finely ground 
bagasse, with about the same ratios of the soluble xylan, 
insoluble xylan, and free xylose. 

The recovery of the water-insoluble fraction was favored 
at lower severities (3.7), although at these conditions most 
of the extracted xylan has already been solubilized but not 
yet completely hydrolyzed. The term “water soluble” re- 
fers here to ambient temperature, and it does not necessarily 
imply that this fraction was not solubilized at the extraction 
conditions. In the absence of more detailed structural anal- 
ysis, it is assumed that it refers to that part of xylan that 
more or less depolymerized during the extraction, rather 
than to a structurally different oligo- or polysaccharide. As 
the severity of the treatment increased, the yields of insol- 
uble and soluble xylan fractions became lower and nearly 

zero at log R of 4.3. The sugar yield became practically zero 
at log R of 4.8. No xyldxylose extraction is expected 
below severities of 3.2. The data in Figure 2a and b repre- 
sent experiments with both 1 5  and 1:lO so1id:liquid ratios. 
No significant difference in the sugar yield was found be- 
tween the two data sets. 

The residual bagasse (Table IV) still contained a substan- 
tial amount of unsolubilized xylan, corresponding perhaps 
to the fraction of bagasse hemicellulose reported earlier to 
form between 23% and 39% of the total that is extractable 
from bagasse with diluted acids at a distinctly slower rate 
than the first fraction.6 Two tests performed here with dilute 
H2S04 hydrolysis confirmed the higher degree of hemicel- 
lulose extraction; that is, lower residual concentration in 
extracted bagasse at extraction conditions recommended by 
Bernhardt and Proudfoot,2 but not necessarily higher recov- 
ery in the liquor because of faster xylose degradation at 
higher acidities. l 3  

Dilute Acid Hydrolysis of Aqueous Extracts 

At the conditions found optimum here for the solubilization 
of hemicellulose, 80% of the extracted xylose was still in 
the oligo- or polysaccharide form, and unless these are the 
target compounds, postextraction hydrolysis is necessary 
prior to fermentation or xylose recovery. Both dilute acid 
and enzymatic hydrolyses are feasible, although the latter 
may be complicated by the heterogeneity of the xylans. 
Dilute H2S04 was chosen here, primarily because of its low 
cost and a possibility of near complete recovery from the 
hydrolyzed extracts. 

To reduce the extract volume and reduce the acid con- 
sumption, the raw extracts were first concentrated under 
vacuum to 20% to 40% dry solids. Preliminary experiments 
showed that the rate of hydrolysis depended only on tem- 
perature and acid concentration (mass 98% H2S04 per unit 
mass of the concentrated extract), but not on the extract 
concentration up to about 30% dry solids. There was some 
indication though that conversion became lower at extract 

Table IV. 
aqueous and acid extractions of “as-is” bagasse. 

Representative composition of the residual bagasse, after 

Aqueous Dilute acid 

Sulphur 0.2 1 . 1  

Glucan 50.1 53.3 
Xylan 7.6 1.3 
Galactan 0.3 0.0 
Arabinan 0.0 0.3 
Mannan 0.0 0.0 
Klason lignin 30.7 35.0 
Acid-soluble lignin 1.2 1.3 
Thermogravimetric ash NA NA 

Total 89.9 91.2 

The same extraction conditions as in Table 111. All data expressed in 
percent dry solids. NA = not analyzed. 
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concentrations of the order of 40%. Furthermore, during the 
hydrolysis, additional fine and bulky acid-insoluble lignin 
precipitated, and the high concentration slurries were diffi- 
cult to handle. A concentration of 25% dry solids was there- 
fore chosen as a compromise between minimizing the acid 
use ( t  H2S04/t xylose) and ease of clarification of the hy- 
drolyzed slurries. Near 100% hydrolysis was achieved 
within 30 to 90 min, depending on the acid concentration 
and temperature (Fig. 3), although some care must be taken 
because of rapid xylose degradation above 100°C. The lig- 
nin precipitated in the hydrolysis tended to cake and settle 
on the walls and bottom of the reactor. Addition of 1% to 
1.5% (w/w) of fine extracted bagasse to the reactor at the 
beginning of the hydrolysis was found sufficient to prevent 
caking. 

