
 i 

 
 
 
 
 
 
 
 
 
 
 

ABSTRACT 

 
Improved Analytical Methods 

for Carbohydrate Analysis in Biofuel Research 

Richard Scott Sevcik, Ph.D. 

Mentor: C. Kevin Chambliss, Ph.D. 
 
 
 

Essential for continued growth of the biofuels industry is the need for continued 

development of rapid, robust, and accurate carbohydrate quantitation methods. As new 

feedstocks are identified and developed, understanding how to optimize the total amount 

of energy obtainable will be of primary consideration for biorefineries. Conditions needed 

to obtain the optimal energy yield will require the testing and monitoring of different 

chemical and biological treatment technologies. Monitoring of carbohydrates, 

specifically monosaccharides and sucrose, is required to evaluate the effectiveness of the 

applied bioprocessing conditions. However, due to the increasing number of possible 

treatment technologies and potential combinations, the number of samples to be analyzed 

for optimization becomes the rate limiting step. Therefore rapid, accurate, and robust 

analytical methods for carbohydrate analysis are critical for researchers as they 

investigate potential feedstocks. 

Currently, high performance liquid chromatography with refractive index 

detection (HPLC-RI) and a ligand-exchange column is the standard method the biofuels 
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industry utilizes for interrogation of carbohydrates in research samples. Overall, the 

HPLC-RI methods have proven to be both robust and easy to use, providing a large 

detection range and requiring little to no sample dilution. However, the caveats of this 

approach include long analysis times (45 - 60 minutes), limited resolution of select 

carbohydrates and an inability to separate sucrose from cellobiose. In addition, the use of 

a universal detector creates the possibility of false positives due to interferences caused 

by co-eluting compounds. 

An alternative method is the application of high-performance anion-exchange 

chromatography with pulsed amperometric detection (HPAE-PAD) for carbohydrate 

analysis. The primary advantage of the HPAE-PAD approach is the selectivity of PAD 

for carbohydrates, while a reduction of analysis time is also feasible. A series of 

experiments was conducted to improve the resolution of monosaccharides and sucrose 

while reducing analysis time. Initial experiments utilized the addition of carbonate to a 

commercially available column to improve analyte resolution and reduce overall analysis 

time to ~5 min and employed for the analysis of several sorghum types and process 

streams. Additionally, a commercially produced column, inspired by the carbonate- 

modified column was tested in an interlaboratory collaboration involving government, 

industry, and academic labs. 
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CHAPTER ONE 
 

Analytical Monitoring of Carbohydrates for Biomass Processing 
 

Bioethanol 

Renewable Transportation Fuel 

 
According the United States Census Bureau the world population is estimated to 

reach 7 billion in 2012 and 8 Billion by 2027.1 The increase in world population and the 

technological advancement of developing nations will continue to consume increasingly 

more energy. Currently this demand is satisfied through the use of finite resources (i.e. 

coal, petroleum). While the exact date in which these finite resources are depleted is 

unknown, many countries have begun to develop sustainable energy programs. The use 

and development of renewable energy sources (i.e. wind, solar, hydro, biomass) will 

become vitally important to satisfy future energy demands. An area that has received 

considerable renewable energy research is transportation. Expanding world population 

and technological advancement of developing nations will continue to increase demand on 

transportation and increase the rate of consumption of finite world oil reserves. 

The importance of developing renewable and sustainable transportation fuels for 

the United States (U.S.) is twofold; reduce dependence on foreign oil and improving 

economic strength. While the depletion of finite oil reserves is a concern, the dependence 

on foreign oil will continue to be a national security risk. The quality of life for U.S. 

citizens is dependent upon access to low-cost transportation and the U.S. economy is 



2  

intrinsically dependent on its transportation systems. This is evident when examining oil 

demand around the world. The United States accounts for ~22% of world demand for oil, 

making the U.S. the largest user of petroleum.2 Currently, the U.S. imports ~51% of the 

oil utilized daily from countries such as Canada, Mexico, Saudi Arabia, Nigeria, and 

Venezuela to meet its transportation needs.2 This dependence on foreign oil and facilities 

for petroleum processing makes it susceptible to supply disruptions like that of the 1973 

OPEC oil embargo, prompting calls to reduce oil imports by 30% by 2030. 

While there are many types of renewable resources presently being researched for 

transportation (i.e. hydrogen, solar, biomass), only one allows for the immediate 

production of liquid fuel which is currently compatible with today’s transportation 

paradigm, biomass. Biomass by definition utilizes carbon out of the atmosphere, and 

returns it as it is burned. While coal and petroleum could be considered a part of a part of 

this definition, to be a renewable energy source it must be as part of a continuously 

replenished cycle in which uses CO2 from the atmosphere at the same time that it is 

released by combustion. Fuels produced from biomass, diesel or ethanol, are typically 

referred to as biofuels (i.e. bioethanol and biodiesel.) 

 
Bioethanol from Corn 

 
Currently the most  produced biofuel in  the United States  is bioethanol. The 

production of bioethanol has outpaced the production of biodiesel with approximately 

10.8 billion gallons of bioethanol produced in 2009 to 0.5 billion gallons of biodiesel over 

the same time period.3 The most common use for bioethanol is in the blending of gasohol 

which is the addition of bioethanol to gasoline, and gasohol are typically sold to 

consumers in a 10% bioethanol to 90% gasoline volume by volume ratio, referred to as 
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E10. The addition of bioethanol increases the octane value of gasoline and has the effect 

of improving engine performance which in turn improves the combustion efficiency of the 

fuel and reduce the emissions of exhaust gasses.4
 

The primary feedstock utilized for the production of bioethanol is corn through the 

fermentation of converted starch. The starch from corn is released and converted through 

a dry grind process (Figure 1.1.) This process consists of five main sections: 1) grinding, 

cooking, and liquefaction, 2) saccharification and fermentation, 3) distillation and 

dehydration, 4) water evaporation and recycling, and 5) drying of the non-fermentable 

fraction.5 Although this process creates two products, ethanol and distillers dry grain, for 

the production of ethanol only the first three sections are needed. The process to convert 

corn to ethanol begins by first milling the corn down to approximately < 2 mm particle 

size to facilitate the penetration of water forming a slurry. The slurry is then “cooked” 

using a steam gun a at 110 °C at 4 bar, sterilizing the slurry, and breaking the starch 

hydrogen bonds allowing water to be absorbed forming a gelatin. Subsequently the 

gelatin is then liquefied through the addition of an α-amylase enzyme at 85 °C which 

breaks the α-1,4 glucosidic amylose and amylopectin linkages. Once the gelatin has been 

liquefied it is allowed to cool for fermentation. The liquefied gelatin is then transferred to 

the fermentation reactor, in which a simultaneous saccharification and fermentation (SSF) 

occurs with the addition of glucoamylase enzyme and yeast (Saccharomices cerevisiae.) 

The glucoamylase enzyme hydrolyses the starch oligosaccharides into glucose, while the 

yeast converts glucose to ethanol: 

C6H12O6→ 2 C2H5OH + 2 CO2 (1) 
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Once the fermentation is complete the remaining solids are removed and the remaining 

mixture distilled and dehydrated. 

 
 
 

 
 

Figure 1.1 Dry-grind process for the production of bioethanol from corn.
5

 
 

 
 

Food versus Fuel: Lignocellulosic Alternative 

 
Conversion of corn starch to ethanol is a well known process; however the use of 

corn as an energy source has created a debate of food versus fuel. Between 2000 and 

2007, U.S. ethanol production increased from 1.6 billion gallons to 9 billion gallons.
3 

During the same time period the percent increase in food prices have averaged ~2.5 % per 
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year. In 2007 the Congressional Budget Office (CBO) determined that the increase in 

food prices was directly related to the increase use of corn for ethanol production. The 

CBO findings spurred the 110th United States Congress to pass the Energy Independence 

and Security Act (EISA) of 2007. This bill mandated the reduction of foreign oil by 30% 

by 2012, and mandated a cap on the total ethanol that could be produced from corn to 15 

billion gallons per year. In addition, the EISA also mandated that 21 billion gallons per 

year be produced from non corn starch products (i.e. lignocellulosic or sugar.) 

A question of whether the U.S. has adequate accessibility or means to produce 

biomass in significant amounts to reduce petroleum imports by 30% with bio-ethanol was 

assessed by a joint study performed by the Department of Energy (DOE) and U. S. 

Department of Agriculture (USDA). The results of this study indicated that the U.S. had 

the availability and capability to acquire and produce enough biomass to achieve the target 

reduction of imports. Achievement of this goal would require approximately one billion 

dry tons of biomass employing current production paradigms. The study estimated that 

the U.S. could produce 1.3 billion tons of biomass per year, 998 million tons from 

agricultural reside (i.e. corn stover, rye straw, bagasse). Bio-ethanol produced from these 

sources would be the fermentation of, structural and non-structural carbohydrates. 

However, to produce the volume of bio-ethanol required, the U.S. would need to develop 

a larger biofuels industry. 

The U.S. established the Biomass Research and Development institute (BRDi) to 

assist the development of the biofuels industry. The BRDi mission is to coordinate 

Federal research and development activities associated with bio-fuel, -power, and -product 

development.   The BDRi established four research priorities in an effort to support the 
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biofuels industry: 1) feedstocks that reduce pressure on cropland, 2) a broad portfolio of 

feedstocks, 3) sustainability and green house gas (GHG) emission reduction, and 4) 

feedstock that are profitable for farmers and forest managers to produce. The overall 

purpose of the priorities is to encourage the development of biomass feedstocks that are 

environmentally and economically sustainable. 6
 

 
 

Figure 1.2 Bioethanol yearly production chart. 
7
 

 
 
Bioethanol from Lignocellulosic Feedstocks 

 
Feedstocks, such as agricultural residue, yard waste, or forest thinnings or 

feedstocks are composed of cellulose, hemicelluloses, and lignin and can be utilized as 

energy crops. Cellulose is a linear polymer composed of ß-1,4-linked D-glucose units 

with an equatorial configuration. Unlike with the production of bioethanol from converted 

corn starch, cellulose is a highly ordered and crystalline material allowing for a tightly 

packed structure that is water-insoluble and highly resistant to depolymerization. In 

addition to cellulose, hemicellulose is also a linear polymer composed of ß-1,4-linked 

units  with  an  equatorial  configuration,  except  the  linked  unit  is  primarily  xylose.8
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Hemicellulose provides additional strength to the plant cell wall through hydrogen- 

bonding to the cellulose microfibrils. Lignin, formed from phenlypropaniod precursors, 

imparts additional cell wall strength while improving disease resistance. The tightly 

packed plant structures while ideal for disease resistance and strength, present a challenge 

to ethanol producers who want to economically reduce the plant structure to sugars for 

conversion to ethanol. 

A fundamental understanding of feedstock composition will be essential as the 

biofuel industry expands. Economic sustainability of the biofuels industry will be directly 

related to  inherent feedstock characteristics  (i.e., cellulose, hemicellulose, lignin) and 

improvement of technology to insure optimal energy and product yields. Therefore, it 

would be ideal that the energy yield for each feedstock be  near total  conversion  of 

carbohydrates to ethanol. Improvement of yield would be the development of any 

chemical and biological techniques used to convert carbohydrates to ethanol. Therefore, 

the quantitation of carbohydrates, specifically monosaccharides and sucrose, throughout 

the conversion process is essential. 

Characterization of the chemical components of lignocellulosic feedstocks utilizes 

a two-stage hydrolysis step with sulfuric acid to fractionate the biomass for gravimetric 

and instrumental analyses. The first step solubilizes the cellulose and hemicellulose by 

the addition of a concentrated sulfuric acid solution (typically 72% wt/wt). This step 

breaks the cellulose and hemicellulose into shorter more accessible polymeric 

carbohydrates. In the second step, the solution is diluted (~4% wt/wt H2SO4) with water 

and heated to ~121°C. This dilute acid hydrolysis at high temperature converts the 

polymeric carbohydrates into monosaccharides.   The hydrolysate is then analyzed for 
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monomeric sugars to quantify the carbohydrate fraction of the sample. This procedure is 

then combined with  a suite of other analyses to provide a summative compositional 

analysis of the feedstock, ideally accounting for 100% of the sample. 

Carbohydrates makes up a large fraction of biomass samples, however 

carbohydrates stored in lignocellulosic feedstock can be found as both structural and non- 

structural forms. Structural carbohydrates are those bound in biomass (i.e., cellulose and 

hemicellulose). Non-structural carbohydrates can be removed through hot water 

extraction or washing methods.9 The two-step hydrolysis method described above is only 

suitable for those samples that do not contain non-structural carbohydrates. These 

carbohydrates and other water-soluble materials are removed prior to analysis and are 

measured gravimetrically and labeled as "extractives" but not utilized in the total 

carbohydrate fraction. Recent research by Chen and co-workers has shown that these non- 

structural carbohydrates could contribute an additional 10% wt/wt fermentable sugar.10, 11 

This research suggests that both non-structural and structural carbohydrates should be 

quantified to more accurately reflect the total carbohydrate fraction of potential biofuel 

feedstocks. 

 
Optimization Importance/Challenge 

 
Economic sustainability of the biofuels industry will be tied to the success of the 

biorefineries. While there will be many uncontrollable factors that influence success, 

biorefinery location will be of prime importance. Location will influence the types of 

feedstock available for processing. Feedstock variety and seasonal availably will be 

determined by that regions growing region.  For each feedstock selected a pretreatment 

method for processing into bioethanol will have to be determined.  The challenge is then 
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determining the most appropriate pretreatment method and optimal conditions  which 

allow for the most efficient biomass-to-ethanol process stream in a cost-effective and 

timely manner. 

Compositional analysis of biomass material enables evaluation of conversion 

yields and process economics due to changes in feedstock or process design.  It  is 

therefore important that methods used to convert biomass-to-ethanol be economically 

beneficial to those producing bioethanol and feedstocks utilized be relativity inexpensive. 

There are many different biomass pretreatment methods: mechanical (milling), pyrolysis, 

steam explosion, ammonia fiber explosion, carbon dioxide explosion, ozonolysis, alkaline 

hydrolysis (NaOH), acid hydrolysis (H2SO4), oxidative delignification, organosolv, 

biological (fungus), pulsed-electric-field.12 While each method has its own set of 

advantages/disadvantages the most widely used is acid hydrolysis. Although dilute acid 

pretreatment has been studied on corn stover and switch grass, this method maybe not be 

effective for all feedstocks. Therefore analysis of other pretreatment methods will be 

required  to  ensure  maximum  yield  within  process  limitation.    Optimization  of  the 

pretreatment will require adjustment in process parameters, for example in dilute acid 

pretreatment the acid concentration, pretreatment time, and temperature may require 

adjustment. The process and/or changes to the process will require evaluation in which 

quantitative carbohydrate data will be essential since this is directly proportional to 

ethanol yield in biochemical conversion processes. 
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Analysis of Carbohydrates: Separation Techniques 
 

 
 

Gas Chromatography 

 
Gas chromatography (GC) is a commonly utilized approach for the rapid 

separation and analysis of volatile compounds. Separations performed by GC are 

dependent on differences in the analytes’ gas phase intermolecular interactions with the 

stationary phase of the column. Volatilized analytes are carried through the column, using 

an inert gas e.g. Helium, Argon, Nitrogen. Separation characteristics are then 

subsequently adjusted though changes in carrier gas flow rate, use of different column 

stationary phases, and column temperature. Once the analytes transit the column they pass 

through the detector and out to waste. 

