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a b s t r a c t

The range of xylan content reported for sugar maple (Acer saccharum) is wider than for most hardwoods.
Credible values have been reported that range from less than 16 wt% to more than 19 wt% based on
extractive-free wood. Carbohydrate composition of biomass is normally determined by a two stage
H2SO4 hydrolysis followed by quantification of the sugar monomers. Acetic and uronic acids are also
quantified for xylan-rich materials. In this research, the H2SO4 hydrolysis conditions were modified
and an average xylan content of 18.7% was obtained for sugar maple with a standard deviation (SD) of
0.41% for eight analyses. Minor refinements were made and an average of 18.6% (SD = 0.29%) was
obtained for another eight analyses. On this occasion the acetyl to xylose mole ratio was 0.71 with a stan-
dard deviation of only 0.008. Proton NMR was utilized in quantifying sugar monomers and acetic acid.
The modified hydrolysis procedure gave all the expected results for Betula papyrifera, a species without
much controversy regarding its carbohydrate composition. A high percentage of glucan plus xylan was
also obtained for an experimentally grown poplar with a low lignin content of 17.7%. The summative
analyses varied from 99.7% to 101.5% for the three species.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Novel pulping processes are being investigated in our labora-
tory and a majority of the research is being performed with sugar
maple (Acer saccharum) because of its abundance in the northeast-
ern US and eastern Canada (Francis, Bolton, Abdoulmoumine, Lav-
rykova, & Bose, 2008; Francis & Shin, 2007). A point was reached
where it became necessary to accurately determine the carbohy-
drate composition of this species. A review of the literature showed
a wide range of values for the amount of xylose that could be
hydrolyzed from this wood. The xylose content is normally deter-
mined after the O-acetyl-4-O-methylglucuronoxylan (AMX) has
been hydrolyzed to its monomeric constituents and values are usu-
ally expressed as monomeric xylose (Xm) or xylan (Xp). The molec-
ular weight (MW) for an individual unit is 132 in Xp and 150 in Xm
due to water addition each time a xylosidic linkage is cleaved. Val-
ues of Xp < 17.0% are most common (Kaar & Brink, 1991; Kiemle,
Stipanovic, & Mayo, 2004; Vinzant, Ehrman, Adney, Thomas, &
Himmel, 1997; Watson et al., 2003). However, Timell (1969) re-
ported a Xm value of 21.7% corresponding to Xp = 19.1% for extrac-
tive-free sugar maple. This high value appears to be supported by
data from Clermont and Schwartz (1951, 1952) who quantified the
acetyl content of eight hardwoods. Based on the data in its entirety
ll rights reserved.

: +1 315 470 6945.
it appears as if almost all of the acetyls were being hydrolyzed
from xylan. If 0.7 mole acetyl per mole of xylose were to be as-
sumed for Timell’s data then an acetyl content of 4.35% would be
obtained. A value of 4.58% was reported for sugar maple (Clermont
& Schwartz, 1952). The issue of 0.7 acetyl/xylose mole ratio will be
addressed later in the paper.

A deeper search into the literature led us to an issue that we be-
lieved has not been adequately addressed for more than 50 years.
Most quantification of carbohydrate monomers from biomass use a
hydrolysis procedure close to the one first reported by Saeman,
Moore, Mitchell, and Millet (1954). However, the Saeman et al. pa-
per described the method of Hagglund (1951) that called for 4 h of
primary hydrolysis (PH) in 72% sulfuric acid at room temperature
followed by intermediate dilution and standing for 6 h, and finally
6 h of secondary hydrolysis (SH). That description was immedi-
ately followed by the proposed new method of only 1 h in 72%
H2SO4 at 30 �C followed by dilution to 4% H2SO4 and secondary
hydrolysis for 1 h at 121 �C (Saeman et al., 1954). Although the Sae-
man et al. method is still the most widely used approach and has
been accepted as a classical method by Tappi (1985) we could find
no detailed discussion regarding the importance of diffusion of vis-
cous 72% H2SO4 into all the wood meal particles during a period of
only 1 h. Actually, there is not much detailed discussion in the lit-
erature about temperature, time and mixing optimization during
the 72% H2SO4 or PH treatment. When wetted with 72% H2SO4

wood particles tend to form mini-flocs and diffusion of H2SO4 into
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those flocs may be slow if adequate mixing is not applied. The
importance of mixing 30 mesh wood meal into 72% H2SO4 was ad-
dressed in the following single sentence by Saeman et al. (1954).
‘‘The sample is stirred as required to effect solution of the cellu-
lose”. It was our belief that the quality of the summative analysis
would be dependent on mixing protocol, temperature and time
in the PH stage.

