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Abstract As technologies for utilizing biomass for fuel and chemical production continue to
improve, enzymatic hydrolysis can be run at still higher solids concentrations. For hydrolyses
that initially contain little or no free water (10-40% total solids, w/w), the saccharification of
insoluble polymers into soluble sugars involves changes of volume, density, and proportion of
insoluble solids. This poses a new challenge when determining the degree of hydrolysis
(conversion yield). Experiments have shown that calculating the yield from the resulting
sugar concentration in the supernatant of the slurry and using the assumed initial volume
leads to significant overestimations of the yield. By measuring the proportion of insoluble
solids in the slurry as well as the sugar concentration and specific gravity of the aqueous
phase, it is possible to precisely calculate the degree of conversion. The discrepancies
between the different ways of calculating yields are demonstrated along with a nonlaborious
method for approximating yields in high solids hydrolysis.

Keywords Enzymatic hydrolysis - Biomass - Bioethanol - High solids - High dry matter -
Yield

Introduction

The enzymatic saccharification of biomass to fermentable sugars is a well-known bottleneck in
the production of bioethanol in an economically viable manner [1]. An important process
parameter in enzymatic hydrolysis is the ability to work at high solids concentrations. A high
substrate concentration allows for the production of a concentrated sugar solution, which in
turn is beneficial for the subsequent fermentation and, in particular, distillation. The energy
requirement for distillation is significantly reduced if the solution contains more than 4%
(w/w) ethanol [2]. Furthermore, working at high solids concentrations lowers heating
requirements and increases the volumetric productivity of the plant.
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To reach an ethanol concentration of more than 4% (w/w), a sugar level of at least 8%
(w/w) is needed. For most types of lignocellulosic biomass, this requires an initial solids
content above 20% [3]. Recently, much research has gone into being able to perform and
handle enzymatic hydrolyses at high substrate concentrations [4—7]. High solids content
could be defined as initial concentrations where little or no free water is present. One
solution to increase solids levels has been to replace conventional stirred-tank reactors with
so-called gravimetric mixing, enabling liquefaction, saccharification, and fermentation of
pretreated biomass at up to 40% initial solids content [3, 7].

Lignocellulosic bioethanol is on the verge of commercial reality [8], and as processes
improve and the solids content in enzymatic hydrolysis increase, so does the need to
consider the most accurate way of determining the yield in order to compare various
enzyme systems, processes, and technologies. Hydrolysis of biomass is a complex reaction
where multiple, insoluble polymers are broken down and their constituents dissolved in the
liquid phase. During the reaction, the content of insoluble solids decreases, the density of
the liquid phase increases as does the volume of the liquid phase. When working at high
solids concentrations, it is practical to measure the initial biomass or cellulose concentration
in weight per weight (e.g., 25% w/w). However, usually, sugars are measured by high
performance liquid chromatography (HPLC) and only in the aqueous phase, free of
insoluble components, and are reported in weight per volume (e.g., 70 g/L).

Often, the above-mentioned factors (including the solids content) are not taken into
consideration when calculating the percent-of-theoretical yield. In the following, it is shown
how high solids hydrolysis yields are overestimated, when based on the initial volume.
Also, we suggest a nonlaborious method for approximating the correct yield.

Materials and Methods
Compositional Analysis

The compositions of hydrothermally pretreated straw (pretreated at 195 °C for approximately
6 min as described in [3]) and filter paper (AGF 725, 140 g/m? from Frisenette ApS, Knebel,
Denmark) were analyzed using two-step acid hydrolysis according to the procedure published
by the National Renewable Energy Laboratory (NREL) [9]. Before hydrolysis, the samples
were dried at 45 °C for 1 day. The dried samples were milled in a Braun coffee grinder. Dry
matter was determined using a Sartorius MA 30 moisture analyzer at 105 °C. The released
sugars were quantified with HPLC as described below.

Enzymatic Hydrolysis

Hydrolysis was performed using an enzyme mixture of Celluclast 1.5 L and Novozyme 188
(weight ratio 5:1, from Novozymes A/S, Bagsverd, Denmark) with a filter paper activity of
75 FPU g ', as measured by the filter paper assay [10].