While GC is typically used for the analysis of volatile organic compounds, 

compounds which cannot be readily volatized or decompose below their vapor point can 

sometimes be derivatized. Derivitization is utilized to reduce the analytes’ vapor pressure 

reducing the temperature required to volatize the compound below its decomposition 

point, such  is the case  when analyzing carbohydrates. Although many methods are 

available for the derivatization of carbohydrates, the most commonly used are 

trifluoroacetyl (TFA) or trimethysilyl (TMS).13-17 These methods increase volitility by 

substitution of the polar hydroxyl group (e.g, the substitution of the hydrogen atom on a 

hydroxyl group with an acetyl using TFA). However, derivatization of even a simple 

monomeric carbohydrate can produce multiple peaks, up to 4 peaks, depending on 

wheather the sugar possesses an anomeric center and exists in both pyranose and furanose 

forms 14,  16,  17   Further complication of the chromatogram takes place when incomplete 



11  

derivatization occurs.  The appearance of multiple peaks resulting from a single analyte is 

problematic in situations where sample composition is already highly complex. 14
 

 
High Performance Liquid Chromatography 

 
The analysis and separation of non-volatile compounds, e.g. carbohydrates, is 

frequently performed by high performance liquid chromatography (HPLC). The 

application of HPLC for the analysis of carbohydrates found in biomass samples has 

become the preferred method for analyses of this sample types.18 16, 17, 19, 20 Reverse phase 

liquid chromatography (RPLC), i.e. polar mobile phase and non-polar stationary phase, 

has limited applications when separating carbohydrates due to its hydrophilic nature. 

While RPLC has found some success in the separation of dimers and trimers, the 

monomeric sugars are weakly retained and therefore not readily resolved. 17, 21 However 

the most abundant carbohydrate in biomass hydrolysates are the monomeric sugars. Due 

to labor intensive preparation steps and the limited resolution of monomeric sugars liquid 

chromatography methods have become the preferred technique for sugar analysis for 

biomass analysis. 

 
Ion Exchange Separation 

 

 

Ion exchange technologies (e.g. ion-exchange chromatography and ligand- 

exchange chromatography) have been utilized successfully in the analysis of 

carbohydrates in biomass samples. By exploiting the weakly acidic nature of 

carbohydrates, ion-exchange techniques can be performed to achieve analysis and 

separation of the monomeric sugars.  Ion exchange describes the process used to separate 
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ions through charge-charge interactions between the analyte and the stationary phase as 

depicted in equation 1.1 below. 

 
B

-
R

+ 
+ A

-       
A

-
R

+ 
+ B

- 
(1.1) 

 

 
The process in which the analytes of interest (A

-
) are separated by high 

performance ion exchange chromatography (HPIEC) begins with the analytes in a pH 

buffered aqueous mobile phase. The analytes are passed across ion exchange sites (R
+
) 

which are immobilized on the stationary phase. The analytes, i.e. anions (A
-
) in equation 

1.1, are then separated from each other as they transit the column and interact with the 

exchange site. Separation depends on the concentration of the counter ion in the mobile 

phase (B
-
) which influences the analyte partition ratio, and the exchange sites affinity for 

the analyte ions. Retention time is reduced with increasing counter ion concentration in 

the mobile phase (i.e. increasing pH in cation-exchange, decreasing pH in anion- 

exchange), while analyte affinity is  influenced by the exchange sites and the charge 

density. Charge density is determined by the use of metal ions or functional groups. The 

application of metal ions or functional groups as ion exchangers represent the two 

exchange techniques utilized for ion-exchange. Both techniques have been employed for 

the separation of carbohydrates. 

Ligand-exchange chromatography utilizes exchange sites which include a chelated 

metal ion. The use of different metal ions, differentiating in size and charge,  will 

influence the affinity of the analyte for the exchange site. Typically, cation ligand- 

exchange columns have been applied towards the separation of carbohydrates. By taking 

advantage of different metal ions that modify analyte selectivity depending on whether 
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analysis is directed towards monosaccharides,22, 23 disaccharides, or polysaccharides.18, 22, 24,
 

25 For example, the use of H
+
-, lead-, and strontium-loaded ion exchange columns have 

lead to near baseline separation of monosaccharides, 22, 23, 26, 27 while silver and calcium 

counter-ions have been successfully used in oligo- and polysaccharides separations.16, 18, 22, 

24, 25, 28 Current ligand-exchange methods using either refractive index or MS detectors 

while  robust  are  not  rapid  with  analysis  times  ranging  between  35  and  60  minutes 

 
respectively, with only MS being able to separate sucrose.9, 29 However, the acidic mobile 

phase needed hydrolyzes fructose creating the need for indirect analysis of sucrose, due to 

conversion of sucrose to glucose/fructose. This technique requires the sample to be 

sucrose free, which limits its application for carbohydrate analysis for biofuel feedstocks 

(e.g., sorghum juice, sugarcane.) 

Ion-exchange chromatography utilize charged functional groups as ion exchange 

sites (i.e., ammonium ion for anion exchange and either sulfonate derivatives or 

carboxylate ions for cation exchange.) A change in charge density is achieved by the 

addition  of  larger  functional  groups,  for  example  on  ammonium  ion  (-CH2-NH3
+
) 

exchange  sites,  the  bonded  hydrogens  can  be  substituted  with  the  same  or  different 
 
functional groups.30 Substitution changes the charge density and overall target analyte 

affinity.30 While the exact nature of the substituted functional groups is proprietary for 

each manufacturer, this method of separation has been successfully utilized for the 

separation of carbohydrates. 30
 

Anion-exchange chromatography is possible for carbohydrates due to their weakly 

acidic nature, with pKa values on the order of 12–14.31 When carbohydrates are 

introduced to hydroxide concentrations ≥0.001 M, they will de-protonate the hydrogen 
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from the ß-OH bond, forming a negatively charged ion. These derivatives are then 

separated utilizing high-performance anion exchange chromatography (HPAEC) in 

roughly 10-20 min. 18, 32-34 This method offers a shorter analysis time with separation of 

monosaccharides in ~10 minutes. However, when sucrose is present it co-elutes with 

galactose.35 Additionally, anion-exchange methods are susceptible to retention loss due to 

carbonate formation in the hydroxide eluent. Care must also be taken to remove any 

anions in the sample prior to analysis. The is typically achieved by the use of solid phase 

extraction (SPE) cartridges, to reduce chromatographic loss, improve column life, and to 

reduce the need for periodic 100 mM NaOH column washing. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3 Representative chromatogram showing the separation of carbohydrates by anion-exchange 

utilizing a Thermo Scientific CarboPac PA20 column: (1 arabinose, (2 galactose, (3 glucose, (4 xylose, (5 

mannose, and (6 fructose. 
 

 
 
 

Scope of the Dissertation 

 
Although the context of this dissertation is focused on the analysis of biofuel 

process streams, the separation of carbohydrates are required for many industries, i.e food, 

beverage, and biological. The experimental work presented herein is focused on the 

development  of HPLC  methods  to  rapidly analyze  carbohydrates  in  biomass  process 
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streams. Optimization of bioethanol feedstock process streams requires an analytical 

method which is rapid enough to analyze large volumes of samples. In addition to 

analysis speed, the improved method needs to be robust enough for analysis of a wide 

range of feedstock types and process streams. For this reason a rapid, robust, and accurate 

analytical method is required. Development of an analytical method which satisfies these 

criteria requires: 

1) Improved separation of monosaccharides and sucrose 

 
2) Accurate regardless of 

 
a. Feedstock composition 

 
b. Process stream 

 
3) Reduction of instrument analysis time 

 
4) Minimal sample preparation 

 

 
Chapter two presents a novel separation of carbohydrates utilizing a carbonate- 

modified anion exchange column. The column modification procedure and analytical 

merits of the developed methodology are evaluated using samples resulting from aqueous 

extraction and quantitative saccharification of potential biofuel feedstocks (i.e., corn 

stover, switchgrass, and hybrid poplar). A carbonate-modified commercially available 

CarboPac PA20 column was found to reduce instrument analysis time for carbohydrates 

by 3- to 4-fold while successfully separating not merely monosaccharides, but sucrose and 

cellobiose as well. Once column modification process the method did not need periodic 

column washing or gradient re-equilibration times, which typically is required for analyses 

on anion exchange columns. Although, the process  requires modifying the CarboPac 

PA20 with carbonate required an approximately two hour modification, analyte retention 
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time proved to be stable for over 800 injections. While the modification time is lengthy, 

the time saved per injection is substantial reducing analysis times by over 50 % and 

reducing the need for a periodic hour long column washing step, which is sample 

dependent but occurs typically every 11
th 

injection. 

The objective of chapter three is to present the study which characterized 

water- soluble constituents of six genetically diverse sorghum samples. Two sorghum 

types (i.e. sweet and bioenergy) were both analyzed utilizing the carbonate-modified PA20 

presented in chapter two. Both feedstock types are potential candidates for biomass-to-

ethanol conversion with potentially diverse chemical compositions. More than 20 

compounds common to each sample were identified and quantitatively assessed 

resulting in mass closures ranging from 79 - 96%. Results of this study are compared 

with previously obtained data from our laboratory for corn stover and switchgrass and 

to applicable sorghum-juice data. 10, 11
 

Chapter four details a novel method for carbohydrate analysis in biomass samples 

utilizing a CarboPac SA10 column, inspired by the work presented in chapter two, 

in combination with a low-volume sample injection valve and high-volume detection 

cell. Objectives of this work were to provide a comparative evaluation of 

chromatographic efficiency for HPAE-PAD and HPLC-RI approaches and to conduct 

an inter-laboratory reproducibility study that utilized authentic biofuels research samples. 

Three laboratories representing academia, government, and industry participated in the 

study. Initial experiments were designed to define the calibration performance metrics 

for quantitative analysis of utilized instrumentation. Thereafter, opportunistic samples 

were analyzed which were representative of those routinely generated during feedstock 

characterization studies, as well as, biomass pretreatment and simultaneous 
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saccharification and fermentation (SSF) operations. Results of these  analyses supported 

intra- and inter- laboratory evaluations of method precision. Sugar concentrations 

determined via HPAE- PAD were also compared with those determined via HPLC-RI. 

Chapter five describes potential areas for future work which arose during the 

course of the described research herein and concurrent research preformed in this 

laboratory. Several questions require continued research from chapters two and three: 1) 

Can aqueous extracts be fermented, 2) Can oligomeric sugars be quantitated by HPAEC- 

CAD, and 3) Can an In-Line SPE clean-up step be utilized for biofuel sample preparation. 

A short discussion on the importance of each question and associated experimental design 

or instrumentation layout are provided. 
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CHAPTER TWO 

 
Rapid Analysis of Carbohydrates in Aqueous Extracts and Hydrolysates of Biomass Using 

a Carbonate-Modified Anion-Exchange Column 

 
The chapter published as: Sevcik, R. S.; Mowery, R. A.; Becker, C.; Chambliss, C. K. 

Rapis analysis of Carbohydrate in Aqueous Extracts and Hydrolysate in Biomass Using a 

Carbonate-Modified Anion-Exchange Column. J. Chrom. A 2011, 1218, 1236-1243. 
 

 
 

Introduction 

The primary technical hurdle facing the advanced biofuels industry is development 

of an optimized process by which lignocellulosic biomass can be efficiently converted to 

useful fuels. For biofuel research, determining the concentrations of sugars present in 

aqueous hydrolysates resulting from quantitative saccharification 
36 

or chemical 

pretreatment 
37-39 

of biomass is paramount to reliable technical or economic valuations of 

 
a given feedstock or conversion process. It has recently been demonstrated that 

knowledge of the water-soluble sugar content of biofuel feedstocks may also be important 

in such valuations.
10, 11, 40 

Analytes of interest in biofuel research typically include the 

monomeric sugars glucose, xylose, arabinose, galactose, mannose, and fructose, as well as 

sucrose, maltose, and cellobiose dimers. Rapid analysis of these carbohydrates in 

complex samples has remained a challenge 
41, 42

, not only for the biofuels industry, but 

also for food and beverage industries.
17, 33, 43, 44

 

 
Although a number of carbohydrate separations have been successfully 

demonstrated in literature 27, previous experience in our laboratory and others that routinely 

conduct biomass analyses has proven that a majority of these separations are only feasible for 

relatively less-complex sample matrices.  The quantitative techniques currently available to 
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characterize the full spectrum of carbohydrates present in biomass samples can suffer from 

long analysis times, limited analyte resolution, poor stability, or all of these factors.17, 27, 35, 

41, 45 Gas chromatography (GC) has frequently been applied to carbohydrate 

determinations. 46, 47 However, the polar nature of target analytes requires that samples be 

derivatized prior to analysis.13, 15, 48 Derivatization can be both time and labor intensive 

and typically results in the  presence of  multiple  chromatographic peaks for a single 

analyte 15-17, significantly complicating quantitative characterization of samples having 

unknown and variable compositions. As a result, liquid chromatography (LC) has become 

increasingly popular for carbohydrate analysis in the biofuels industry. 

Both ligand-exchange chromatography with refractive index (RI) detection 42 and 

high-performance anion-exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD) 36, 45, 49, 50 have been successfully applied to monitor carbohydrates. 

Although ligand-exchange chromatography, employing a Pb
2+

- or H
+
-mobilized stationary 

phase, offers reasonable resolution of most analytes of interest, analysis times typically 

range from 35-60 minutes. In addition, RI detection (a universal detection technique) is 

susceptible to interference from co-eluting sample components. Analyses utilizing 

HPAEC-PAD can typically be accomplished with shorter run times (~10-20 min) 33, 34 and 

benefit from the selectivity afforded by pulsed amperometric detection. However, 

HPAEC separations suffer from limited chromatographic resolution (in particular the 

ability to resolve sucrose), such that incorporation of mass spectrometry or other advanced 

analytical detection schemes is required to accurately identify and quantify the full range 

of target analytes present in a sample.35   Additionally, the sensitivity of HPAEC stationary 
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phases  to  trace  amounts  of  carbonate  can  cause  stability  concerns  when  aqueous 

hydroxide is utilized as the mobile phase.51
 

An alternative approach to analysis of carbohydrates in pretreatment samples, 

utilizing an amine-form LC column and evaporative light scattering (ELS) detection, was 

presented by Agblevor and coworkers.
35, 41 

These reports demonstrated that all 

monomeric and select dimeric carbohydrates of interest in biofuels research can be 

monitored with baseline resolution in 45 minutes when a delayed-gradient elution profile 

was utilized. When dimers were excluded  from the analysis, baseline  resolution of 

monomeric sugars was accomplished in approximately 25 minutes using alternative 

mobile phase conditions. However,  analyte sensitivities can vary significantly when 

monitored by ELS.  The ELS detection strategy is also susceptible to interference from co- 

eluting  sample  components,  as  evidenced  by  regions  of  high  background  signal  in 

chromatograms observed for real samples.
35, 41

 

The current manuscript details a novel approach to carbohydrate analysis that 

enables rapid monitoring of monomeric and dimeric sugars in aqueous extracts and 

hydrolysates of biomass. The approach relies on the use of a commercially available 

anion-exchange column and pulsed amperometric detection. However, the column is 

modified with carbonate prior to analysis, thus alleviating stability concerns common to 

HPAEC separations. Once modified, the column is capable of providing near-baseline 

resolution of monomeric sugars and sucrose (with isocratic elution) in approximately 5 

minutes. Cellobiose and maltose can also be accommodated with a minimal increase in 

run time (ca. 3 and 6 minutes, respectively). The new approach offers a 3- to 4-fold 

reduction in analysis time, compared to current practice, with no significant compromise 
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in chromatographic resolution. Herein, the column modification procedure is presented in 

detail, and analytical merits of developed methodology are evaluated using samples 

resulting from aqueous extraction and quantitative saccharification of potential biofuel 

feedstocks (i.e., corn stover, switchgrass, and hybrid poplar). 