The observed variation in xylan content does not appear to be
limited to sugar maple alone and some interesting results for aspen
(Populus tremuloides) will now be discussed. Grohmann, Torget,
and Himmel (1987) reported respective values of 52.1%, 18.8%
and 18.8% for the glucan, xylan and lignin content of aspen. Francis,
Hanna, Shin, Brown, and Riemenschneider (2006) later reported
corresponding values of 50.8%, 18.4% and 18.6% while Mansfield
and Weineisen (2007) reported 49.4%, 15.3% and 19.0% for the
same species. Although the ranges in glucan and lignin contents
were �5% of their respective averages, the range was 20% of the
average for xylan content. Interestingly, all three research groups
modified the PH treatment conditions recommended by Saeman
et al. (1954). Grohmann et al. (1984, 1987) performed the PH treat-
ment for 2 h at room temperature with 64% H2SO4 followed by
dilution to 55% H2SO4 and 12 h of additional retention at room
temperature. Francis et al. (2006) used the the Saeman et al. for-
mulation but for 1 h at 40 �C instead of 30 �C while Mansfield
and Weineisen (2007) used 72% H2SO4 but for 2 h at 20 �C and with
mixing every 10 min.

Coupled with our concern about PH optimization we were
obtaining results in another project that appeared to indicate that
a significant fraction of sugar maple xylan extracted by hot water
(autohydrolysis) was difficult to hydrolyze to xylose monomers.
We are now reporting on a new approach for H2SO4 hydrolysis of
the carbohydrate fraction of sugar maple and two other hardwoods
with emphasis on improved mass transfer in the PH treatment
with 72% H2SO4 and harsher reaction conditions in the secondary
hydrolysis (SH). Proton NMR was used for the quantification of
monomers (Kiemle et al., 2004) in the 20–40 wt% H2SO4 SH solu-
tions without neutralization or other purification.
2. Materials and methods

2.1. Wood meals and extracts

Wood meals (40 mesh) were prepared from debarked paper
birch (Betula papyrifera Marsh), sugar maple and a Populus deltoides
identified as D105. The birch and maple were harvested in Central
New York while D105 was harvested from an experimental plot in
Arlington, WI (Riemenschneider et al., 2001). Extracts were pre-
pared by treating debarked sugar maple chips with aqueous solu-
tion in a M&K digester. The temperature profile was 60 min to
165 �C and 70 min at that temperature. Water alone was used in
one case (HW) and in the other case 1.5% acetic acid on chips
was added to the water (HAA). The liquor to wood ratio was
4.0 liters/kg and the extract was collected after flowing through a
coiled tube placed in an ice bath. The pH of the HW extract was
3.38 while it was 3.11 for HAA.

2.2. Hydrolysis of milled wood

Milled wood (40 mesh) was added to a 50 ml centrifuge tubes
and placed in a water bath at 25 �C. In one approach 0.50 g of wood
meal (OD basis) was used and 16 ml of 72% H2SO4 (specific gravity
1.634) was carefully kneaded into the particles over a period of
�5 min using a glass rod. The slurry was allowed to sit in the water
bath at �25 �C for 2 h with mixing every 15 min. Water (21 ml)
was then added and the tubes sealed (now 40 wt% H2SO4), shaken
and placed in water bath at 80 ± 1.0 �C for 1 h. The tubes were sha-
ken occasionally to homogenize the slurry. The tubes were re-
moved and chilled in an ice bath. They were stored overnight in
a refrigerator (4 �C) and lignin precipitation occurred. A recorded
mass of the supernatant was taken and the internal standards were
added. The solution was then analyzed by 1H NMR as soon as pos-
sible. In an alternate approach 1.00 g of wood meal and 16 ml of
72% H2SO4 (26.1 g) were used in the PH stage. After SH in 40%
H2SO4 (26.1 g + 21 g) the centrifuge tube was taken out of the
80 �C water bath and cooled in an ice bath. The sample was then
transferred to a larger plastic bottle using 47 g of water for washing
and dilution. The slurry (now 20 wt% H2SO4) was chilled and
placed in a refrigerator to cause lignin precipitation. A recorded
mass of supernatant was taken and handled as described above.