Acid consumption (98% H,S04) in the hydrolysis was 
between 0.8 (conditions 1 in Fig. 3) and 0.2 kg (conditions 
3) per 1 kg xylose produced, or $0.064 to $0.016. The 
lignin in the hot hydrolyzed extracts was in the form of fine 
suspension, in part probably bound to the fine bagasse par- 
ticles added to the reactor to prevent caking. More lignin 
precipitated as the solution cooled. Any physical clarifica- 
tion (filtration or centrifugation) must therefore be done at 
low temperature. Preliminary laboratory trials with pressure 
filtration at room temperature gave very low fluxes, of the 
order of 30 to 100 Wm2 per hour, and because of cake 
compressibility, nearly independent of the pressure in the 
range 20 to 60 psi. Centrifugation after cooling to ambient 
temperature with laboratory batch and continuous solid 
bowl centrifuges at 2000 to 3000g gave clear solutions with 
turbidities between 50 and 250 NTU (at 25% dry solids). 
The extracts (Table V) clarified in this way were stable (no 
turbidity developed) and suitable for xylose recovery. 

Increase in glucose content compared to the raw extracts 
(Table 111) prior to hydrolysis was probably from cellulose 
hydrolysis of fine bagasse particles that passed through the 
screen and the 1% ground pretreated bagasse added to the 
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Figure 3. Relative xylose concentration in solution at three hydrolysis 
conditions: (A) 100°C (atm. pressure), 7.0 g of H,SO41100 g 26% DS 
concentrated aqueous extract; (0) 100"C, 4 .2  g H2SOJ100 g; (0) 130°C, 
1.5 g H2S0,/100 g. Calculated as 100 (C, - Cx.i.)/fC,.,, - C x , i , t  
where C, is the xylose concentration in solution (glL); - I Z ~ , ~ ,  the same 
prior to hydrolysis; and C,,,,, the xylose concentration in the solution 
hydrolyzed at 100"C, 7.0 g H,S04/100 g conc. aq. extract, and 120 min. 

Table V. 
cluding sulphuric acid, in grams per 100 g non-H,SO, solids. 

Representative composition of the clarified hydrolysate, ex- 

Xylose 
Glucose 
Galactose 
Arabinose 
Mannose 
Klason lignin 
Acid-soluble lignin 
Thermogravimetric ash 

45.9 
5.6 
1.8 
4 . 0  
0.0 
1.8 
7 . 4  

NA 

Total 66.5 

The same extraction conditions as in Table 111. NA = not analyzed. 

hydrolysis reactor to prevent caking of the lignin precipi- 
tate. Sixty to 70% of the lignin in the raw extract was 
removed in the clarification, and recovered as a solid cake 
in a 3: 1 mixture with fine bagasse, at a rate of 0.05 kg lignin 
(dry) per 1 kg bagasse (dry) extracted. 

Recovery of H,S04 From Hydrolyzed Extracts 

A simulated moving bed (SMB) adsorber with eight col- 
umns, packed with Dowex Monosphere 99 chromato- 
graphic resin (320-pm particle size) in H +  form, was used 
to partially optimize the H2S04 sugar separation. Detailed 
description of the installation, procedures, and fundamen- 
tals of the SMB operation can be found in our previous 
 publication^'^^ l5 and general literature on industrial chro- 
matography separations." All columns in an SMB system 
such as the one in Figure 4 are connected in series. Peri- 
odically, all the inlet (water, feed, and internal recycle) and 
outlet (sugar and acid) products are switched downstream. 
This simulates a semicontinuous motion of the resin relative 
to the ports and achieves the advantages of a countercurrent 
operation. 

Preliminary experiments with batch separation on single 
1-m columns, packed with the identical resin as the SMB 
system, indicated no separation (identical chromatographic 
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Figure 4. Schematics of the eight-column, pilot simulated moving bed 
(SMB) adsorber. The flow direction in all in-series connected columns is 
downward, the arrows indicate the inlet (water, internal recycle, and feed) 
and outlet (sugar product and acid product) ports. The periodic switching 
of all ports downstream simulates the countercurrent motion of the resin. 
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behavior) between glucose and xylose on the H +  form of 
the resin. Ten SMB tests, each lasting between 10 and 20 h 
were done, two with hydrolyzed extracts, the rest with syn- 
thetic sulphuric acid-glucose mixtures, with xylose added 
in smaller quantities in some tests to further verify that the 
two sugars behaved identically. The feed for the SMB trials 
characteristically consisted of 4% H,SO, and 16% sugar, 
corresponding roughly to an extract hydrolyzed with 4 kg 
H2S04 per 100 kg of the 25% dry solids extract. 