 
Experimental: Materials and Methods 

 

 
 

Chemicals and Reagents 

 
All chemicals were reagent grade or better, purchased from commercial vendors, 

and used as received. Distilled water was purified and deionized to 18.2 MΩ with a 

Barnstead Nanopure Diamond UV water polishing system. All stock solutions used to 

prepare calibration standards and spiked samples were prepared by dissolving the neat 

chemicals in water and were stored at 4 °C when not in use. Corn stover, switchgrass, and 

poplar wood samples were obtained from the National Renewable Energy Laboratory 

(NREL, Golden, CO). 

 
Generation of Aqueous Extracts and Hydrolysates 

 
The procedure for generating aqueous extracts was adapted from the procedure 

reported by Chen et. al.
10 

Briefly, dried feedstock was milled to achieve a particle size 

distribution of 20-80 mesh, and aqueous extracts of biomass were prepared via accelerated 

solvent extraction using a Dionex Accelerated Solvent Extractor (ASE, Model 200) with 

the following instrumental parameters: N
2 

pressure at 1500 psi; temperature, 100 °C; 

preheat time, 0 min; heat time, 5 min; static time, 7 min; flush volume, 150%; purge time, 

60 sec; static cycles, 3.     Following extraction, the collected liquid was quantitatively 
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transferred into a 50-mL volumetric flask and diluted to volume with purified water. 

Extracts were subsequently stored at 4 °C until analysis. 

Hydrolysates were generated  according to the quantitative saccharification 

procedure described by NREL.
42  

Briefly, 0.3 g of sieved biomass was transferred to a 16 

x 125 mm test tube and incubated for 60 min with 3.0 mL 72% (w/w) sulfuric acid at 40 

°C. Contents of each test tube were agitated with a glass stirring rod every 5-7 minutes. 

After 60 minutes the contents of each test tube were transferred to 100-mL serum bottles 

containing 64 ml of deionized water. The test tube was rinsed twice with 10 mL water, 

such that the total liquid volume in the serum bottle was 87 mL (ca. 0.07% (w/w) H2SO4). 

The bottles were subsequently sealed and autoclaved at 121 °C for 1 hour. After cooling 

to room temperature, samples were stored at 4 °C until analysis. Note that some 

carbohydrate degradation is expected under the conditions employed for quantitative 

saccharification; however, analytical standards that enable one to correct for this factor 

were not included in this study. Accordingly, sugar concentrations reported in this work 

do not represent absolute values and should not be utilized to compare sugar content 

between tested feedstocks. 

 
Sample Preparation 

 
A 500 mg / 6 mL Supelclean ENVI-Chrom P solid phase extraction (SPE) 

cartridge (Supelco, Bellefonte, PA) was connected in series to a 500 mg / 4 mL Extract- 

Clean SAX SPE cartridge (Alltech, Deerfield, IL) and both cartridges were preconditioned 

with 8 mL methanol followed by 8 mL water. A 2-mL aliquot of aqueous standard, 

extract, or hydrolysate was then loaded onto the preconditioned cartridges and eluted with 

8 mL water at a flow rate of approximately 8 mL / min.  Resulting eluate was collected in 



23  

a 10-mL volumetric flask and diluted to volume with water. Further dilution of each 

sample was carried out prior to analysis to bring sample concentrations into the linear 

range of the pulsed amperometric detector. Final dilution factors for aqueous extracts 

from corn stover, switchgrass, and poplar were 1:400, 1:400, and 1:200, respectively. A 

1:1000 dilution was used to quantitate all carbohydrates in the cornstover and switchgrass 

hydrolysates except xylose, which was present at concentrations beyond the linear range 

of the detector. A separate dilution (1:2000) was required to bring xylose into the 

detector’s linear range. A single dilution of 1:400 was used for quantitation of all sugars 

present in hydrolysate from poplar. A constant amount of the monosaccharide fucose (1 

ng/mL) was typically added to each sample as an internal standard during the final 

dilution process. However, in select instances where unidentified sample components 

were found to coelute with fucose, lactose (1.1 mg/mL) was utilized as an alternate 

internal standard. We note that analysis of a lactose standard exhibited only a single peak 

at the retention time of lactose, indicating alkaline hydrolysis was not occurring within the 

timeframe of the separation (data not shown). 

 
HPAEC-PAD Analysis 

 
All analyses were carried out on an ICS-3000 HPLC system (Dionex Corp., 

Sunnyvale, CA) equipped with an AS autosampler (10-µL sample loop), eluent generator, 

column oven, and integrated electrochemical flow cell and detector. All analyses of 

standards and real samples (unless otherwise noted) were conducted at 40 °C with 

isocratic elution (1.0 mM NaOH at 0.5 mL/min) using carbonate-modified CarboPac PA- 

20 (Dionex) guard (30 mm × 3 mm) and analytical (150 mm × 3 mm) columns connected 

in series.   The procedure for modification of these columns with carbonate is detailed 
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below. Eluted analytes were monitored at a disposable gold electrode using the following 

waveform: E1 = 0.00 (t1 = 0.00 sec), E2 = +0.25V (t2 = 0.33 sec), E3 = 2.00V (t3 = 0.34 

sec), E4 = +0.40V (t4 = 0.43 sec), E5 = 0.00V (t5 = 0.44 sec), E6 = 0.00V (t6 = 0.50 sec) 

with integration between 0.20 and 0.33 sec (all potentials are reported versus a Ag/AgCl 

reference electrode). The noted waveform is slightly modified from that recommended by 

the manufacturer. In our experience, the modified waveform resulted in longer electrode 

life (relative to the recommended protocol), fewer problems with electrode fouling, and 

modestly-increase background noise (resulting in a similar decrease in sensitivity and 

linear range). 

 
Column Modification 

 
Column modification with carbonate was accomplished through a two step process 

(i.e., carbonate loading, followed by a NaOH wash). Throughout the carbonate loading 

step, a 1.0 mM NaOH mobile phase was passed continuously through the column at a flow 

rate of 0.5 mL/min. Carbonate was loaded onto the columns with 7 successive 10-μL 

injections of 40 mM Na2CO3(aq) using the AS autosampler. Each injection of Na2CO3 

briefly increased mobile phase pH from 11 to greater than 12 (pH was monitored via the 

Ag/AgCl reference electrode on the detector). Accordingly, a 10 minute wait  time 

between successive carbonate injections was employed to allow monitored pH to stabilize 

back to 11. Subsequent analysis of a calibration standard, containing all monomeric 

carbohydrates of interest plus sucrose, showed all analytes eluting from the column in 

under 3 minutes. The guard column was subsequently removed and the analytical column 

was washed with 50 mM NaOH at a flow rate of 0.5 mL/min for 6 minutes. After 

washing, the column was reequilibrated with 1 mM NaOH until the mobile phase pH 
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stabilized at a value of 11. At this point, the calibration standard was reanalyzed to assess 

resolution and selectivity of the separation. This protocol resulted in optimized column 

performance (i.e., the resulting chromatogram shown in the inset of Figure 2.1 where 

sucrose is resolved from galactose and arabinose). Once optimum separation was 

achieved, the guard column was reconnected and analyses were conducted without further 

modification. Although it may seem intuitive to include the guard column in wash cycles, 

numerous column preparations have demonstrated that removal of the guard column prior 

to washing results in sharper analyte peaks and improved resolution. A specific rationale 

for this observation is not apparent. 

To aid the practitioner, it is important to note that if flow to the eluent generator 

was interrupted (e.g., stopped overnight), an equilibration period was required for the 

system to deliver eluent at the desired pH (i.e., initial pH was greater than its set value 

when resuming flow). In our experience, the initially high pH is characteristic of this 

generator when producing eluent at a concentration equal-to or less-than 50 mM (i.e., 

concentrations below the eleunt generator’s intended operating range). As a result of the 

initially high pH, carbonate was stripped from the PA-20 stationary phase and 

remodification of the analytical and guard columns was required prior to resuming sample 

analysis. To circumvent this inconvenience in subsequent experiments, eluent flow was 

diverted from the modified column arrangement until the pH stabilized to 11 whenever 

eluent generation was stopped for any period of time. 
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Figure 2.4. Chromatograms illustrating the effect of carbonate addition to a PA-20 stationary phase on 
analyte retention for the following target analytes: (1) fucose (I.S.), (2) sucrose, (3) arabinose, (4) galactose, 

(5) glucose, (6) xylose, (7) mannose, and (8) fructose. Each successive trace represents observed analyte 

retention behavior after the indicated number of carbonate injections. The inset represents optimized 

carbohydrate separation, obtained upon washing the stationary phase with 50 mM NaOH after 7 carbonate 

injections. See text (section 2.5 Column Modification) for additional details. 
 

 
 

Standard Preparation and Quantitation 

 
An aqueous stock solution of carbohydrates (containing sucrose, arabinose, 

galactose, glucose, xylose, mannose, and fructose) was utilized to prepare calibration 

standards and matrix spike samples that were analyzed over the course of the study. Six 

calibration standards spanning the concentration ranges specified in Table 2.1 were 

prepared by serial dilution. Spike concentrations added to aqueous extracts and 

hydrolysates were adjusted to achieve an analytical response in the upper third of the 
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(10
1 

µg/L ) m b (10
1 

µg /L) (10
1 

µg /L 

Sucrose 22 -   172 0.6616 -0.0003 0.9995 1.2 3.9 

Arabinose 2 -   22 0.8893 -0.0037 0.9953 0.89 2.9 

Galactose 3 -   24 0.7850 -0.0011 0.9969 1.1 3.8 

Glucose 46 -   371 0.9071 -0.0484 0.9996 1.2 3.8 

Xylose 3 -   25 0.6632 -0.0039 0.9978 1.1 3.2 

Mannose 2 -   19 0.2708 0.0004 0.9997 2.2 7.2 

Fructose 27 -   223 0.4494 0.0001 0.9977 2.5 8.0 

 

calibrated range for each analyte. All analytes were quantitated using multipoint, internal 

standard calibration curves. Analyte recoveries were determined as described 

previously.
52

 

 
Table 2.1 Quantitative performance metrics for analysis of carbohydrate calibration standards (n = 6). 

 
 
 

Analyte 

Investigated 

Linear Range 

Line equation 

y = mx + b r
2 

LOD LOQ 
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Results and Discussion 
 

 
 

Effect of Added Carbonate on Analyte Retention and Selectivity 

 
Hydroxide-driven HPAEC separations typically suffer from carbonate 

interference. In fact, the  gradual accumulation of carbonate  on HPAEC columns is 

typically detrimental to analyte resolution and retention behavior to the extent that careful 

steps are recommended to eliminate the presence of carbonate from mobile-phase 

composition.
53 

However, Jeong and coworkers have demonstrated that the addition of a 

carefully controlled amount of carbonate to a hydroxide mobile phase can provide 

improved performance during HPAEC analysis of sugar phosphates without detrimental 

effects on column stability and analyte retention.
54 

Furthermore, the addition of carbonate 

resulted in a significant decrease in chromatographic run time relative to an alkaline 
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mobile phase that did not contain carbonate. However, the authors note that at lower 

concentrations of NaOH (e.g., 20 mM where peak-to-peak resolution appeared optimal for 

phosphorylated carbohydrates) the mobile phase had to be regularly degassed (via 

sonication and a helium purge) in order to stabilize analyte retention times. Although 

addition of carbonate to a hydroxide mobile phase provides an attractive option for 

separation of sugar phosphates, this methodology has not been explored for applications 

involving the target analytes or sample types typically encountered in biomass analyses. 

Moreover, addition of carbonate to a mobile phase is less practical for routine analyses 

where eluent generators are commonly employed. 

The present study demonstrates an alternative approach to rapid, high performance 

separation of carbohydrates via direct addition of carbonate to the stationary phase of the 

analytical and guard columns. Chromatograms contained in Figure 2.1 illustrate the effect 

of added carbonate on analyte retention and selectivity. Each carbonate injection results in 

a significant reduction of analyte retention (traces 0 to 7); presumably owing to carbonate 

occupation of anion-exchange sites on the column stationary phase. It is important to 

point out that the separation shown in the inset of Figure 2.1 could not be achieved as a 

result of carbonate addition alone (i.e., optimized chromatographic performance could not 

be realized by a simple titration of the stationary phase with carbonate). It was only when 

retention behavior similar to that exhibited in trace 7 was achieved and the column was 

subsequently washed with 50 mM NaOH that sucrose was eluted between fucose and 

arabinose (Figure 2.1, inset) rather than co-eluting with galactose. These observations 

suggest that selectivity for sucrose in this separation depends not only on the amount of 
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carbonate present in the stationary phase, but also on additional factors (as described in the 

section “Mechanistic Observations”). 

The time required to modify a CarboPac PA-20 column was approximately two 

hours. Although the modification time may be considered substantial, only a single 

modification is required before samples can be analyzed continuously (i.e., the column is 

not remodified between  analyses).  In contrast to traditional HPAEC separations, an 

equilibration/regeneration period between samples is also unnecessary. Overall, the 

modification time becomes negligible when compared to the time saved by the enhanced 

throughput afforded by presented methodology. For example, comparative retention times 

for analysis of a calibration standard before and after column modification are provided in 

Table 2.2. These data represent chromatogram 0 and the inset of Figure 2.1, respectively. 

Note that sucrose is not resolved from galactose on the unmodified column, indicating that 

a separate methodology would be required to assess these analytes in the absence of 

column modification. The modification protocol reported here resulted in an approximate 

3-fold increase in throughput over an unmodified column while simultaneously enabling 

chromatographic resolution of each analyte, including sucrose. Other notable differences 

may also be observed in both retention time and elution order. In particular, analyte 

retention appears to be governed by pKa when analyzed on the carbonate-modified 

column. Moreover, the approach also enabled isocratic elution of cellobiose and maltose 

in approximately 7 and 10 minutes (Figure 2.2). In comparison, these dimers elute at 

approximately 40 minutes when analysis is conducted on an unmodified column using 

similar chromatographic conditions (data not shown). 



30  

 
 
 

Figure  2.5 Chromatogram  demonstrating  optimized  separation  of  (1)  fucose  (I.S.),  (2)  sucrose,  (3) 

arabinose, (4) galactose, (5) glucose, (6) xylose, (7) mannose, (8) fructose (9) lactose (I.S), (10) cellobiose, 

and (11) maltose on a carbonate-modified PA-20 stationary phase. 
 

 
 
 
 
 
 

Table 2.2 Carbohydrate pKa and retention times (min) on modified and unmodified PA-20 columns. 