2.3. Chemical analyses

Ethanol/toluene extractives in the woodmeals were determined
in accordance with Tappi Method T 204 om-88; while Tappi Meth-
od T 222 om-88 was used for Klason lignin and Tappi Method UM
250 for acid-soluble lignin (ASL). The Klason filtrate containing the
ASL was diluted with 3% H2SO4 until its 205 nm absorbance was
<0.7. Dissolution of chip mass into HW and HAA extracts was
determined by the conversion of residual chips to pulp with the
aid of a disk refiner. Gravimetric pulp yield was determined and
materials dissolved were obtained from an overall material bal-
ance. The initial chip mass was 800 OD grams. The lignin content
of an extract was determined by adding 100 ml of it to 50 ml of
H2O and 4 ml of 72% H2SO4 then heating the slurry as described
in Tappi Method T222 om-88. Acid-soluble lignin (ASL) was deter-
mined as previously described.

2.4. NMR analysis

In this study we used 1H NMR spectroscopy to quantify the rel-
ative molar concentration of sugars resulting from wood hydroly-
sis. All spectra were acquired at 10 �C with a Bruker AVANCE 600
spectrometer (600 MHz 1H frequency) equipped with a 5 mm tri-
ple resonance z-gradient probe. Data were acquired and processed
in TOPSPIN v1.3 from Bruker BioSpin. Due to the low pH, the water
signal (typically at 4.7 ppm) was shifted out of the anomeric proton
region which made monomer quantification possible. Further-
more, the dynamic range of the resonances of interest was im-
proved by pre-saturating the residual water peak. To obtain
quantitative data the 1H spectra were acquired with a relaxation
delay set to 10 s, 30� pulse angle, 2.7 s acquisition time and spec-
tral widths of 16 ppm.

The hydrolyzed samples were allowed to settle overnight before
a known mass equivalent to approximately 1 ml of the clear super-
natant was transferred to a NMR tube. To it was then added a
known mass (equivalent to 0.1 ml) of standardizing solution con-
taining trimethylamine hydrochloride (TMA) (1.82 � 10�5 mol/g)
and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) 0.05% in
D2O. The TMA served as a standard to calibrate the mass of each
of the sugars in the sample while the TSP served as a chemical shift
reference (0.0 ppm).

A detailed discussion of the quantification algorithm employed
was presented elsewhere (Kiemle et al., 2004). To summarize, the
1H NMR resonances associated with the C1-a and C1-b anomeric
protons were integrated and summed for each sugar providing a
relative molar concentration. For most sugars the ratio of a to b
anomers was well known and would remain constant in solution
of equal temperature and pH (Robyt, 1998). The locations of the
relevant a and b peaks in acidic conditions and a/b ratios were pre-
sented in Table 1 (Robyt, 1998). For those sugars where both the
C1-a and C1-b 1H NMR resonances were not well resolved, we used



Table 1
Location and ratio of sugar peaks in the 1H NMR spectra of sugars in 40% sulfuric acid
after spectrum shift of TSP to 0.0 ppm.

Location of sugar peaks in 1H NMR spectra of Sugars in 40% sulfuric acid

Approximate Peak Location (ppm) Anomeric Ratio (Robyt (1998))

a b a/b

D-Galactose 5.33 4.67 0.99
D-Glucose 5.30 4.72 0.63
D-Xylose 5.25 4.64 0.62
D-Mannose 5.24 4.98 1.59
L-Arabinose 5.31 4.60 0.47
L-Rhamnose 5.18 4.95 1.31
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the integrated intensity of either the C1-a or C1-b proton and then
used the values of the anomeric (a/b) ratio in Table 1 to approxi-
mate the intensity of the second anomeric proton.