The hydrolyses were performed in 100 mL plastic bottles (total reaction mass 50 g), at
5-30% solids content (w/w) in a 50-mM sodium citrate (pH 4.80) buffer and using an
enzyme loading of 5-20 FPU g DM '. The bottles were placed in a heated (50 °C),
horizontally placed drum, rotating at 60 rpm for 24 h. The 80-cm diameter drum was
equipped with two inside paddles that lifted and dropped the plastic bottles during rotation,
mimicking the gravimetric mixing described in [3, 7]. All experiments were performed in
duplicate. Samples for sugar analysis were boiled for 10 min to terminate the reaction.
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Samples were spun down in 50 mL falcon tubes (4,223 xg for 10 min) and the density of the
supernatant was measured. The remaining solids were washed with MilliQ water five times
to remove any water-soluble material. The solids were then dried at 105 °C and weighed in
order to calculate the amount of insoluble solids.

Sugar Analysis

The content of monosaccharides and disaccharides in the hydrolyzed samples (D-glucose,
D-xylose, L-arabinose, and D-cellobiose) was quantified on a Dionex Summit HPLC system
equipped with a Shimadzu RI-detector. The separation was performed in a Phenomenex Rezex
RHM column at 80 °C with 5 mM H,SO, as eluent at a flow rate of 0.6 mL min . Samples
were filtered through a 0.45-um filter and diluted with eluent before analysis on HPLC.

Results and Discussion
In the standard for enzymatic saccharification of lignocellulosic biomass proposed by the

NREL [11], it is assumed that the specific gravity of all components of the hydrolysis is
1.000 g/mL. The equation for determining the yield can be written as:

[Gle] + 1.0526 x [Cel]
1.111 x Fcellulose X [Ini. SOI]

Percent hydrolysis = x 100% (1)

where [Glc] is the glucose concentration in the supernatant of the slurry (in grams per
liter), [Cel] is the cellobiose concentration in the supernatant of the slurry (in grams per
liter), Feenulose 18 the fraction of cellulose in the substrate, and [Ini. sol] is the initial solids
concentration (in grams per liter) with the assumption that all solutions and biomass have a
specific gravity of 1.000 g/mL. The volume of the reaction is assumed not to change during
the hydrolysis and is thus omitted from the equation.

When working with a fixed mass reaction (e.g., 50 or 100 g assays) above a certain
solids content, the assumption that all components are of the same specific gravity becomes
invalid. Furthermore, calculating the yield by using the “initial” volume of the reaction
(assuming that a 50-g assay equals 50 mL) to find the amount of cellulose digested (using
the sugar concentration), usually leads to an overestimation of the yield. The reason is that
the released sugar is dissolved in less than the “initial” volume, i.e., part of the fixed mass
of the reaction is solid matter and thus, the liquid volume is significantly less than assumed.

Although the mass of the reaction is constant during the hydrolysis, there are significant
changes to the volume of the reaction. As solids are hydrolyzed, the mass and density of the
aqueous phase increases, although not at the same rate. This makes it difficult to calculate
the precise amount of cellulose consumed, based purely on the resulting sugar
concentrations. However, it is possible to measure the amount of insoluble solids remaining
after hydrolysis as well as the specific gravity of the aqueous phase. As the mass is
constant, the exact volume of the aqueous phase can be calculated, and based on the
concentration of sugars, the exact amount of cellulose that has been converted. The
equation for determining the yield then becomes:

w x ([Glc] 4 1.0526 x [Cel])
Percent hydrolysis = —>oxpee 100% 2
ereent Tydrolysts 1111 X 7ugy X Fouugose X DM 0070 )
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where ¢, is the mass of the whole reaction (in grams), m;,s. 501 1S the mass of insoluble
solids after hydrolysis (in grams), SG,q. phase 1 the specific gravity of the aqueous phase (in
grams per liter), [Glc] is the glucose concentration in the supernatant of the slurry (in grams
per liter), [Cel] is the cellobiose concentration in the supernatant of the slurry (in grams per
liter), mg,p, is the mass of the substrate (in grams), Feejpiose 1S the fraction of cellulose in the
substrate, and DM is the initial dry matter content (w/w).