 

Sugar pKa
a
  Retention (min) 

  Modified Unmodified 

Fucose (IS) - 1.73 3.59 

Sucrose 12.71 2.23 7.76 

Arabinose 12.43 2.58 6.14 

Galactose 12.39 2.78 7.76 

Glucose 12.28 3.14 8.58 

Xylose 12.15 3.58 10.15 

Mannose 12.08 3.76 10.53 

Fructose 12.03 4.08 12.87 

 
a
Source: References 24,29. 

b 
The average relative standard deviation (RSD) for retention time (n=8) was found to be less than 4% for all 

analytes. 
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Column Modification and Reproducibility 

 
Three CarboPac PA-20 columns were utilized to assess the reproducibility of the 

carbonate-modification procedure. These three columns  were modified  and  assessed 

independently to evaluate inter- and intra-column reproducibility of the carbonate- 

modification procedure. Three modifications of Column A were used to demonstrate 

intra-column reproducibility, and inter-column reproducibility was assessed with the first 

modification of Column A, and a single modification of Columns B and C, respectively. 

Retention times of target analytes following each column modification are presented in 

Table 2.3 and are used as a metric of the variability in carbonate deposition between 

multiple modifications. The relative standard deviation (RSD) for intra-column analyte 

retention times varied from 0.0 – 0.5% for all analytes (Column A, Modifications 1-3). 

These data indicate excellent reproducibility for analyte retention when remodifying a 

given column, thus enabling this methodology for routine analyses. Although the RSD for 

inter-column analyte retention times was approximately 2.4%, we note that the greatest 

difference in retention times for all modifications shown in Table 2.3 is observed when 

assessing analytes eluting from the third carbonate-modified column (column C). In fact, 

retention for all analytes on column C are shifted to longer retention times than those 

obtained from columns A and B. A similar variation in analyte retention time was also 

observed when analyzing calibration standards on the unmodified columns (data not 

shown), indicating this difference in retention behavior was due to the inherent differences 

in production lots and not to the modification process (i.e., columns A and B are from Lot 

#006-23-017, and column C is from Lot #004-27-105). 
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Table 2.3 Inter- and Intra column reproducibility of the carbonate modification procedure. Retention times 

for each modification represent the first analysis of target analytes after each modification procedure.
a  

Refer 
to section 3.2 (Column Modification and Reproducibility) for additional details. 

 

 
 

 

Mod 1 

Column A* 

Mod 2 

 

 

Mod 3 

Column B* 

Mod 1 

Column C** 

Mod 1 

Time Time Time   

(min) (min) (min) Time (min) Time (min) 

Fucose 1.73 1.73 1.72 1.73 1.80 

Sucrose 2.23 2.23 2.22 2.23 2.34 

Arabinose 2.58 2.57 2.57 2.58 2.68 

Galactose 2.78 2.78 2.78 2.78 2.90 

Glucose 3.14 3.13 3.13 3.14 3.28 

Xylose 3.58 3.57 3.56 3.58 3.73 

Mannose 3.77 3.75 3.73 3.76 3.91 

Fructose 4.09 4.08 4.08 4.08 4.26 

*Lot #006-23-017 
**Lot #004-27-105 

a
The average relative standard deviation (RSD) for retention time (n=8) was found to be less than 4% for all 

analytes. 
 

 
Effect of Temperature 

 
Although optimal carbonate loading is necessary to achieve baseline resolution of 

sucrose from galactose, additional improvements in the resolution of monomeric sugars 

were found to be dependent on column temperature. In general, as column temperature 

increased from 30-50 
o
C, the retention time for most analytes decreased by 4-8%, with 

minimal change in analyte resolution. However, changes in retention time for xylose, 

mannose, and fructose between 30 and 50 
o
C were found to significantly alter the 

resolution of these analytes. For example, Figure 2.3 shows observed changes in retention 

time  for  xylose,  mannose,  and  fructose  between  40  and  50  
o
C.    At  lower  column 

temperatures  (e.g.,  30  
o
C),  mannose  and  fructose  remain  unresolved. As  column 

 
temperature is increased, mannose experiences a greater shift in retention time than xylose 

and  fructose,  thus  enabling  its  resolution  from  those  analytes. Similar  temperature 
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dependence was also observed among other target analytes (data not shown); however, 

data in Figure 2.3 represent the chromatographic region where changes in temperature 

were necessary to resolve coeluting components in samples pertinent to this study. 

 
 
 

Figure 2.6 Representative chromatograms illustrating the effect of temperature on retention of xylose, 

mannose, and fructose when separated on a carbonate-modified PA-20 stationary phase. Flow was reduced 

to 0.380 mL/min during these studies to minimize excessive back pressure at low temperatures. All other 

chromatographic conditions were as described in the experimental section. 
 

 
In practice, optimal column temperature is likely to depend upon sample type. 

Compare, for example, the chromatograms resulting from aqueous extraction and 

quantitative saccharification of various biomass feedstocks in Figure 2.4.   Notice that 
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aqueous extracts typically contain high concentrations of fructose and essentially no 

xylose. In contrast, hydrolysates contain high concentrations of xylose and no fructose. 

Mannose is typically present at comparatively low levels (often below quantitation limits) 

in both samples. Thus, optimal column temperature for analysis of aqueous extracts 

would maximize resolution of mannose from fructose since xylose would be absent.  This 

is favored by increased column temperature (i.e., closer to 50 
o
C).   On the other hand, 

 

lower column temperatures (near 30 
o
C ) would be preferred for analysis of hydrolysates 

where no fructose is present, thus promoting optimal resolution of mannose from xylose. 

 
Analytical Performance Metrics for a Carbonate-Modified Stationary Phase 

 
Six calibration standards were analyzed to demonstrate baseline quantitative 

performance of a carbonate-modified CarboPac PA-20 stationary phase. Data 

characterizing the resulting calibration curves are shown in Table 2.1. In general, the 

observed response for calibration standards was linear over approximately 1 order of 

magnitude for all analytes, with correlation coefficients (r
2
) exceeding 0.995. Although 

limits of detection (LOD; S/N=3) and limits of quantitation (LOQ; S/N=10) are useful in 

evaluating method performance for trace analysis, carbohydrate concentrations in aqueous 

extracts and hydrolysates resulting from biomass feedstocks are typically well above the 

values  noted  in  Table  2.1.    However,  LOD  and  LOQ  were  used  in  this  study  to 

experimentally establish lower limits of linear range for each analyte and also to provide 

the reader with a relative comparison of analyte sensitivities. 
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Figure 2.7 Representative chromatograms resulting from carbohydrate analysis of (A) hydrolysates and (B) 

aqueous extracts derived from three leading biofuel-feedstock candidates on a carbonate-modified PA-20 

stationary phase. (1) fucose (I.S.), (2) sucrose, (3) arabinose, (4) galactose, (5) glucose, (6) xylose, and (8) 

fructose. 
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Analysis of Aqueous Extract and Hydrolysate Samples Resulting from Representative 

Biofuel Feedstocks 
 

Samples derived from three leading feedstock candidates (i.e., corn stover, 

switchgrass, and poplar wood) were analyzed in initial work. Representative 

chromatograms showing near baseline resolution for all carbohydrates detected in these 

samples are contained in Figure 2.4. These data qualitatively demonstrate the potential of 

developed methodology for analysis of carbohydrates in complex matrices of diverse 

origin. Despite the relative increase in sample complexity that may be expected for 

biomass hydrolysates compared to aqueous extracts, observed chromatographic resolution 

and peak shape were essentially constant for all samples. Additionally, average retention 

times observed for each detected analyte in aqueous extracts and hydrolysates of biomass 

varied by less than 1% compared to retention times observed in the analysis of calibration 

standards using the same column preparation. Note that carbohydrates were not detected 

in aqueous extracts of poplar wood. This result can be attributed to a more general 

absence of water-soluble sugars in this feedstock candidate. 

 
Extended Reproducibility of Retention and Calibration Data During Analysis of Real 

Samples 
 

Samples derived from corn stover and switchgrass (i.e., hydrolysates and aqueous 

extracts) were further utilized to investigate the analytical merits and robustness of 

developed methodology. Inter- and Intra-day accuracy and precision were assessed via 

repeated analyses of selected samples over 5 days. During this assessment, subsequent 

sample injections were performed via autosampler and immediately after concluding the 

previous run without shutting-down or otherwise disrupting the instrumentation. It is 

important that the reader recognize that a column-equilibration period is not employed 
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between subsequent analyses. Sample volumes were refreshed once daily when the 

sample vial was not in use. A typical chromatographic run sequence progressed through 

the following analyses: (1) calibration standards, (2) a water blank, (3) high- and low- 

calibration check standards, and (4) twenty injections of an aqueous-extract or hydrolysate 

sample, including duplicate matrix spikes. Steps 2-4 were then looped for the remainder 

of the assessment period. Approximately 800 sample injections were made over 5 days, 

of which greater than 80% represented analysis of an aqueous extract or hydrolysate. 

Calibration curves were prepared from standards analyzed on day 1 (step 1 above) and 

used for all concentration determinations during the evaluation. Concentrations observed 

for each of the calibration check standards were within ± 9% of the expected value over 

the five day period, justifying continued use of initial calibration curves. 

Quantitative data for detected analytes in aqueous extract and hydrolysate samples 

are reported as a cumulative average plus or minus one standard deviation from the mean 

in Table 2.4. Relative standard deviations (RSD) for measured concentrations of target 

analytes ranged from 0.3 to 9% in all cases, demonstrating a high level of precision, 

independent of sample type. Additionally, it is important to note that standard deviations 

obtained on day 1 were not significantly different than those obtained on day 5, indicating 

no progressive deterioration in performance with time. Matrix spike data (i.e., recoveries) 

were utilized to assess method accuracy. Mean recoveries, shown in Table 2.4 as % 

Recovery, are limited to analytes  present in the prepared samples. Aqueous extract 

samples exhibited recoveries between 88–95% for corn stover and 83-98% for 

switchgrass. Hydrolysate samples exhibited recoveries between 84-86% for corn stover 

and 96-98% for switchgrass.  In general, all anaylte recoveries were near quantitative and 
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similar in each sample matrix, with the only notable outlier being galactose in aqueous 

extracts of switchgrass (i.e. 83% recovery compared to > 90% for other detected analytes 

in that matrix). The lower than expected percent recovery observed for galactose is likely 

due to the relatively small concentration (0.48 mg/g) of this analyte in the switchgrass 

sample, which is near the limit of quantitation for galactose in the diluted samples. The 

most significant observation made over the 5-day assessment of precision and accuracy 

was that the carbonate-modified stationary phase exhibited exceptional stability. Stability 

was assessed by monitoring changes in analyte retention time and aqueous extracts and 

hydrolysates were compared independently. As demonstrated in Figure 2.5, relative shifts 

in retention time were less than 3% for all detected analytes in hydrolysate samples. In 

contrast, modest shifts in retention time (up to 6%) were observed for some analytes 

present in aqueous extracts. Observed shifts were more pronounced in aqueous extracts 

at longer retention times; ranging from 0.04 minutes for fucose to 0.26 minutes for 

mannose over the 5-day period. However, these shifts did not compromise analyte 

resolution or quantitative accuracy in the analysis of either aqueous extracts or 

hydrolysates. A possible cause for the observed change in retention time may be gradual 

displacement of carbonate from the analytical column by hydroxide or other unidentified 

anionic components in the sample matrix. More definitive speculations to describe this 

behavior are not apparent at this time. We note that similar changes in analyte retention 

time will occur frequently when analyzing the same samples on an unmodified column, 

presumably owing to the complexity of the sample matrix, thus requiring the unmodified 

column to be washed periodically to maintain performance characteristics. 
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Figure 2.8 Representative chromatograms of a biomass hydrolysate monitored over a 5-day evaluation 

period to assess the stability, accuracy, and precision of a carbonate-modified PA-20 stationary phase. See 

text for details. 



 

 

 
 
 

Table 2.4 Concentration and recoveries of carbohydrates quantified in aqueous extracts and hydroystates of cornstover and switchgrass. 

All data were derived from samples analyzed during a 5-day evaluation period. See Section 3.6 for details. 

 
Aqueous extract Hydrolysate 

 

Sugar Conc. (mg/g)
b 

Recovery (%) RPD (%)
d 

Sugar Conc. (mg/g)
c 

Recovery (%) RPD (%)
d 

Corn Stover    Corn Stover 

 

Sucrose 9.5  ± 0.5 88 0.4 Sucrose nd  ± - - - 

Arabinose nd
e 

± - - - Arabinose 23.5  ± 0.5 84 5 

Galactose
e 

- ± - - - Galactose 6.6  ± 0.2 86 7 

Glucose 8.8  ± 0.8 91 3 Glucose 334  ± 7 88 0.1 

Xylose nd  ± - - - Xylose 272  ± 6 86 3 

Mannose  nd  ± - - - Mannose -  ± - - - 

Fructose 17.5  ± 0.8 95 4 Fructose -  ± - - - 

Switchgrass Switchgrass 

Sucrose 7.04  ± 0.08 91 8 Sucrose nd  ± - - - 

Arabinose nd  ± - - - Arabinose 20.4  ± 0.3 97 5 

Galactose 0.48  ± 0.02 83 1 Galactose 8.8  ± 0.4 98 1 

Glucose 7.27  ± 0.02 97 2 Glucose 324  ± 15 96 8 

Xylose nd  ± - - - Xylose 314  ± 29 98 7 

Mannose  nd  ± - - - Mannose nd  ± - - - 

Fructose 5.2  ± 0.1 98 4 Fructose nd  ± - - - 

 
a 
Concentrations (Conc.) and Recoveries are reported as the mean value plus or minus 1 standard deviation. See text for details. 

b 
The number of replicates (n) is equal to 155 independent determinations for each unspiked aqueous extract of corn stover and switchgrass sample. 

c 
The number of replicates (n) is equal to 54 independent determinations for each unspiked hydrolysate of corn stover and switchgrass sample. 

d 
Relative Percent Difference is determined as                                      where X is the determined concentration, and MS and MSD represent the matrix 

   

spike and matrix spike duplicate samples, respectively. The number of replicates (n) for each matrix spike and matrix spike duplicate is 11. 
e 
Analyte was not detected analytes present in aqueous extracts. 
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Continued use of the modified column beyond the 5-day evaluation period 

eventually resulted in a more pronounced deterioration in column performance, requiring 

that the analytical and guard columns be stripped of carbonate and remodified. Columns 

are typically remodified once the retention time for glucose has shifted by approximately 

10%, or when co-elution of mannose and fructose becomes problematic. In our 

experience, it is not uncommon that a column be subjected to continuous use for a period 

of one month prior to remodification. Stripping of carbonate is typically accomplished by 

passing 100 mM NaOH through the system at 0.5 mL/min for 45 minutes. After the 

carbonate has been removed, the column is remodified using the procedure described in 

the experimental section. Although column remodification requires a modest time 

commitment, it is comparable to the time spent washing/regenerating commercially 

available columns during routine analysis. 

 
Mechanistic Observations 

 
While this study was primarily intended to demonstrate the preparation and 

stability of a carbonate-modified PA-20 column, there are some general observations that 

can be made regarding mechanisms that may be operable in affecting the observed 

separations. To the extent that added carbonate occupies anion-exchange sites on the 

column, a reduction in analyte retention would be expected based on reduced capacity. 