Furfural was typically observed in wood hydrolyzates due to
acid over conversion of xylose sugars. As a result, we added the
integrated intensity of the 9.46 ppm peak of furfural (see Table 2
for location of non-sugar peaks) to the xylose intensity to correct
for the over conversion. The number of moles of each substance
in a sample could be calculated from the area ratios of the corre-
sponding components and the area of the protons determined in
the TMA standard. Since TMA contains 9 protons per molecule,
the peak area for TMA was divided by 9 to get the peak area for
each mole of protons. Acetyl groups had peaks for free (acetic acid)
and bound groups, which were added to get the total acetyl peak
area. The total acetyl peak area values had to be divided by 3 be-
cause each component reflects 3 protons per molecule. The mass
of each of the sugars or non-sugar wood components was calcu-
lated by multiplying the number of moles in the sample by the
molecular weight of that substance. The concentration in the sam-
ple analyzed was then calculated by dividing the mass of a sub-
stance by the mass of the sample analyzed.

3. Results and discussion

3.1. Hydrolysis of sugar maple extracts with sulfuric acid

The carbohydrate composition of wood meals was the primary
focus of this research. However, it was important to report on our
experience in hydrolyzing xylan rich extracts to monomers. The re-
sults obtained demonstrated the importance of carbohydrate
depolymerization during the primary hydrolysis (PH) stage with
72% H2SO4 when using the approach of Saeman et al. (1954). The
HW extract (23.7% wood dissolution) was H2SO4-hydrolyzed using
a treatment condition similar to the secondary hydrolysis (SH)
stage of Saeman et al. (1954). The extract was adjusted to 4%
H2SO4 in 100 ml stainless steel autoclaves. The autoclaves were
then placed in an M&K digester containing recirculating water.
Table 2
Location of non-sugar peaks in the 1H NMR spectra of hydrolyzed samples in 40%
sulfuric acid after shift of TSP to 0.0 ppm.

Location of non-sugar peaks and standard solution in 1H NMR spectra of hydrolyzed
wood in 40% sulfuric acid

Approximate peak location

Trimethylamine Hydrochloride 2.9
Acetyl groups (free/bound) 2.15/2.25
Furfural 9.45
Hydroxymethylfurfural 9.4
methanol 3.4
TSP 0.0
The water was heated from room temperature to 120 �C over a per-
iod of 30 min and maintained at 120 ± 1.0 �C for 45 min. A xylose
yield of 8.4% on wood was obtained (7.3% xylose + 0.7% furfural).
It was assumed that the furfural came from xylose in an equimolar
ratio (Dias, Pillinger, & Valente, 2005).

Wood dissolution corresponded to 23.7% during HW extraction
of the sugar maple chips and lignin in the extract was 4.1% on
wood (1.5% Klason + 2.6% ASL). It was our estimate that complete
hydrolysis of the xylan in the extract should yield at least 10% xy-
lose on wood. The 8.4% xylose yield appears to be lower than other
values reported in the literature. However, Tunc and van Heiningen
(2008) performed HW (hot water) extraction of wood meal from a
mixture of hardwoods from the southern US. An isothermal extrac-
tion for 100 min at 160 �C yielded only 6.9% xylose after the exact
SH treatment of Saeman et al. (1954), i.e. 60 min in 4% H2SO4 at
121 �C.

For the HAA extract (27.2% wood dissolution) we started exper-
imenting with other SH hydrolysis conditions and obtained the re-
sults in Table 3 for 40 wt% H2SO4 (60 wt% extract) at lower
temperatures. Xylose yields of 15.7% and 15.5% on wood were ob-
tained for 10 min hydrolyzes at 60 �C and 80 �C. It should be noted
the xylose yield decreased to �10.0% on wood when the reaction
time was extended to 20 min at both temperatures. Wood dissolu-
tion corresponded to 27.2% during HAA extraction and lignin in the
extract was 4.7% on wood (1.6% Klason + 3.1% ASL). The total yield
of carbohydrate related materials in polymeric form was 19.3% and
20.0%, respectively, for 60 �C and 80 �C (Table 3). If the 4.7% lignin
content is added to the 19.7% average carbohydrate value and a to-
tal uronic acid content of 3.0% is assumed one arrives at a value of
27.4% on wood of dissolved material. This compares very favorably
to the 27.2% determined by mass balance. The average acetyl:xy-
lose mole ratio of 0.61 is also in the expected range. Timell
(1969) used 0.7 acetyl/xylose and 0.10 of 4-O-methylglucuronic
acid/xylose in converting his xylose content to AMX content. Sev-
eral research groups have since reported acetyl:xylose ratio of
0.6–0.7 for a wide range of hardwoods (Kaar & Brink, 1991; Lind-
berg, Rosell, & Svensson, 1973; Maloney, Chapman, & Baker,
1985; Garrote & Parajó, 2002; Tunc & van Heiningen, 2008).