The operational parameters and performance are summa- 
rized in Tables VI and VII. The sugar product was only 
slightly diluted with 15% dry solids, of nearly 100% purity 
(almost no acid present), containing 94% of the sugar 
present in the feed. The remaining 4% went into the acid 
product, which was more dilute with 2% dry solids, 95% 
acid recovery, and 95% acid purity. 

The acid product was concentrated under vacuum, and 
reused for hydrolysis of the crude extracts. The hydrolysis 
rate was found identical as in the case of hydrolysis with 
fresh H,S04. 

DISCUSSION 

Principal elements of a process for steam pretreating of 
sugarcane bagasse in preparation for acid or enzymatic hy- 
drolysis of cellulose, and production of a xylose-rich syrup 
for xylose, arabinose, or galactose production, are pre- 
sented in Figure 5. Bagasse is pretreated, preferably in a 
screw-fed continuous digester (1) of the PANDIA type ad- 
vocated for rapid pulping of nonwood plant fibrous mate- 
rials.’ The dilute aqueous extract is concentrated to 25% to 
30% DS in the evaporator (2), and fully hydrolyzed with 
sulphuric acid in the reactor (3). Preferably, a small amount 
(1% of the weight of the concentrated extract) of ground 
raw or pretreated bagasse is added in the hydrolysis reactor 
to prevent caking of the acid-insoluble lignin precipitate. 
After cooling the hydrolysate-lignin suspension, it is clar- 
ified with a continuous decanting centrifuge (5). The clear 
delignified hydrolysate is further concentrated in the evap- 
orator (2 ) ,  and pumped into the eight-column continuous 
ion-exclusion separator where at least 95% of sulphuric acid 
is recovered and recirculated back into the hydrolysis reac- 
tor (3). Approximately 15% DS syrup composed of xylose 
and smaller quantities of glucose, arabinose, and galactose 
and other nonsugar impurities can then be fermented or 
purified and further separated into its individual sugar com- 
ponents with either a batch or preferably a continuous chro- 
matography system analogous to the one used here for re- 

Table VI. Parameters of the acid-sugar SMB separation. 

Feed (mWmin) 90 
Water (mL/min) 234 
Acid product (mL/min) 229 
Sugar product (mumin) 90 
Recycle (mL/min) 214 
Switch time (min) 8.4 

Table VII. Purity and recovery of SMB products. 

Sugar product Acid product 

Recovery Purity Recovery purity 

94% 100% 95% 95% 

covery of sulphuric acid. A simultaneous separation of three 
components, for example, xylose, glucose, and arabinose, 
is feasible with a modified simulated moving bed system. 

Some aspects of the proposed process remain to be ver- 
ified on a realistic pilot facility; they are: the efficiency of 
hemicellulose extraction with a continuous system, at the 
same severity but with less water then used in the present 
batch system; the enzymatic digestibility of the pretreated 
bagasse; and the purification and fractionation of the xylose 
syrups and combustion or other properties of the lignin frac- 
tion. On the other hand, the hydrolysis of the concentrated 
extracts, clarification of the hydrolysates, and the recovery 
of sulphuric acid from the sugar-acid mixtures can probably 
be scaled-up quite confidently based on the present results. 

For a cost estimate, two scenarios were considered (Table 
VIII): (1) 15% DS xylose-rich syrup is produced, and all 
pretreated bagasse is returned to the boilers; and (2) pre- 
treated bagasse is further hydrolyzed to glucose. Sixty per- 
cent and 90% hemicellulose conversion was considered as a 
basis for “as-is’’ and ground bagasse, while 80% and 90% 
cellulose conversion was assumed for the two respective 
cases. No byproduct credit was given for the lignin product. 
With the bagasse composition as in Table 11, the sugar 
(monosaccharide) yields used for the calculations, in kilo- 
grams sugar produced/kilogram (dry) bagasse were, in the 
case of xylose syrup production, only 0.168 and 0.253 for 

GROUND WATER PRETREATED 
BAGASSE BAGASSE 

(100, 26, 25) (0.7, 0.0, 0.2) 

EXTRACT EXTRACT 

PRETREATED 
BAGASSE 

(65, 3, 20) 