The PA-20 column is a microporous, pellicular anion-exchange resin employing a 

multifunctional quaternary-ammonium anion exchanger embedded in a latex coating and 

containing  relatively  few  ion-exchange  sites  [~65µeq/column].
55 

Thus,  it  is  not 

 
unreasonable   to   suspect   a   significant   reduction   in   anion-exchange   capacity   for 

carbohydrates on the modified stationary phase.  Nevertheless, this simple argument does 
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not readily explain the observation of a relatively larger shift to shorter retention times for 

sucrose than for other analytes listed in Table 2.2. Retention times appear to correlate 

directly with analyte pKa once the column is modified, which suggests that local pH at the 

surface of the stationary phase may also be important in understanding retention behavior. 

However, other factors may also be important. Further assessment of the mechanism(s) 

responsible for improvements in chromatographic performance reported in this study will 

likely require experimental stationary phase development, which is beyond the current 

capabilities of this laboratory. 

 
Acknowledgments 

 
The authors thank Rick Elander and Chris Scarlata at the National Renewable 

Energy Laboratory for providing biomass samples. This work was supported by the U. S. 

Department of Energy under National Renewable Energy Laboratory Subcontract No. 

ZCO-7-77397-01. 



43  

 

 
 

CHAPTER THREE 
 

 
 

Compositional Analysis of Water-Soluble Materials in Bioenergy and Sweet Sorghum 
 

 
 

Introduction 

 
Sorghum (bicolor L. Moench) is a traditional grain and forage crop that has more 

recently been identified as a potential biofuel feedstock. This identification has lead to a 

resurgence of research to enhance and understand the genetic basis of biomass 

accumulation and composition traits to improve biofuel production from the crop.56-59 

Distinctly different types of sorghum (e.g., grain, forage, sweet and bioenergy) are grown 

for different end uses and these likely have different compositions. All of these types 

possess high adaptability to diverse climate and soil conditions, thus presenting an 

attractive candidate for use as a bioenergy crop.60 Currently in the U.S., nineteen percent 

of sorghum grain produced are utilized for grain-to-ethanol conversion.61 While grain 

sorghum is currently the most common type of sorghum used for ethanol production in the 

U.S., two decades ago, sweet sorghum was proposed as a potential bioenegy crop.62 

Sweet sorghum is already utilized for this purpose in India, with high ethanol productivity 

(3.1 - 5.6 m
3  

ha
-1

y
-1

) from “juice” alone.63     In addition, sweet sorghum varieties can be 

 
utilized in the U.S. as either an alternative to sugarcane or in complementation with 

sugarcane. In both cases, the inclusion of sweet sorghum either extends the adaptation 

range or the mill season.64 Sorghum can help to meet the biofuel demand through bio- 

ethanol conversion (i.e. starch, lignocellulosic and sugar) due to its drought tolerance, 

adaptability and diversity.61
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Recently our group has reported the first compositional analyses of water-soluble 

materials, typically referred to as extractives, in both corn stover and switchgrass.10, 11 Of 

note was the amount of available non-structural carbohydrates present. These non- 

structural carbohydrates, free sugars, in corn stover extracts accounted for ~12% water- 

soluble materials extracted,10 while comprising ~32% of the water-soluble material 

extracted from switchgrass.11 These findings have potentially significant implications for 

technical and economic valuations of biomass-to-biofuel conversion processes resulting in 

a significant impact on overall ethanol yield of a feedstock. Utilization of these free sugar 

found in ‘extractives’ could theoretically add an additional 9 gal of ethanol per dry ton of 

feedstock for corn stover  and 6 for switchgrass. Since extractives are typically only 

quantified gravimetrically, the findings of previous research provide strong support to 

further investigate the composition of water-soluble materials native to other herbaceous 

biomass such as sorghum. 

The objective of the present study was to characterize water-soluble constituents of 

six genetically diverse sorghum samples from two sorghum types (i.e. sweet and 

bioenergy). Sweet sorghums store high concentrations of sugars in their stalks which can 

be removed and converted to ethanol directly. Bioenergy sorghums are photoperiod 

sensitive and do not transition to reproductive growth in temperate climates, and is adept 

at producing structural carbohydrates and was bred specifically to produce large quantities 

of cellulose and hemicelluloses for cellulosic conversion to ethanol. Both feedstock types 

are potential candidates for biomass-to-ethanol conversion with potentially diverse 

chemical compositions. Samples were extracted and investigated in a side-by-side 

comparison  utilizing analytical  protocols  developed  in  conjunction  with  our  previous 
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evaluations of corn stover10 and switchgrass11 with minimal modification. More than 20 

compounds common to each sample were identified and quantitative analyses resulted in 

mass closures ranging from 79 - 96%. Compositional data for carbohydrates, alditols, 

organic acids and inorganic ions of aqueous extracts are reported as a percentage of the 

total water-soluble materials in sorghum. Results of this study are compared with 

previously obtained data from our laboratory for corn stover, switchgrass and to applicable 

sorghum-juice data. It should be emphasized that data in this manuscript should only be 

used to establish base numbers for water-soluble constituents in a small sample of 

sorghum gentoypes, and should not be considered as a means to evaluate the range of 

potential compositions in genetically modified sorghums or the relative effects of 

environment or genotype on the compounds present in these samples. 

 
Materials and Methods 

 

 
 

Chemical Reagents 

 
All chemicals were reagent grade or better, purchased from commercial vendors, 

and used as received. Distilled water was purified and deionized to 18.2 MΩ with a 

Barnstead Nanopure Diamond UV water polishing system. All calibration stock solutions 

were prepared by dissolving neat chemicals in distilled water and stored at 4 °C when not 

in use. 

 
Sorghum Preparation. 

 
Six samples (sample ID: 08CMP-0580, 08CMP-0516, 08CMP-478, 08CMP-0909, 

 
07CMP-1172, and 08CMP-0903) were selected from a larger collection sorghum variants 

available at Texas A&M and represent independent genetic variants.  These samples were 
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grown in research trials maintained by the Texas Agrilife Research sorghum breeding 

program in College Station near College Station and Weslaco Texas. A brief history of 

studied sorghum variants is provided in Table 3.1. Samples were collected at optimum 

harvest time (maximum yield potential) which varied according to type; sweet samples 

were  collected  between  June  and  July  while  bioenergy  samples  were  harvested  in 

September.  Immediately after harvest, samples were dried in a forced air oven at 55 
o
C to 

 
reduce moisture content (<10% moisture). Once dried, samples were ground in a Wiley 

mill until the biomass passed through a 2 mm sieve. Ground samples were collected and 

sealed into individual plastic bags and stored at 4 
o
C until needed. 

 
Generation of Aqueous Extracts 

 
The approach for generating aqueous extracts was adapted from NREL procedure 

‘Determination of extractives in biomass’.65 Briefly, aqueous extracts of biomass were 

prepared via accelerated solvent extraction using a Dionex Accelerated Solvent Extractor 

(ASE, Model 200) with the following instrumental parameters: N2 pressure at 1500 psi; 

temperature, 100 °C; preheat time, 0 min; heat time, 5 min; static time, 7 min; flush 

volume, 150%; purge time, 60 sec; static cycles, 3. Following extraction, the collected 

liquid was quantitatively transferred into a 50-mL volumetric flask and diluted to volume 

with purified water. Extracts were subsequently stored at 4 °C until analysis. The amount 

of water-soluble material present in all extracts was assessed gravimetrically and used to 

calculate percent extractives, as described previously.10, 11
 



 

 

Sample 
 

Sample ID 
Production 

Environmenta
 

 

Biomass Sampleb
 

 

Sorghum Type 
 

Sample Maturity 
 

Comments 

 

Bioenergy-1 
 

08CMP-0580 

 

College Stn.c 

 

stem only 
 

bioenergy 
 

Full season vegetative 
 

Photoperiod sensitive breeding line 

 

Bioenergy-2 
 

08CMP-0516 
 

College Stn. 
 

stem only 
 

bioenergy 
 

Full season vegetative 
 

Photoperiod sensitive breeding line 

 

Bioenergy-3 
 

08CMP-0478 
 

College Stn. 
 

stem only 
 

bioenergy 
 

Full season vegetative 
 

Photoperiod sensitive breeding line 

 

Sweet-1 
 

08CMP-0909 
 

College Stn. 
 

whole plant 
 

sweet 
 

Physiological maturity 
 

Sweet sorghum variety 

 

Sweet-2 
 

08CMP-0903 
 

College Stn. 
 

whole plant 
 

sweet 
 

Physiological maturity 
 

Sweet sorghum hybrid 

 

Sweet-3 
 

07CMP-1172 
 

Weslaco 
 

whole plant 
 

sweet 
 

Physiological maturity 
 

Sweet sorghum seed parent line 

 

 
 
 
 
 
 
 
 
 
 
 
 

Table 3.1 Description of studied sorghum samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
a 
The location in Texas in which the sample was grown and collected 

b 
The specific portion of the plant from which the sample was derived 

c 
College Station is represented as College Stn. 
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Fractionation and Compositional Analysis of Aqueous Extracts 

 

 Details of aqueous extract fractionation procedures have been reported 

elsewhere,11 while most chromatographic protocols employed for identification and 

quantitation in this study have been adapted from experimental procedures elsewhere.10, 

66-68 Where existing protocols have been modified in this work, corresponding sample 

preparations and chromatographic conditions are detailed below. 

 
Carbohydrates and Related Alditols 

 
Monomeric sugars and alditols were analyzed by HPAEC-PAD utilizing a 

carbonate-modified PA-20 column analysis as described previously.11 Note that details for 

the carbonate-modification procedure of the PA-20 column (used to separate monomeric 

carbohydrates) were previously reported by Chen and co-workers.10 Water-soluble 

oligomeric sugars were also determined through the analysis of their respective 

monomeric sugars resulting from acid hydrolysis, described else where.11 The amount of 

water-soluble oligomeric sugar present was assessed as the difference between 

monosaccharide content in the aqueous extracts and the total sugar content after 

hydrolysis. Representative chromatograms resulting from analysis of carbohydrates and 

alditols are given in Figures 3.1A and 3.1B, respectively. 

 
Inorganic Ions and Organic Acids 

 
Inorganic cations were fractioned via liquid extraction and chromatographically 

separated via high performance cation exchange chromatography with suppressed conductivity 

detection utilizing procedure described in detail elsewhere.
10 

Figure 3.1C contains a 

representative chromatogram for the determination of detected cations in a representative 

aqueous extract. The fractionation procedure for polar organic acids and inorganic anions are 
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those used previously, however there has been modification to the procedure for high-

performance anion exchange chromatography (HPAEC) with suppressed 

conductivitydetection.
10 

The changes to the chromatographic procedure reflect the NaOH 

reagent free eluent generation system used over the KOH eluent used previously. 

Chromatographic separation (Figure 3.1D) was carried out at 40 °C using a 50 mm x 4 

mm IonPac AG11-HC guard column and 250 mm x 4 mm IonPac AS11-HC analytical 

column connected in series. A multi-step gradient elution (1mM NaOH from 0.00 to 

8.00 min then a linear ramp to 60 mM NaOH from 8.00 to 

38.00 min at a flow-rate of 1.5 mL/min). 
 

 
 

Protein Fraction 

 
Protein content of the aqueous extracts was estimated using a Bradford assay 

detailed elsewhere.69 Briefly, a five point standard calibration curve was obtained by 

adding known aliquots of bovine serum albumin (BSA), water, and Bradford reagent into 

1.5-mL eppendorf tubes. Sample preparation was performed by transferring 25  uL 

aliquots of each aqueous extract were transferred into individual 1.5-mL eppedorf tubes 

with Bradford reagent. Both standards and samples were allowed to sit at room 

temperature for ten minutes to dye the protein. After ten minutes, aliquots of each standard 

were transferred into disposable plastic cuvettes (Plastibrand, Sigma-Aldrich Corp, St. 

Louis, MO) and UV-visible absorption spectra were obtained at 595 nm with an Agilent 

8453 UV/vis spectrophotometer (Santa Clara, CA). Serial dilution and analysis of each 

sample was carried out to bring its concentration within the linear range of the standard 

curve. 
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Figure 3.1 Representative chromatograms resulting from analysis of (A) sugars, (B) alditols, (C) inorganic 

cations and (D) organic acids and inorganic anions in sample fractions derived from an aqueous extract of 

sorghum. See text for details. Peaks: 1) fucose (I.S.) 2) sucrose, 3) glucose, 4) fructose, 5) glycerol, 6) 

arabitol, 7) sorbitol, 8) mannitol, 9) lithium, 10) sodium, 11) ammonium, 12) magnesium, 13) potassium, 14) 

calcium, 15) lactic acid, 16) acetic acid, 17) propionic acid, 18) methysulfonic acid (I.S.), 19) chloride, 20) 

nitrate, 21) sulfate, 22) maleic acid, 23) phosphate, 24) cis-aconitic acid, 25) trans-aconitic acid, asterisk (*) 

denotes unknown. 
 

Results and Discussion 

Mass Balance for Water-Soluble Materials 

Extracted water-soluble material accounted for up to ~40% of the dry weight of 

sorghum feedstocks examined in this study (Table 3.2). Overall, the median mass percent 

of the “extractives” was approximately 37% by weight for sweet sorghum and ~32% by 

weight  for  bioenergy  sorghum.  These  data,  with  the  exception  of  one  feedstock 
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(bioenergy-3), were found to be in good agreement with values reported for sweet and 

forage sorghum by the U.S. Department of Energy’s Biomass Feedstock Composition and 

Property Database (~22 - 44%).70 However, the percent of water-soluble material 

extracted from analyzed feedstocks in this study was found to be higher, between 1.5 to 3 

times, than the mass percentage of water-soluble material extracted from previously 

studied switchgrass (~12 - 14%) and corn stover (~14 - 26%) feedstocks.10, 11
 

 

 
 

Table 3.2 Mass Percent of Water-Soluble Materials (Extractives) in Sorghum 
 

Mean
a 
(n=3) 

Sample (% dry weight) RSD
b 

(%) 

Bioenergy-1 39.1% 3.8% 

Bioenergy-2 31.5% 3.3% 

Bioenergy-3 13.6% 0.2% 

Sweet-1 39.5% 0.3% 

Sweet-2 26.4% 0.5% 

Sweet-3 36.9% 0.3% 
 

a 
Values based on Accelerated Solvent Extractions. See the text for details. 

b 
RSD Relative standard deviation. 