The HW extract was then hydrolyzed in 40% H2SO4. The results
for 10 and 60 min SH treatment at 60 �C and 80 �C are summarized
in Table 4. The xylose content was only 8.8% on wood and the two
10 min values for total carbohydrate related compounds in poly-
meric form were 11.3% and 11.4% on wood. If the 4.1% lignin con-
tent and an assumed uronic acid content of 2.5% on wood are
added then the calculated value for total dissolved materials would
be 18.0% on wood. Approximately 5.5% on wood of dissolved mate-
rial is unaccounted for since 23.7% dissolution was obtained by
mass balance. It was our tentative conclusion that this extract con-
tained �5% on wood of AMX that could not be easily hydrolyzed.
Also, the much higher recovery of xylose from the HAA extract as
Table 3
Carbohydrate related compounds (% on wood) from hydrolysis of HAA extract with
40 wt% H2SO4.

5 min at 60 �C 10 min at 60 �C 10 min at 80 �C

Xylosea 13.8 15.7 (13.8)b 15.5 (13.6)
Arabinose 0.4 0.9 (0.8) 0.8 (0.7)
Mannose 0.9 0.8 (0.7) 1.2 (1.1)
Glucose 0.6 0.4 (0.4) 1.0 (0.9)
Galactose 0.4 0.6 (0.5) 0.8 (0.7)
Rhamnose 0.4 0.3 (0.3) 0.4 (0.4)
Acetyl (CH3CO)c 2.5 2.8 (2.8) 2.6 (2.6)
Acetyl:Xylose 0.63 0.62 0.59

a Including furfural.
b Polymeric yield, i.e. MW of 132 instead of 150.
c Corrected for the 1.5% added acetic acid.



Table 4
Carbohydrate related compounds (% on wood) from hydrolysis of HW extract with
40 wt% H2SO4.

10 min @
60 �C

60 min @
60 �C

10 min @
80 �C

60 min @
80 �C

Xylosea 8.8 (7.7)b 8.6 8.8 (7.7) 7.5
Arabinose 0.3 (0.3) 0.3 0.5 (0.4) 0.4
Mannose 0.7 (0.6) 0.8 0.8 (0.7) 0.7
Glucose 0.5 (0.5) 0.4 0.4 (0.4) 0.2
Galactose 0.3 (0.3) 0.2 0.3 (0.3) 0.2
Rhamnose 0.2 (0.2) 0.2 0.3 (0.3) 0.2
Acetyl 1.7 (1.7) 1.6 1.6 (1.6) 1.4
Acetyl:Xylose 0.67 0.65 0.63 0.65

a Including furfural.
b Polymeric yield.

Table 5
Chemical composition of extractive-free (ethanol/toluene) D105 poplar after H2SO4

hydrolysis and 1H NMR analysis.a

SH = 50 min 60 min 70 min

Glucanb 45.3, 49.3, 49.2 49.6, 49.7, 49.9 51.1, 51.1, 50.7
Xylan 17.3, 17.1, 17.1 17.5, 17.4, 17.9 17.3, 17.2, 17.5
Mannan 2.6, 3.0, 3.8 2.6, 3.0, 3.3 4.3, 3.0, 3.5
Othersc 0.3, 0.3, 0.3 0.3, 0.3, 0.5 0.3, 0.3, 0.3
Acetyl 3.6, 3.7, 3.9 3.8, 3.9, 3.9 3.6, 3.6, 3.9
Acetyl:Xylose 0.65, 0.67, 0.69 0.67, 0.70, 0.66 0.65, 0.66, 0.68

a Extractives content = 1.5% on wood; 17.7% lignin on extractive-free wood.
b Polymeric yield, % on wood.
c Arabinan, galactan and rhamnan.