We used this rather laborious method of measuring the fraction of insoluble solids and
aqueous phase density to establish the exact yield at various time points/enzyme dosages
for hydrothermally pretreated wheat straw at 5%, 10%, 15%, 20%, and 30% initial solids
content. The yields were also calculated using Eq. 1 and compared with the exact yields. To
illustrate the difference in yield between the two equations, the values for hydrolysis of
hydrothermally pretreated straw at 30% initial solids content (50 g assay) are: [Glc]=
136.22 g/L, [Cel]=20.31 g/L, Feeliulose=0.532, and [Ini. sol]=300 g/L.

Using Eq. 1, this gives a yield (percent hydrolysis) of 88.9%. The additional values
needed for Eq. 2 are: m,6,c=50.00 g, Mming. 501=10.32 g, SGuq. phase=1085.7, mg,=39.28 g,
and DM=0.3819.

With Eq. 2, this equals a yield (percent hydrolysis) of 65.0%. This means that at 30%
initial solids content, the proposed standard (Eq. 1) gives a yield that is more than 36% too
high. This is a considerable and unwanted overestimation, in particular when comparing
new technologies for bioethanol production and biorefineries.

As seen in Fig. 1, for every initial solids content, there is a near linear relationship
between the actual yield and the yield based on initial volume/supernatant sugar
concentration. This means that the error of the noncorrected yield (Eq. 1) is not dependent
on the degree of hydrolysis but rather on the initial solids content. As expected, the degree
of error increases with solids content. When the ratio between the actual (Eq. 2) and
noncorrected (Eq. 1) yields is plotted as a function of initial solids content (Fig. 2), the
relationship is also near linear. Thus, the slope of this graph can be used to calculate the
actual yield from the noncorrected yield at each initial solids content.

The correction factor is substrate-dependent as it correlates to the composition of the
biomass used, mainly the cellulose content. The experiment was repeated with filter paper
containing a higher proportion of cellulose (for the composition of pretreated wheat straw
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and filter paper, see Table 1) and it was found that the correction curve for filter paper was
slightly steeper. Thus, a correction factor must ideally be established for each substrate.

The errors seen for high solids enzymatic hydrolysis also apply for simultaneous
saccharification and fermentation. Since the specific gravity of the aqueous phase starts
decreasing when the released and dissolved sugars are converted to ethanol, the situation is
more complex. The error of the yield is less than for enzymatic hydrolysis only, at least
when a certain amount of the released sugar has been converted. Experiments with
hydrothermally pretreated straw show that at 30% initial solids content, the yield was
overestimated by 23% (results not shown).

Due to the inconsistency of pretreatments and natural substrates, calculating correction
factors can be a laborious task. An alternative is to use the following approximation
method: A representative slurry sample is weighed, e.g., 1.000 g, and diluted to 10.000 g
(ten times dilution). It is then spun down and the amount of sugars in the supernatant is
measured by HPLC. By knowing how large a fraction of the whole slurry is sampled, it can
be calculated how much of the cellulose that has been hydrolyzed, as per Eq. 1. As the
slurry was diluted ten times, the error caused by the solids content has been significantly
reduced. Experiments have shown that the error (overestimate) for hydrolyses at up to 30%
initial solids was reduced to a maximum of 3-5% (see Fig. 2).

Although it can be difficult to collect a representative slurry sample, especially early in
the hydrolysis, we believe that this approximation method is more practical than measuring
the fraction of insoluble solids and the density of the aqueous phase. Most importantly, it is
better for calculating high solids yields rather than simply measuring the sugar
concentration in the aqueous phase of the slurry and using the “assumed” initial volume,
as prescribed by, e.g., NREL.

Table 1 Composition of pretreated straw and filter paper.

Cellulose Xylan Arabinan Klason lignin Ash Mannan
Pretreated straw 59.0 5.2 0.0 25.5 5.6 0.00
Filter paper 80.63 0.00 0.97 0.42 0.27 14.43

Contents expressed in percent, based on solids
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Conclusions

It was found that, when working at high solids concentration (10-40% w/w), it is necessary
to reconsider the way the yield is calculated in order to avoid significant overestimation in
the order of up to 36%. As enzymatic saccharification of biomass is a complex and dynamic
process, it is difficult to theoretically calculate the yield purely based on an assumed initial
volume and sugar concentration in the aqueous phase.