 

 
 
 

In our previous work,
10, 11 

it was observed that the relative contribution of a given 

compound class, or fraction, to the overall mass balance for water-soluble materials was 

similar for switchgrass and cornstover; however, the same trend was not observed for the 

sorghum varieties analyzed in this study. Figure 3.2 illustrates the percent contribution of 

each fraction for each of the studied sorghum extracts in this manuscript, and in previously 

studied corn stover and switchgrass extracts. The percent of total extractive for each 

fraction accessed for bioenergy and sweet sorghum samples depict the mean (n = 3) 

replicate analyses, with error bars representing the deviation from the mean. As expected 

the  extracts  from  the  studied  sorghum  feed  stocks  have  a  large  free  sugar  fraction 
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constituting 45% or greater of the mass weight of extractive, except for Sweet-2 with free 

sugars accounting for only ~8% of the total extractive. Also, the composition of water- 

soluble materials from Sweet-2 is primarily composed of oligomeric sugars, ~62% of the 

total extract unlike the other biomass (>11%) and sweet sorghum (>30%) samples 

analyzed. Figure two also shows the mean of each fraction as a percentage of the 

extractive of both corn stover (n = 5) and switchgrass (n = 4) for comparison. It should be 

noted while corn stover appears to have a high percentage of free sugar, this analyses did 

not evaluate free and oligomeric sugars independently, therefore the percentage of free 

sugar represents the contribution of both. Notable differences in fraction contribution 

between the studied sorghum extracts and those from corn stover and switchgrass was that 

of the red-brown fraction and inorganic cations. The red-brown fraction, tentatively 

identified as 'phenolic glycosides' in previous work, accounted for only 0.33 - 0.69% of 

the total mass balance of water-soluble materials in the sorghum extracts, but was present 

at much higher levels in previously assessed feedstocks (e.g., ~12 - 18% and ~32 - 38% 

for corn stover and switchgrass, respectively). The inorganic cation fraction in Bioenergy- 

3 (~27%) is higher than the other five sorghum samples and corn stover and switchgrass 

(~8 - 11%) with approximately three times the contribution to the extractives. The 

reason(s) for these differences are currently not understood. 

 
Carbohydrates 

 
In general, free sugars (i.e. monomeric sugars plus sucrose) represented the largest 

contribution to the dry weight of water-soluble material in the studied sorghum variants 

(Table 3.3). The observed contribution of free sugars in bioenergy sorghum (~45 – 74%) 

was on average larger, and showed significantly less variation between samples than free 
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sugars observed in sweet sorghum (~8 - 62%). It is not known whether these differences 

between sorghum types are due to inherent differences in the plant structure, the nature of 

sampling (i.e., stem versus whole plant for bioenergy versus sweet varieties, respectively), 

or simply a result of the limited sample size. Comparatively, the relative amounts of free 

sugar in five of the sorghum samples (all except sweet 2) were significantly higher than 

free sugars observed in switchgrass, and similar to total sugar content in corn stover (i.e., 

free plus oligomeric sugar).10, 11 While one feedstock contained significantly less free 

sugar (~7% of the mass balance), it should be noted that this feedstock (sweet-2) is the 

seed parent of sweet-3. Xylose, arabinose, galactose, and mannose were also monitored 

during these studies, but not detected in these samples. 

While reporting of sugar concentrations as a percentage of the total water-soluble 

material in this manuscript is consistent with our previous studies, we recognize that it is 

common industry practice to report sucrose, fructose, and glucose in sorghum juice as a 

percent of total sugars. The average percent of sucrose, fructose, and glucose (relative to 

total free sugar) in sweet sorghum were approximately 35%, 34%, and 31%, respectively. 

For bioenergy sorghum, the percent of sucrose, fructose, and glucose (relative to total free 

sugar) was approximately 48%, 30%, and 21%, respectively. While the method described 

for extraction of sugars in this study, hot water extraction. is different than that used by 

industry, pressing, research by Cunningham et al. has shown that sugar concentrations 

determined from hot  water extraction and pressing are comparable; suggesting direct 

comparison between the two methods is reasonable.71 Therefore in comparison,  the 

percent free sugars  reported for select sweet sorghum  juice sources  are found to be 

between 53 - 70% for sucrose, 10 - 33% for fructose, and 12 - 48% for glucose.72-74   Sugar 
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percentages observed for the analyzed sweet sorghum for fructose and glucose are 

comparable to those reported by other researchers, although we do find that some of the 

sweet sorghum variants in this study are below the reported sucrose range of sweet 

sorghum. Additionally, bioenergy sorghum was observed to exhibit greater variation from 

the reported sucrose range by as much as 34%. Therefore, it is possible that the observed 

variation in the percent sucrose reflects the difference in genetic make-up of these 

feedstocks. 

The contribution of oligmeric sugars (e.g. glucan, xylan) was found to have a large 

degree at variation to the total mass balance of sorghum extracts, as detailed in Table 3. 

While notable differences were observed between the two sorghum types, there was also 

variation between samples of the same type. Although observed free sugar contribution in 

sweet sorghum is generally lower than bioenergy sorghum, sweet sorghum on average had 

a significantly higher concentration of oligomeric sugars (~29%, 62%, and 0.84%) than 

bioenergy sorghum (~0.79%, 11%, and 0.95%). The disparity in the oligomeric 

contribution is largely due to the absence of glucan in the three bioenergy sorghum 

feedstocks and one of the sweet sorghum samples (Table 3.3). The contribution of 

oligomers in sorghum extracts were in general found to be greater than the reported 

oligomeric contribution in switchgrass (~4 - 9%) when glycan was present.11 Additionally, 

glucan (when present) was found to contribute 20.3% and 52% of the total oligmoeric 

sugar present in sweet-1 and -2 respectively, which is significantly higher than that found 

in switchgrass (0.28 - 5.04%). Glucan typically comprised the majority of the oligomeric 

fraction, while other oligomeric sugars generally offered modest contributions to the mass 

balance, in comparison.   It should be noted that mannan was also monitored but not 
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detected in the studied extracts. Overall, the oligomeric fraction showed the highest level 

of variation among the bioenergy and sweet sorghum samples analyzed, which is 

potentially due to the genetic variation between the feedstocks or the difference in whole 

plant versus stem-only sampling (Table 3.1). 

 
Alditols 

 
The mass percentages of alditols identified in aqueous extracts of sorghum are 

contained in Table 3.3. The relative contribution of alditols represented ~0.2 - 6% of the 

overall mass balance for extractives in analyzed samples. In general, the contribution of 

altidols to the total mass of extractives were comparable to previously studied feedstocks, 

however the mass percent contribution of each of the analyzed alditols was significantly 

different. Overall alditol composition was predominantly glycerol, comprising 74 - 97% 

of the mass percent of alditols in the sorghum extractive, which was higher than observed 

in both corn stover (42 - 74%) and switchgrass (0 - 12%). The contribution of alditols to 

the overall mass balance for extractives in sweet sorghum (~0.2 - 2%) is similar to the 

observed contribution in switchgrass (~1 - 2%). While the contribution in bioenergy 

sorghum (~2 - 6%) is comparable to corn stover (~3 - 7%),10, 11 t he mass percent 

contribution of arabitol, sorbital and mannitol in sorghum were a least a factor of ten less 

than observed in corn stover and switchgrass. However, it is important to note that the 

presence of galactitol was unique to sweet sorghum, and xylitol was absent from both 

sweet and bioenergy sorghum, although found in significant quantity in corn stover and 

switchgrass.  Inositol was also monitored but not detected. 
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Table 3.3 Mass Percent of free sugars, oligomeric sugars, and related alditols in aqueous extracts of sorghum 

samples.
a
 

 
 
 

Sample 
 

Analyte Bioenergy-1 Bioenergy-2 Bioenergy-3 Sweet-1 Sweet-2 Sweet-3 
 

 

 
free sugars 

 

 
74 

  

 
58 

 

 
48 

  

 
45 

 

 
7.61 

 

 
62 

glucose  8.9(8) 13(2)  14(2) 12.6(9) 3.71(1) 9.0(3) 

fructose  11(1) 14(1)  25(1) 22(2) 1.98(1) 16.4(3) 

sucrose  54(3) 31(3)  9(1) 10(1) 1.92(1) 37(2) 

 

oligomeric 0.79 10.6 0.95 28.8 62 0.84 

sugarsc
       

glucan nd b
 nd nd 20.3(6) 52(2) nd 

xylan 0.20(2) 5.67(6) 0.28(1) 0.20(2) 2.1(2) 0.042(5) 

arabinan 0.32(3) 1.9(1) 0.18(3) 1.04(5) 0.72(2) 0.15(4) 

galactan 0.27(2) 3.0(1) 0.49(1) 7.3(1) 6.9(6) 0.65(3) 

 

Alditols 1.7 6.4 2.6 0.68 0.20 1.8 

glycerol 1.6(1) 5.8(5) 2.3(8) 0.66(6) ndb
 1.7(1) 

inositol nd nd nd nd nd nd 

xylitol nd nd nd nd nd nd 

arabitol 0.014(1) 0.034(4) 0.05(3) 0.0110(8) 0.019(4) 0.063(3) 

sorbitol 0.09(1) 0.47(3) 0.14(3) 0.0081(7) 0.14(1) 0.0309(7) 

mannitol 0.014(4) 0.043(5) 0.13(5) 0.0011(2) 0.030(2) 0.025(2) 

galactitol nd nd nd 0.0035(2) 0.006(1) 0.0085(5) 

 
a 

Mass percentages represent the average of triplicate determinations. Values in parentheses represent one 

standard deviation in the least significant digit. 
b 

nd, not detected. 
c 

Oligomeric sugars are calculated differences between total and free sugars. See Materials and Methods for 

details. 
 

 
 

Organic Acids 

 
The summative contribution of organic acids to the overall mass balance of 

extracts ranged from ~5 - 9% and ~3 - 7% for bioenergy and sweet sorghum, respectively 

(Table 3.4). While trans-aconitic acid is believed to be the only form of aconitic acid to 

accumulate in sorghum, there is some isomerization to cis-aconitic over time due to its 



 

temperature sensitivity.75    We report a concentration for both trans- and cis-aconitic acid to 

remain consistent with the performed analysis.   However, the overall mass contribution of 

aconitic acid is obtained when both cis- and trans- concentrations of aconitic acid are 

summed.   In general, the mass balance of organic acids for both bioenergy and sweet 

sorghum are similar, but are generally lower when compared with the organic acid fraction 

reported previously for corn stover (~7 - 21%) and switch grass (~6 - 13%) extracts.   Formic 

acid was also monitored in this work but not detected. 

 
Inorganic Ions 

 
The mass percentages of inorganic ions observed in aqueous extracts are given in 

Table 3.5.   The total contribution of cations to the overall mass balance ranged from 5 - 

10%.   The cation contribution found in bioenergy sorghum (~5 - 8%) was not found to be 

statistically different than those observed for sweet sorghum (~4 - 6%).   All sorghum 

feedstocks were in good agreement with reported cation contributions in corn stover (6 - 

13%) and switch grass (7 - 9%) extracts.   While cation composition was largely composed 

of potassium as the most abundant ion, which is analogous to potassium contributions in corn 

stover and switchgrass extracts, there are two notable differences when comparing to results 

from analysis of aqueous extracts of corn stover and switchgrass.   First, although magnesium 

represented approximately 1% of the mass percent in both corn stover and switchgrass,10, 11 

magnesium was not detected in the sorghum varieties employed in these studies.   Second, 

ammonium concentrations observed in this study were significantly less (by a factor of ten) 

than ammonium values reported for corn stover and switchgrass.10, 11     Overall, the observed 

relative trend in cation concentration was found to be potassium > calcium > sodium > 

ammonium in all sorghum extracts evaluated in this study. 
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Table 3.4 Mass Percent of Organic Acids in Sorghum Aqueous Extracts 
a
 

 
 
 

Sample 
 

Analyte Bioenergy-1 Bioenergy-2 Bioenergy-3 Sweet-1 Sweet-2 Sweet-3 
 

 

 
total organic acids 

 

 
4.9 

 

 
4.5 

 

 
9.3 

 

 
7.0 

 

 
2.8 

 

 
5.30 

lactic acid 0.053(3) 0.13(2) 0.44(1) 3.5(2) 0.026(3) 0.372(1) 

acetic acid 0.16(2) 0.37(3) 2.82(6) nd 0.32(1) nd 

propionic acid 0.041(7) 0.069(5) 0.157(5) 0.37(5) 0.235(5) 1.13(2) 

maleic acid 2.3(3) 1.3(1) 1.1(1) 0.57(8) 1.4(2) 0.40(4) 

fumaric acid nd nd 0.029(4) nd nd nd 

cis-aconitic acid 

trans-aconitic 

acid 

0.53(3) 

 
1.8(1) 

0.57(6) 

 
2.1(2) 

1.70(5) 

 
3.05(8) 

1.31(3) 

 
2.27(6) 

0.287(9) 

 
0.537(6) 

1.27(4) 

 
2.13(4) 

 

a 
Mass percentages represent the average of triplicate determinations. Values in parentheses represent one 

standard deviation in the least significant digit. 
b 

nd, not detected. 
 
 

 
Inorganic anions contributed between 3 - 10% to the overall mass balance. Anions 

in bioenergy sorghum were observed to show a marginally higher contribution to the total 

mass balance (~8 - 10%) than anions in sweet sorghum (~4 - 8%). Both bioenergy and 

sweet sorghum anion contributions to the extractives mass balance were slightly less but 

within general agreement to reported values in corn stover (~6 - 14%) and switch grass 

(~7 - 10%) extracts.10, 11 Chloride was found to be the predominant anion in all studied 

sorghum extracts. Chloride was also the most abundant anion in corn stover; however, 

phosphate was observed to be the most abundant anion in switchgrass. Largely, the 

percent mass contributions for both anions and cations are in good agreement to 

previously studied corn stover and switchgrass feedstocks. 
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Table 3.5 Mass Percent of Inorganic Ions in Sorghum Aqueous Extracts 
a
 

 
 

Sample 
 

 
 
Analyte 

 
 

Bioenergy-1 

 
 

Bioenergy-2 

 
 

Bioenergy-3 

 
 

Sweet-1 

 
 

Sweet-2 

 
 

Sweet-3 

 
total 

cations 

 

 
 
6.16 

 

 
 

5.60 

 

 
 

8.28 

 

 
 

6.11 

 

 
 

5.93 

 

 
 

4.53 

K+ 4.70(1) 4.21(4) 7.23(6) 4.88(5) 5.14(6) 3.45(1) 

Ca2+ 1.17(4) 1.18(5) 0.78(4) 1.04(4) 0.55(1) 0.82(2) 

Na+
 0.25(1) 0.18(2) 0.20(7) 0.18(3) 0.21(2) 0.22(4) 

Mg2+ ndb
 nd nd nd nd nd 

 
NH + 

4 
0.04(1) 0.03(2) 0.07(3) 0.01(1) 0.03(6) nd 

 
total anions 

 
7.9 

 
9.8 

 
9.2 

 
4.3 

 
7.6 

 
3.52 

Cl-
 3.9(2) 4.7(4) 4.36(3) 3.1(1) 5.04(9) 2.12(4) 

PO 3- 
4 0.35(4) 0.56(1) 0.98(7) 0.70(7) 1.5(2) 0.52(4) 

NO -
 

3 1.37(7) 0.038(3) 0.79(3) 0.049(5) 0.20(1) 0.0053(2) 

SO 2- 
4 2.3(2) 4.5(3) 3.1(3) 0.41(6) 0.9(1) 0.873(6) 

 

a 
Mass percentages represent the average of triplicate determinations. Values in parentheses represent 

one standard deviation in the least significant digit. 
b 

nd, not detected. 
 