Table 6
Chemical composition of extractive-free paper birch after H2SO4 Hydrolysis and 1H
NMR analysis.a

SH = 50 min 60 min 70 min

Glucan 39.6, 40.7, 41.1 40.7, 40.0, 41.4 41.4, 40.8, 41.5
Xylan 24.5, 24,8, 24.9 24.5, 24.2, 24.7 24.5, 24.3, 24.6
Mannan 1.4,2.0, 1.6 1.9, 1.9, 2.4 1.9, 2.0, 1.6
Others 0.7, 0.8, 1.3 0.9, 0.6, 1.0 0.8, 0.8, 0.5
Acetyl 5.0, 4.9, 5.1 5.0, 5.1, 5.2 5.1, 5.0, 5.1
Acetyl:Xylose 0.63, 0.60, 0.64 0.63, 0.64, 0.65 0.64, 0.64, 0.64

a Extractives content = 2.5% and lignin content of 21.9%.
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compared to the HW extract would indicate that the degree of par-
tial polysaccharide depolymerization prior to SH is critically
important.

3.2. Wood hydrolysis and carbohydrate composition

An accurate estimate of the xylan content of sugar maple was
the primary focus of this research. Two other hardwoods were also
included in the investigation as a means of confirming the credibil-
ity of any new approaches that would be developed for sugar ma-
ple. The first, paper birch, is well known for its high xylan content
while the second was an experimental poplar with a lignin content
of only 17.7% (Bose, Francis, Govender, Bush, & Spark, 2009). It was
of interest to see if a significantly higher carbohydrate content was
obtained for this species as compared to sugar maple with a lignin
content of 25.0%. It was tentatively concluded from the HAA and
HW extracts that the intensity of the acidic treatment during wood
dissolution was critical to the success of secondary hydrolysis with
40% H2SO4. Our initial and only approach to date was to dissolve
the woodmeal in 72% H2SO4 and allow reaction for 2 h at 25 �C in-
stead of 1 h at 30 �C. This was followed by SH (40% H2SO4, 80 �C)
for varying reaction times.

3.3. Initial results for maple and birch

The first experiment was performed with 2 h of primary hydro-
lysis followed by SH for 20, 40 and 60 min. Sixteen milliliters of
72% H2SO4 was used to dissolve 0.50 g of wood meal then 21 ml
of H2O was added to achieve 40 wt% H2SO4 for secondary hydroly-
sis. The reaction products did not undergo any further dilution
prior to NMR analysis and all experiments were performed in trip-
licate. Steady increases in glucose and xylose yields were observed
with time and the 60 min results appeared to be close to the ex-
pected maxima for both species. Glucan and xylan contents were
calculated from the yields of the monomeric sugars. The analyses
were repeated but on this occasion SH retention was for 60, 90
and 120 min. Once again the 60 min results appeared to be repre-
sentative of the expected carbohydrate composition for both spe-
cies. When SH was increased from 60 to 120 min there was a
minor decrease in glucose yield (<5% of the average for SH = 60)
and a moderate decrease in xylose yield (5–10% of the average
for SH = 60). The experiment was repeated yet again but with SH
retention of 50, 60 and 70 min.

Three samples of birch were hydrolyzed for each of the three
retention times and their was no statistical difference between
the results for 60 and 70 min which yielded higher glucan values
than 50 min of hydrolysis. The average glucan content for five of
the six samples hydrolyzed for 60 and 70 min was 42.2% with a
standard deviation of 0.71%. The protocol was repeated for sugar
maple and the average glucan content for five of the six samples
hydrolyzed for 60 and 70 min was 44.5% with a standard deviation
of 0.69%. Although the standard deviation was low for both birch
and maple, one of the six samples for each species had to be dis-
carded because it was clearly lower than the other five. It was sus-
pected that poor mixing of the 72% H2SO4 into the wood particles
was the likely cause. There was a moderate amount of scatter in
the xylan data for birch with one of the nine samples (including
SH = 50 min) being >26.0% and one being <24.5%. Somewhat sur-
prisingly, eight of the nine analyses for maple fell in a narrower
range of 18.0–19.2% with an average of 18.7% and standard devia-
tion of 0.41%.