By measuring the amount of insoluble solids, aqueous phase density, and sugar
concentration, it is possible to precisely calculate the yield. This is, however, a laborious
process and an alternative would be to dilute a representative portion of the slurry prior to
measurement.

Acknowledgements DONG Energy, Denmark, is gratefully thanked for the hydrothermally pretreated
wheat straw. Novozymes A/S, Bagsvard, Denmark is gratefully thanked for the enzymes. The project is
financially supported by the Danish Research Agency contract 2104-05-0008.

References

—_—

. Jorgensen, H., Kristensen, J. B., & Felby, C. (2007). Biofuels, Bioproducts and Biorefining, 1, 119—134.
2. Zacchi, G., & Axelsson, A. (1989). Biotechnology and Bioengineering, 34, 223-233. doi:10.1002/
bit.260340211.
3. Larsen, J., Petersen, M. @., Thirup, L., Li, H. W., & Iversen, F. K. (2008). Chemical Engineering &
Technology, 31, 765-772. doi:10.1002/ceat.200800048.
4. Cara, C., Moya, M., Ballesteros, 1., Negro, M. J., Gonzalez, A., & Ruiz, E. (2007). Process Biochem, 42,
1003-1009. doi:10.1016/j.procbio.2007.03.012.
5. Varga, E., Klinke, H. B., Reczey, K., & Thomsen, A. B. (2004). Biotechnology and Bioengineering, 88,
567-574. doi:10.1002/bit.20222.
6. Rosgaard, L., Andric, P., Dam-Johansen, K., Pedersen, S., & Meyer, A. S. (2007). Applied Biochemistry
and Biotechnology, 143, 27-40. doi:10.1007/s12010-007-0028-1.
7. Jorgensen, H., Vibe-Pedersen, J., Larsen, J., & Felby, C. (2007). Biotechnology and Bioengineering, 96,
862-870. doi:10.1002/bit.21115.
8. Lin, Y., & Tanaka, S. (2006). 4pplied Microbiology and Biotechnology, 69, 627-642. doi:10.1007/
500253-005-0229-x.
9. Sluiter, A., Ruiz, R., Scarlata, C., Sluiter, J., & Templeton, D. (2008). National Renewable Energy
Laboratory, Golden, CO, USA. Retrieved Aug. 8, 2008, from http://www.nrel.gov/biomass/analytical
procedures.html#lap-009.
10. Wood, T., & Bhat, K. M. (1988). Methods for measuring cellulase activities. In: Wood, W. A. and

Kellogg, S. T. (eds.) Biomass—part A: cellulose and hemicellulose (pp. 87—112). San Diego: Academic.
11. Brown, L., & Torget, R. (1996). National Renewable Energy Laboratory, Golden, CO, USA. Retrieved
Aug. 8, 2008, from http://www.nrel.gov/biomass/analytical procedures.html#lap-009.


http://dx.doi.org/10.1002/bit.260340211
http://dx.doi.org/10.1002/bit.260340211
http://dx.doi.org/10.1002/ceat.200800048
http://dx.doi.org/10.1016/j.procbio.2007.03.012
http://dx.doi.org/10.1002/bit.20222
http://dx.doi.org/10.1007/s12010-007-0028-1
http://dx.doi.org/10.1002/bit.21115
http://dx.doi.org/10.1007/s00253-005-0229-x
http://dx.doi.org/10.1007/s00253-005-0229-x
http://www.nrel.gov/biomass/analytical_procedures.html#lap-009
http://www.nrel.gov/biomass/analytical_procedures.html#lap-009
http://www.nrel.gov/biomass/analytical_procedures.html#lap-009

	Determining Yields in High Solids Enzymatic Hydrolysis of Biomass
	Abstract
	Introduction
	Materials and Methods
	Compositional Analysis
	Enzymatic Hydrolysis
	Sugar Analysis

	Results and Discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