 
Contributors to the Unknown Fraction of Water Extractives 

 
The compositional analyses described above did not result in quantitative mass 

closure for the aqueous extracts analyzed in this work (samples exhibited mass closures 

between 79 – 96%, Fig. 3.2). Although mass closure was not quantitative the obtained 

mass closures in this study were similar to mass closures obtained for corn stover (~85 - 

97%) and switchgrass (~78 - 92%) feedstocks analyzed in previous work.
10, 11 

In part, the 

composition of the unknown fraction may be inferred by previous work by Thammasouk 

et al.,
76 

which suggests the aqueous extracts may contain other constituents such as ash 

and protein, which are not currently part of our routine compositional analysis. To assess 

the potential contribution of protein to the mass closure of aqueous extracts from the 
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bioenergy and sweet sorghums, protein content was estimated using a Bradford assay.
69 

This method was utilized in the absence of an amino acid analyzer, which is called for in 

‘Determination of Protein Content in Biomass’,
77 

and resulting data is only intended to 

provide a scoping range for potential contribution from proteins to the mass balance. Data 

from the Bradford analysis revealed that ~0.72 - 2.4 mg of protein were present in the 

samples, closing an additional 0.15 - 0.83% and 0.080 - 2.75% of the mass balance for 

bioenergy and sweet sorghum extracts, respectively. Although this range is reasonable, 

considering Thammasouk and coworkers have previously reported proteins representing 

approximately 1% of the mass balance of extractives,
76 

we note that the Bradford analysis 

is an indirect method for determining protein concentrations and additional factors may 

affect (either positively or negatively) the accuracy of the obtained values. Accordingly, 

the percent of protein contribution was not included in the mass closures reported in 

Figure 2. However, these data support that protein content may represent a small (but 

measurable) fraction of the mass balance of extractives. 

In addition to proteins, we note that fructan may be a significant contributor to the 

unknown fraction of extract composition. In a review by Livingston et al.
78 

on the 

relationship of fructan and abiotic stress tolerance in plants, frutcan has been shown to 

minimize the effects of stress due to drought and/or freezing conditions. Considering 

sorghum’s drought tolerance, it is reasonable to assume that fructan may be present at 

significant levels in sorghum. Also, a previous report has noted an apparent indirect 

correlation between relative concentrations of fructan and sucrose.
79 

It is interesting to 

note that bioenergy samples 1 and 2, which had higher percent fractions of sucrose (51 

and 31% respectively), also had a slightly higher percent mass closures (96 % and 95% 
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respectively), while samples that had lower than 10% sucrose generally had lower mass 

closures (between 79 - 91%). Only one sample did not agree with this trend (sweet-3), 

which has a sucrose contribution of 37% with a mass closure of 79%. Although direct 

determination of fructan would be preferable to confirm these speculations, the method 

used to determine oligomeric carbohydrates in this study utilizes incubation in 4% sulfuric 

acid at 121 °C for 60 minutes and results in substantial degradation of the fructose 

monomer to 5-hydroxymethyl-furfural (>90% degradation).
80

 

 
 

 
Influence of Water-soluble Materials on Feedstock Ethanol Yield 

 

 

Although the scope of this study was to identify water-soluble materials in aqueous 

extracts from select sorghum feedstocks, the influence of water-soluble sugars on potential 

ethanol yield is worth noting. Figure three exemplifies the influence of free sugars (x- 

axis) and oligomeric sugars (y-axis) on overall theoretical ethanol yield in this study. The 

theoretical ethanol yield from free sugars in sorghum extract was estimated to range from 

3 - 45 gal ethanol per dry ton feedstock (Fig. 3.3), which on average was significantly 

higher than the potential  ethanol yield per ton of dry feedstock for  corn stover and 

switchgrass, (i.e., 9 and 4 gal per ton of dry feedstock, respectively). The high ethanol 

values estimated for sorghum would not be unexpected since sweet sorghum juice is 

already used to produce ethanol in India, which produces ~16 - 22 gallons of ethanol per 

ton of sorghum per year.
72 

However, the presence of oligomeric sugars could have a significant 

impact on ethanol production. The enzymatic breakdown of oligomers to fermentable free sugars 

found in these extracts, could improve overall ethanol yield. The theoretical contribution from 

sugar oligomers, when present, was found to be ~5 – 25 gal of ethanol per dry ton of feedstock 

(Fig. 3.3).  Inclusion of oligomeric carbohydrates improved the overall ethanol production by 
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Figure 3.2 Composition of extractives in select sorghum variants (expressed as a percentage of oven-dried 

water-soluble material recovered from the feedstock). Comparative data for corn stover and switchgrass 

(right of figure) were obtained, respectively, from references 
10, 11

. Mass closure for the six samples (as 

parenthetically indicated in the Figure below the sample name) were: Bioenergy-1, 96%; Bioenergy-2, 95%; 

Bioenergy-3, 79%; Sweet-1, 92%; Sweet-2, 87%; Sweet-3, 79%. 
 

 
 

~15 – 40% in two of three feedstocks, with the exception of sweet-2, in which the 

oligmeric sugars increased potential ethanol yield from 3 gal per ton to 28 gal per ton (an 

833% increase). Overall, free sugars contributed the  majority of ethanol that could 

theoretically be produced from these samples, with the exception of Sweet-1 and 2. While 

this laboratory typically reports the oligomeric sugar content in extracts, this is not 

characteristic for industry analysis of sorghum juice. Typical industry practice evaluates 

sorghum juices solely on their free sugars content (i.e. sucrose, glucose, and fructose) 

making a cross comparison impossible. These data suggest further investigation into the 

utilization of oligomeric sugars found in sorghum extractives is needed to assess their 

potential contribution to improving overall ethanol yield from a feedstock. 
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Figure 3.3 Theoretical ethanol production from monosaccharides and glycans found in sorghum water 

extracts. Theoretical ethanol yield of the six sorghum extracts in gallons of ethanol per ton of dry feedstock 

are as follows: Bioenergy-1, 45; Bioenergy-2, 33; Bioenergy-3, 10; Sweet-1, 46; Sweet-2, 28; Sweet-3, 36. 

Formula used to calculate theoretical ethanol production in gallons of ethanol per ton of dry feedstock was 

as follows: (g sugar/g dry feedstock) x (2000 lbs/ton) x (0.51 lbs ethanol/lbs sugar) x (1 gal ethanol/6.55 lbs 

ethanol). *gal ethanol/ton feedstock 
 

 
 
 

The significance of water-soluble sugars is further supported when the theoretical 

ethanol yields from sorghum extractives (considering contributions from both free and 

oligomeric sugars) are compared to that of other potential whole plant biomass feedstocks. 

A list of theoretical ethanol yields, which are determined through whole plant quantitative 

saccharification of some potential biomass-to-ethanol feedstocks is given in Table 3.6. Of 

the studied sorghum extracts, two had potential ethanol yields (45 - 46 gal/ton) 

approaching that of cotton gin trash (57 gal/ton) without performing a pretreatment step. 

Perhaps more notably, these sorghum extracts have the potential to achieve almost a third 

of the ethanol yield reported for and corn grain (124 gal/ton) and corn stover (113 gal/ton) 

before utilizing the remaining plant residue for lignocellulosic conversion to ethanol. 

Note that these water-soluble sugars are potentially lost when dilute acid pretreatment is 

utilized.  These data strongly support the importance of considering water-soluble sugars 
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when evaluating future lignocellulosic feedstocks for ethanol conversion, as well as future 

decisions regarding biomass processing schemes which typically pretreats the entire 

feedstock. 

 
Table 3.6 Table of theoretical ethanol yield of other potential biomass feedstocks 

 
 

Feed Stock Gal Eth./Dry Ton feedstocka
 

Corn Grain 124 

Corn Stover 113 

Switchgrass (Trailblazer) 113 

Rice Straw 110 

Cotton Gin Trash 57 

Forest Thinnings 82 

Hardwood Sawdust 101 

Bagasse 112 

Mixed Paper 116 
 

a
Values obtained from Reference 

81
. See text for details. 
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CHAPTER FOUR 
 

Improvements in Carbohydrate Analysis 
 

 
 

Introduction 
 

 

Rapid, robust, and accurate quantitation of carbohydrates is essential for the 

continued growth of the biofuels industry. As research continues to identify and develop 

promising feedstocks, biorefineries will need to understand how to best optimize the total 

amount of energy available from each.  Discovery of the optimal energy yield for each 

feedstock will require the use of different chemical and biological treatment technologies 

under various conditions. Monitoring of released carbohydrates, specifically 

monosaccharides and sucrose, is required to determine the effectiveness of applied 

bioprocessing conditions. Due to the number of possible treatment technologies, and the 

various ways in which they may be combined, the number of samples to be analyzed can 

become sufficiently large that analysis becomes the rate limiting step in optimizing a 

given process. Therefore, it is critical that biofuels researchers have rapid, accurate, and 

robust analytical methods for analysis of potential feedstocks and affiliated process 

samples. 

Currently, the biofuels industry utilizes high performance liquid chromatography 

with refractive index detection (HPLC-RI) and a ligand-exchange column, employing a 

Pb
2+

-  or  H
+
-mobilized  stationary  phase,  as  the  standard  method  for  interrogation  of 

carbohydrates in  research  samples.
42 

In  addition  to  enabling routine  analysis  of  the 

 
primary carbohydrates of interest (i.e. xylose and glucose), this approach also enables 
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monitoring of less abundant monosaccharides (e.g., arabinose and galactose) and 

important fermentation inhibitors (i.e., acetic  acid, hydroxymethylfurfural and 5- 

hydroxymethylfurfural) in a single run. Overall, HPLC-RI methods have proven to be 

both robust and easy to use while providing a large dynamic detection range, such that 

most process samples can be analyzed with little to no sample dilution. Caveats of this 

approach include long analysis times (45 - 60 minutes) 52, limited resolution of select 

carbohydrates (e.g., poor resolution of arabinose and mannose), and an inability to 

separate sucrose from cellobiose. Additionally, the use of a universal detector creates the 

possibility of interferences due to co-eluting compounds as well as the possibility of false 

positives. 17, 27, 35, 41, 45 

High-performance anion-exchange chromatography with pulsed amperometric 

detection (HPAE-PAD) represents an attractive alternative to HPLC-RI for carbohydrate 

analysis in biofuels research. 36, 45, 49, 50 A primary advantage of the HPAE-PAD approach 

is the selectivity of PAD for carbohydrates. Reduced analysis time is also feasible. For 

example, an HPAE-PAD method offering near-baseline resolution of monosaccharides 

and sucrose in 5 minutes has been reported in literature.68 This method relied on 

modification of a Thermo Scientific (formerly Dionex) CarboPac PA20 anion-exchange 

column with carbonate prior to analysis. Although, data demonstrating that repeated 

modifications of a given column resulted in near identical chromatographic performance 

were reported, the need for column modification is not ideal in an industrial setting. 

Additionally, the sensitivity of PAD required sample dilutions ranging from 1:200 to 

1:2000 prior to analysis of biomass extracts and hydrolysates, respectively. 
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Inspired by the performance characteristics of a carbonate-modified CarboPac 

PA20 column, researchers at Dionex developed a commercial stationary phase (the 

CarboPac SA10) offering similar chromatographic efficiency and comparable run time. 

Scientists at Thermo also addressed the need for high sample dilution with two hardware 

modifications: i) a reduction in sample loop size from 10 to 0.4 µL, and ii) an increase in 

detector cell volume brought about by increasing the width of the spacer gasket from 2 to 

62 mil in the electrochemical flow cell. The combination of a smaller sample injection 

and reduced sensitivity at the point of detection was expected to minimize the degree of 

dilution required when analyzing carbohydrates in samples derived from biomass. 

This manuscript details a novel method for carbohydrate analysis in biomass 

samples, utilizing a CarboPac SA10 column in combination with a low-volume sample 

injection valve and high-volume detection cell. Objectives of this work were to provide a 

comparative evaluation of chromatographic efficiency for HPAE-PAD and HPLC-RI 

approaches and to conduct an inter-laboratory reproducibility study that utilized authentic 

biofuels research samples. Three laboratories representing industry, government, and 

academia (hereafter referred to as Sites 1, 2, or 3, respectively) participated in the study. 

Initial experiments were designed to define the linear range of utilized instrumentation. 

Subsequently, twenty-one opportunistic samples were analyzed. Samples were 

representative of those routinely generated during feedstock characterization studies, as 

well as, biomass pretreatment and simultaneous saccharification and fermentation (SSF) 

operations. Results of these analyses supported intra- and inter-laboratory evaluations of 

method precision. Sugar concentrations determined via HPAE-PAD were also compared 

with those determined via HPLC-RI. Overall, these data are expected to establish state-of- 
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the-art benchmarks for carbohydrate analysis in biofuels research, providing the level of 

reliability that may be expected of reported HPAE-PAD methodology during normal 

usage. 

 
Experimental: Materials and Methods 

 

 
 

Chemicals and Reagents 

 
Chemicals utilized were reagent grade or better, obtained from commercial 

vendors, and used as received. Each laboratory prepared an aqueous stock solution of 

carbohydrates (containing sucrose, arabinose, galactose, glucose, xylose, mannose, 

fructose, and cellobiose) which was used to prepare calibration standards spanning the 

concentration ranges specified in Table 2 by serial dilution. Fucose was added to each 

sample as an internal standard (200 ng/mL) prior to analysis. All samples were stored at 4 

°C when not in use. 
 

 
 

Representative Test Samples 

 
Twenty-one test samples, representing a range of compositions commonly 

encountered in biofuels research and development, were supplied by the National 

Renewable Energy Laboratory (NREL, Golden, Co). As summarized in Table 1, samples 

1-4 were derived from quantitative saccharification of two biomass feedstocks and an 

NIST reference material. 82 Samples 5-12 were derived from 4 dilute-acid pretreatments 

of corn stover using various reactor designs available at NREL (i.e., vertical reactor, steam 

gun, and slurry). Each pretreatment reaction resulted in two samples, representative of 

those routinely analyzed to support determination of free and total sugars, respectively, in 

pretreatment liquids.48    Samples 13-15 and 16-20 were simultaneous saccharification and 
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fermentation (SSF) samples collected at initial (T0) and final (Tf) time points, and Sample 

21 was a surrogate hydrolysate. Most samples were diluted 10- or 50-fold prior to 

analysis. 

 
Table 4.1. Representative Biofuel R&D Samples Analyzed. 