3.4. Analysis of the D105 poplar

Before the D105 poplar was analyzed a switch was made from
flat bottom glass bottles to centrifuge tubes in an attempt to
achieve better mixing of the 72% H2SO4 into the wood particles.
A glass rod could more easily be used to concentrate solid particles
into the conical bottom of a centrifuge tube. The Tappi Method
(1985) recommended the use of centrifuge tubes but without
explanation. The precision of the D105 results was superior to
those of birch and maple with regards to glucan and xylan contents
and are documented in Table 5. These results appear to indicate a
gradual increase in cellulose content as retention is increased from
50 to 70 min. All nine xylan contents fell in a narrow range of 17.1–
17.9 and all the acetyl:xylose ratios fell within a range of 0.65–
0.70.

As the amount of collected data became substantial there were
indications of a minor fluctuation in glucose and xylose contents
depending on how long the 40% H2SO4 hydrolyzates sat at room
temperature before NMR analysis. The normal protocol was to
add the internal standards to an aliquot of the sugar solution and
deliver it to another building for NMR analysis where it could sit
from 1 to 100 h. It appeared as if glucose and xylose slowly con-
verted to other compounds when the samples were kept at room
temperature for an extended period of time. In an attempt to min-
imize monomer losses and fluctuation in glucose and xylose yields
due to the time variation between sample preparation and analy-
sis, all three species were analyzed starting with 1.00 g of wood
meal instead of 0.50 g in 16 ml of 72% H2SO4. After SH treatment



Table 7
Chemical composition of extractive-free sugar maple after H2SO4 Hydrolysis and 1H
NMR analysisa.

50 min 60 min 70 min

Glucan 43.9, 42.9, 43.4 44.6, 45.1, 45.4 44.9, 44.1
Xylan 18.9, 18.3, 18.6 18.4, 18.5, 19.0 18.9, 18.3
Mannan 3.2, 2.8, 2.9 2.9, 2.3, 2.8 2.8, 2.8
Others 1.3, 0.4, 0.8 0.5, 0.6, 0.7 0.5, 0.6
Acetyl 4.4, 4.2, 4.3 4.3, 4.4, 4.4 4.4, 4.3
Acetyl:Xylose 0.71, 0.70, 0.72 0.72, 0.72, 0.71 0.72, 0.72

a Extractives content = 2.1% and lignin content = 25.0%.

Table 9
Summative analyses for the three extractive-free hardwoods.

D105 Birch Maple

Lignin (%) 17.7 21.9 25.0
Glucan (%) 51.0 41.0 44.8
Xylan (%) 17.5 24.6 18.6
Mannan (%) 3.6 2.0 2.8
Acetyl (%) 3.8 5.1 4.3
Other sugars (%)a 2.0 2.0 2.0
Me-GluU (%)b 2.5 3.5 2.7
Other Uronics (%)c 0.7 0.7 0.7
Ash (%) 0.9 0.3 0.6
Total (%) 99.7 101.1 101.5

a An estimate from the literature (Chum et al., 1988; Alen, 2008).
b 4-O-methylglucuronic acid residue (MW = 190); 0.10 mole ratio to xylose

(Timell, 1969).
c Other uronic acid residues (Kaar & Brink, 1991).
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the samples were cooled and diluted to 20% H2SO4 (Section 2). It
was our hope that the sugar solutions could be kept for long peri-
ods of time in 20% H2SO4 at room temperature without any mono-
mer losses. On our first attempt, the results for D105 did not
reproduce those in Table 5 while the results for birch and maple
(Table 6 and 7) reproduced the earlier trends quite nicely. The
three values for glucan content of D105 after SH = 60 min were
49.2%, 43.5% and 44.2% with corresponding xylan content of
16.9%, 13.5% and 15.0%. After 70 min of SH the three glucan con-
tents were 47.8%, 40.2% and 47.0% with corresponding xylan con-
tents of 16.2%, 13.4% and 16.1%.