WATER 
7 

MAKE UP ACID , (1. 0, 0 )  

Figure 5. Schematics of a process for steadaqueous pretreatment of 
ground sugarcane bagasse and production of 15% DS xylose-rich SYNP, 

with continuous ion-exclusion recovery of sulphuric acid: 1 = hemicel- 
lulose extraction; 2 = multistage vacuum evaporation; 3 = xylan hydro- 
lysis; 4 = cooling; 5 = centrifugal clarification: and 6 = continuous ion 
exclusion. The numbers (X, Y, Z) in parentheses indicate the approximate 
mass flows of the principal components: X, total solids; Y, hemicellulose 
components; and Z, lignin. 
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Table VIII. Estimated pretreatment costs, for production of 15% DS 
syrup of xylose (with minor amounts of glucose, arabinose, and galactose), 
including energy and chemical cost and byproduct credit, in $/kg sugar 
produced. 

Ground bagasse Mill run bagasse 

(1) (2) (1) (2) 

Raw material 
Bagasse preparation" 
Hemicellulose 

extractionb 
Evaporation (extract 

and dilute H,SO,)' 
Hydrolysisd 
Clarification" 
Acid recovery' 
Byproducts credit8 - 

0.119 
0.020 

0.040 

0.022 
0.001 
0.003 
0.012 

-0.093 - 

0.048 
0.008 

0.016 

0.009 
0.000 
0.001 
0.005 

.0.022 - 

0.179 
O.OO0 

0.060 

0.034 
0.002 
0.004 
0.018 

.0.153 - 

0.061 
O.OO0 

0.020 

0.01 1 
0.001 
0.001 
0.006 

.0.034 

Total 0.124 0.065 0.144 0.066 

"0.10 k W k g  bagasse (dry)"; $O.O5/kWh. 
b3.8 kg steadkg bagasse (dry); steam $0.0045/kg. 
'6.3 kg water/kg bagasse (dry), 1.3 kg steamkg bagasse (dry). 
"0.00075 kg H,SO,/kg conc. extract, H,SO, at $O.OS/kg. 
'0.0025 kWMkg conc. extract. 
'95% acid recovery, cost of electricity and resin replacement. 
%ame value as original bagasse at same moisture content. 

"as-is" and ground bagasse, respectively; and, in the case 
of production of both xylose and glucose syrups, the latter 
by cellulose hydrolysis, 0.494 and 0.620, respectively. For 
a conservative estimate, the raw material cost was included 
at $0.03/kg (dry), although the true cost of the first 10% or 
so diverted from the boilers is expected to be close to zero, 
if the bagasse hydrolysis facility is operated at the mill site 
and jointly with the conventional sugarcane milling process. 
With the (fuel value) credit for the extraction residue, the 
raw material cost adds $0.026/kg sugar. Without this cost, 
the estimates range from $0.039 to $0.118/kg sugar. The 
former, assuming hydrolysis of both hemicellulose and cel- 
lulose, excludes the actual cost of cellulose hydrolysis, 
which at the anticipated use of 1.5 kg H2S04/kg sugar and 
95% acid recovery can be estimated at $0.006/kg sugar. For 
the acid recovery with ion exclusion4 the resin replacement 
and evaporation costs were estimated at $0.04/kg sugar. 
This may be a conservative estimate considering that the 
actual water and resin use in the acid recovery process es- 
tablished in this work were lower than anticipated by Hart- 
field and H e ~ t e r . ~  

In comparison with dilute acid extraction of hemicellu- 
lose, the aqueous process presents several advantages: 
lower corrosion conditions in the extraction and concentra- 
tion equipment; less xylose degradation in extraction; and 
less degradation byproducts in the extracts and pretreated 
bagasse. In cases in which the pretreated bagasse is to be 
sent back to the boilers for steam generation, absence of 
added sulphur in case of steadaqueous pretreatment would 
be important. Although the acid use is about the same in 

both processes, acid is easily recoverable from the hydro- 
lyzed, concentrated, and clarified extracts. With particle 
size reduction prior to extraction, the aqueous process gives 
almost 90% recovery of xylose, superior to dilute acid2 or 
steam explosion-based extraction. In addition, the aqueous 
extraction at moderate temperatures around 170°C, as em- 
ployed here, offers the possibility of isolation of xylan 
oligomers for alternate uses. l 1  ,16 
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