Almost all of the values in Tables 6 and 7 reproduce literature
results quite well. The 41.0% glucan content (average for 60 and
70 min) for birch is close to other values in the literature (Clermont
& Schwartz, 1951; Springer & Zoch, 1968; Sjostrom, 1993). The xy-
lan content is similarly close to other literature values (Springer &
Zoch, 1968; Sjostrom, 1993; Maloney et al., 1985). An acetyl con-
tent of 5.06% was obtained in the present study and this is close
the 4.94% reported by Clermont and Schwartz (1951) and 5.03% re-
ported by Maloney et al. (1985).

Regarding sugar maple, the glucan content in Table 7 is similar
to that of Kaar and Brink (1991), Vinzant et al. (1997), and Watson
et al. (2003). The xylan content in Table 7 is higher than in the
three references above but close to the 19.1% reported by Timell
(1969). It should be noted that the eight xylan contents in Table
7 fell in a narrow range of 18.3–19.0% with an average of 18.6%
and a standard deviation of only 0.29%. All of the acetyl:xylose ra-
tios fell in a narrow range of 0.70–0.72. Clermont and Schwartz
(1952) reported an acetyl content of 4.58% for sugar maple while
the eight values in Table 7 averaged 4.34%.

It should be noted that this method gave very low values for
arabinan, galactan and rhamnan for these samples. When the sum-
mative analyses are discussed we will assume a value of 2.0% for
the total of the three. The 2.0% value was reported for both a poplar
(Chum et al., 1988) and a birch (Alen, 2008).

The approach of using 1.00 g of wood meal in 16 ml of 72%
H2SO4 gave very good results for birch and maple and actually gave
results close to those in Table 5 when the D105 analysis was re-
peated. However, we abandoned that approach based on the ini-
tially poor results obtained for D105. As previously discussed,
glucan contents of 49.2%, 43.5% and 44.2% were initially obtained
for SH = 60 min and 47.8%, 40.2% and 47.0% for SH = 70 min. We
attribute those low and variable values (compared to Table 5) to
Table 8
Effect of room temperature storage time on monomer yields for SH = 70 min
hydrolyzate from D105.

Retention time, ha 1–4 21–24 69–72 117–120

Glucan, % on woodb 51.0 50.5 49.3 49.0
Xylan, % on wood 17.5 17.6 17.1 17.1

a Time between addition of internal standard and NMR analysis.
b Calculate from glucose concentrations.
poor mixing of the increased amount of wood meal in 16 ml of
72% H2SO4. However, there was no obvious sign of any differences
between the six samples (SH = 60 and 70 min above). We returned
to the 0.50 g in 16 ml H2SO4 approach and quantified the loss of
monomers (in 40% H2SO4) with sample storage time at room tem-
perature. This was conducted with SH = 70 min only and the re-
sults in Table 8 suggest that the rates of monomer losses are
quite low. Our suggested approach for hardwoods is to conduct
SH in 40% H2SO4 for 70 min then chill the sample to cause lignin
precipitation. Beyond this point it is suggested that the sample
be kept in a refrigerator as much as possible before monomer
quantification by NMR or another technique.

3.5. Summative analyses

The lignin contents obtained for birch and maple are typical of
other reported data and the value for D105 was based on multiple
analyses (Bose et al., 2009). If the lignin, glucan and xylan contents
are all accurate then decent summative analyses shown be ob-
tained and that is demonstrated in Table 9. The values ranged from
99.7% to 101.5%.

4. Conclusions

An investigation was performed in order to resolve the issue of
the wide range of reported values for the xylan content of sugar
maple. Results obtained with xylo-oligomers in solution indicated
that secondary hydrolysis at 80 �C with a H2SO4 concentration of
40 wt% was quite effective at generating high monomer concentra-
tions. When extractive-free woodmeal from maple, birch and pop-
lar were depolymerized by two stages of H2SO4 hydrolysis it
appeared as if the initial mixing of the 72% H2SO4 into the wood
particles was critical to high glucose and xylose yields. A new
hydrolysis protocol was developed that appeared to give excellent
results for the three hardwoods. It is recommended that in the
development of any subsequent hydrolysis protocol centrifuge
tubes with conical bottoms be used for the primary hydrolysis with
concentrated H2SO4 as they allow for better mixing as compared to
flat bottom containers. Also, the liquid to wood ratio should be as
high as possible in that initial treatment.
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