 
  SampleNo. SampleType Dilution   

 

 

  QuantitativeSaccharification   

1,4 corn stover ND 

3 miscanthus ND 

2 NIST bagasse
a
 ND 

 

  Dilute-AcidPretreatment   

5,8,9,12 vertical reactor 1:50 

6,10 steam gun 1:10 

7,11 slurry 1:50 

 

  SimultaneousSaccharificationandFermentation   
 

13-15 T0 1:10 

16-20 Tf 1:10 

 

Surrogate Hydrolysate
b
 

21 dilute acid 1:50 
 
 

a 
NIST Standard Reference Material 

b 
glucose, xylose, acetic acid, furfural, and 5-HMF in 0.7% H2SO4 

ND = Not diluted 
 

 
 

HPAE-PAD Analysis 

HPAE-PAD analyses at each site were carried out on Dionex ICS-3000 HPLC 

systems (Thermo Scientific Corp., Sunnyvale, CA) equipped with an autosampler, eluent 

generator, column oven, and integrated electrochemical flow cell and detector. A 

Rheodyne 400-nL microinjection valve (IDEX, Oak Harbor, WA) replaced the standard 

injection valve on each system and a 62 mil gasket (P/N 075499) was utilized as the 
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spacer in the electrochemical flow cell. All analyses were conducted with isocratic elution 

 
 mM NaOH at 1.5 mL/min) using CarboPacSA10 (Thermo Scientific) guard (50 

mm × 4 mm) and analytical (250 mm × 4 mm) columns connected in series. Eluted 

analytes were monitored at a disposable gold electrode using the following waveform: E1 

= 0.00 (t1 = +0.1 sec), E2 = +0.1V (t2 = 0.20 sec), E3 = +0.1.00V (t3 = 0.40 sec), E4 = - 

2.0V (t4 =  0.41 sec), E5 = -2.0V (t5 = 0.42 sec), E6 = +0.6V (t6 = 0.43 sec),  E7 = -0.1V 

(t7 = 0.44 sec), E8 = -0.1V (t8 = 0.50 sec) with integration between 0.20 and 0.40 sec (all 

potentials are reported versus a Ag/AgCl reference electrode). Analytes were quantitated 

using multipoint internal standard calibration curves specific to each site. The 

recommended temperature for the CarboPac SA10 column is 45 °C. This temperature 

condition was met at Sites 1 and 3. At Site 2, a column temperature of 40 °C was utilized 

due to limitations of available hardware. 

 
HPLC-RI Analysis 

 
HPLC-RI analyses were performed at Site 1 on an Agilent 1200 modular HPLC 

system (Agilent Technologies, Inc., Santa Clara, CA) equipped with an autosampler, 100- 

uL sample loop, column oven (85 °C), and RI detector (Agilent Technologies, Inc.) All 

analyses were conducted with isocratic elution (100% 18.2 M ohm water at 0.6 mL/min) 

using a Pb
2+

-form Shodex Sugar SP0810 analytical (300 x 3 mm) column (Phenomenex 

USA, Torrence, CA) and Bio-Rad deashing guard cartridge (#125-0118, 30 x 4.6 mm, 

Bio-Rad USA, Hercules, CA) connected in series. Multipoint, external standard 

calibration curves were used to quantify detected sugars. 
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Results and Discussion 
 
 
 

Chromatographic Efficiency of Shodex Sugar SP0810 and CarboPac SA10 Columns 
 
 

A comparison of chromatographic efficiency was performed for Shodex Sugar 

SP0810 (Pb
2+

-form) ligand-exchange and CarboPac SA10 anion-exchange columns. 

Independent injections of each carbohydrate were made on both columns using the 

instrumental conditions reported earlier. Overlay plots of the resulting chromatograms 

may be seen in Figure 4.1. The Shodex column did not completely resolve sucrose and 

cellobiose (Rs = 0.2) or arabinose and mannose (Rs = 0.4) under these conditions (Figure 

4.1A). Additionally, although target analytes were eluted between 13 and 21 minutes in 

Figure 4.1A, run times approached 60 minutes when this column was used to analyze 

“real” samples; elution of all sample constituents requires an additional 30-35 minutes. In 

contrast, total run time on the CarboPac SA10 column was approximately 8 minutes 

(Figure 4.1B). The most significant resolution improvement in Figure 4.1B may be 

observed for sucrose (Rs = 0.5), which elutes next to arabinose in this case. Although 

mannose elutes between xylose and fructose on the SA10 column, resolution of these 

analytes is still adequate to support quantitative determinations. Overall, chromatographic 

efficiency of the tested CarboPac SA10 column was comparable to that observed 

previously for a carbonate-modified CarboPac PA20 column 68 and superior to the Shodex 

SP0810 column, in terms of both resolution and run time. 
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Figure 4.1 Comparison of the chromatographic performance of the carbonate-modified CarboPac PA-20 the 
inspiration of the CarboPac SA10. 

 
 

 
Evaluation of Linearity and Detectabililty 

 

 

A working calibration range for the high-volume pulsed amperometric detector 

was determined by evaluating the relative response factor, calculated as (analyte peak 

area/internal standard peak area) analyte concentration, as a function of analyte 

concentration. Initial linearity tests explored fifteen concentrations ranging from 0.05 – 10 

g/L.  Representative results for xylose and arabinose are shown in Figure 4.2A, indicating 

that experimental response factors decreased by as much as 50% over this concentration 
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range. IUPAC defines the linear range of a chromatographic detector as the range over 

which sensitivity is constant within 5%. 83 Consequently, subsequent experiments 

explored a more narrow concentration range at higher resolution. Mean response factors 

observed between 0.01 and 3.0 g/L are plotted in Figure 4.2B; the dotted and solid 

horizontal lines indicate the average of observed response factors and the plus or minus 

5% thresholds, respectively, for each sugar. While most response factors fell between the 

defined thresholds of linearity, erratic behavior was observed for both xylose and 

arabinose at the lowest concentrations. Similar behavior was observed for all monitored 

sugars at each laboratory test site. Upper and lower limits of linearity varied modestly, 

depending on both sugar and test site. However, a linear range extending from 0.2 to 2.4 

g/L was generally inclusive of all sugars at all sites, and this range  was utilized in 

subsequent instrument calibration experiments. 

Representative calibration plots are shown in Figure 4.2C for xylose and 

arabinose, and calibration results for all monitored sugars at each laboratory test site are 

summarized in Table 4.2. Reported slopes, intercepts, and correlation coefficients (r
2
) 

represent least-squares regression of the mean (n=3) response observed for 6 calibration 

standards ranging in concentration from 0.2 – 2.4 g/L. Calibration sensitivities, dictated 

by slopes of the regression lines (“m” in Table 4.2), were generally found to be similar for 

all sugars at all sites. For a given sugar, calculated slopes varied by a factor 1.4 between 

sites in all but one test case; the largest and smallest slopes for fructose varied by a factor 

of 1.9 between Sites 2 and 3.   Additionally, a factor of 2.1 represented the maximum 

variation observed between slopes for different sugars at a single site. 
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Figure 4.2 Linearity studies of the high-volume PAD. Panel A shows initial detector response study utilizing 

15 prepared standards ranging in concentrations from 0.5 to 10 g/L. Panel B, narrowed concentration range 

study with 15 concentration ranging from 0.01 to 3.0 g/L. The median response for xylose (●) and arabinose 

( ) are shown with a dashed line, solid lines indicate the ±5% variation allowable for linearity. Panel C 

least-squares regression of the mean (n=3) response observed for 6 calibration standards ranging in 

concentration from 0.2 – 2.4 g/L. 
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Although the “b” values reported in Table 2 are all relatively small, only one 

value is negative, indicating that positive bias was observed in the y-intercepts resulting 

from least-squares regression of calibration data. If the selected calibration range 

extended beyond the true linear range of the detector, observed response at the highest 

calibration level(s) would be expected to trend low, relative to that observed for the 

remaining standards (Figure 4.2). If these calibration points were included during least- 

squares regression, they could easily cause the calculated intercept to be biased positively 

with respect to zero.  Additional support for such an argument may be found in the fact 

that only two “nines” were typically observed in calculated correlation coefficients (r
2 

in 

 
Table 4.2). Indeed, when the two highest concentrations in Figure 4.2C were omitted 

prior to least-squares regression, intercepts calculated for arabinose and xylose decreased 

from 0.13 to 0.02 and from 0.2 to 0.06, respectively, and correlation coefficients improved 

to 0.9999 and 0.9998, respectively. Nevertheless, calibration data in Table 4.2 were 

deemed sufficiently linear to support determinations of unknown sugar concentrations in 

subsequent analyses affiliated with this work. 

Instrumental limits of detection (LOD) and quantitation (LOQ) are also reported in 

Table 4.2. These values represent sample concentrations corresponding to signal-to-noise 

(S/N) ratios of 3 and 10, respectively, and were extrapolated from the corresponding linear 

equations. While roughly comparable detectabilities were observed for all sugars at Sites 

2 and 3, detectability at Site 1 was approximately 3-fold lower. Care was taken to ensure 

that each lab was using an “identical” injection valve and flow-cell spacer, and a 

previously unused disposable gold electrode was installed at each site prior to initiating 
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the study.  Thus, for reasons that are presently unclear, it seems that the noise level at Site 

1 was somewhat lower than that experienced at Sites 2 and 3. 

While all LOD and LOQ values in Table 4.2 fall below the confirmed linear range 

of the detector, they may be utilized to support a semi-quantitative comparison of the 

combined effect that implementing a low-volume injector and high-volume detection cell 

had on detectability of monitored carbohydrates. Analogous detection and quantitation 

limits are reported in Sevcik et al. for instrumentation equipped with a 10-L sample loop 

and 2-mil spacer in the electrochemical flow cell. 68 Instrumental LODs and LOQs in that 

study ranged from 0.09 to 0.25 g L
1 

and 0.29 to 0.80 g L
1

, respectively. Thus, 

detectability of monitored carbohydrates was attenuated by 4 to 5 orders of magnitude in 

the present study. Reduced delectability enabled HPAE-PAD analysis of “real” samples 

at much lower dilution levels than previously required. For example, hydrolysates 

resulting from quantitative saccharification of representative biomass feedstocks (Samples 

1-4 in Table 1) were analyzed directly in the present study. In the Sevcik et al. 68 study, a 

dilution factor as high as 1:2000 was required to bring the response of similar samples into 

the linear range of the pulsed amperometric detector. 

 
Comparative Analysis of Biofuels R&D Samples 

 
Twenty-one opportunistic biomass samples (Table 4.1) were analyzed by HPAE- 

PAD at three independent laboratory sites (Sites 1-3). These samples were also analyzed 

by HPLC-RI at Site 1. The maximum, minimum, mean, and median relative standard 

deviations (RSDs) observed for triplicate analyses of all samples are given in Table 4.3 

and were used to evaluate repeatability of the two methods. Values of n in Table 4.3 

indicate the detection frequency for each sugar (i.e., the number of samples in which a 
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given sugar was detected by both HPAE-PAD and HPLC-RI), and the corresponding 

concentration ranges represent the highest and lowest average sugar concentrations, 

calculated as the average of mean sugar concentrations determined at each site via HPAE- 

PAD. Data in columns 1 and 2 of Table 3 were derived from independent analyses 

conducted by a single analyst. These data suggest that both HPLC-RI and HPAE-PAD 

approaches offer excellent injection precision (i.e., RSDs for most sugars in columns 1 

and 2 were typically 1%). Nevertheless, RSDs derived from HPAE-PAD analyses were 

consistently higher than those derived from HPLC-RI data. This may be due to differences 

in sample preparation between methods  (i.e.,  HPAE-PAD analyses typically required 

modest sample dilutions prior to injection while the HPLC-RI method accommodated 

direct injection of authentic samples). 

RSD values reported in columns 2 and 3 of Table 4.3 were derived from identical HPAE- 

PAD analyses conducted by independent analysts at different test sites. These  data 

generally demonstrate excellent-to-good repeatability (i.e., mean and median RSDs for 

most sugars at either site were on the order of 1% or less) and reproducibility (i.e., mean 

and median RSDs for a given sugar were similar between sites). Although precision 

observed for galactose appears to oppose the trends noted above, the relatively large max, 

mean, and median RSDs reported for this sugar at Site 2 may be attributed to the third 

injection of sample 19. In this particular analysis, galactose response was approximately 

35% lower than that observed for either of the first two injections, suggesting that this data 

point was a possible outlier. A Q test at the 90% confidence interval was consistent with 

this suspicion. However, we chose not to omit the data point in statistical calculations due 

to the relatively small number of replicate observations in the present study. 
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Site 1 2.80(8) 0.2(1) 0.9968 0.0026 0.0086 
Site 2 3.4(1) 0.3(2) 0.9942 0.0077 0.025 

Site 3 2.63(5) 0.16(8) 0.9985 0.01 0.033 

 

Table 4.2 Carbohydrate calibration performance metrics for quantitative analysis. Values in 

parentheses represent one standard deviation in the least significant digit. 
 

mx+b r
2 

LOD LOQ 

Site m b (g/L) (g/L)   sucrose 
 

 
 
 
 

arabinose 
 

Site 1 4.0(1) 0.4(2) 0.9966 0.0019 0.0063 
Site 2 4.5(1) 0.3(2) 0.9963 0.006 0.02 

Site 3 4.36(5) 0.13(8) 0.9992 0.0063 0.02 

 

Galactose 
 

Site 1 5.5(1) 0.4(4) 0.9976 0.0014 0.0046 
Site 2 5.6(2) 0.3(3) 0.9958 0.0047 0.016 

Site 3 5.61(6) 0.11(9) 0.9995 0.0052 0.017 

 

Glucose 
 

Site 1 4.8(1) 0.4(2) 0.9972 0.0014 0.0046 
Site 2 5.5(2) 0.4(3) 0.9943 0.0045 0.015 

Site 3 4.85(5) 0.07(8) 0.9992 0.0051 0.017 

 

Xylose 
 

Site 1 5.4(2) 0.6(3) 0.9958 0.0014 0.0046 
Site 2 5.6(2) 0.6(4) 0.9931 0.0043 0.014 

Site 3 5.1(1) 0.2(1) 0.9979 0.0054 0.018 

 

Mannose 
 

Site 1 3.68(5) 0.13(8) 0.9991 0.0017 0.0047 
Site 2 5.0(2) 0.6(4) 0.9921 0.0051 0.017 

Site 3 4.3(2) 0.3(3) 0.9967 0.0063 0.021 

 

Fructose 
 

Site 1 4.75(9) 0.2(1) 0.9983 0.0016 0.0052 
Site 2 5.5(1) 0.2(2) 0.9971 0.0053 0.018 

Site 3 2.87(4) 0.19(8) 0.9983 0.0052 0.017 

 

Cellobiose 
 

Site 1 4.20(7) 0.2(1) 0.9988 0.0023 0.0077 
Site 2 5.0(1) 0.1(2) 0.9952 0.0069 0.023 

Site 3 3.66(6) -0.08(9) 0.9992 0.0079 0.03 
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Table 4.3 Maximum, mininum, mass, and median relative standard deviations (RSDs) observed for 

triplicate analyses of all samples. Comparative HPAE-PAD to HPLC-RI data are shown in columns 1 and 2, 

derived from independent analyses conducted by a single analyst providing a. columns 2, 3, and 4 were 
derived from identical HPAE-PAD analyses conducted by independent analysts at each test site. Column 5 

reports the mean and median coefficients of variation for columns 2 - 4. 
 

HPAE-PAD 
HPLC-RI 

  Site1 Site2 Site3 CV   
 

 

Glucose (n = 17; 1.4 - 50.0 g/L) 
 

max 2.22% 2.24% 2.52% 6.22% 13.25% 

min 0.04% 0.08% 0.12% 0.49% 3.51% 

mean 0.58% 1.08% 0.83% 2.86% 8.16% 

median 0.48% 0.98% 0.64% 2.54% 8.53% 

 

  Xylose(n =13;0.8-90.7g/L)   

max 0.99% 1.85% 2.29% 6.89% 16.06% 

min 0.04% 0.16% 0.07% 0.44% 0.55% 

mean 0.33% 0.77% 0.67% 2.87% 6.29% 

median 0.29% 0.56% 0.29% 2.22% 6.04% 

 

  Arabinose(n =11;4.5-11.0g/L)   

max 1.99% 2.72% 6.15% 6.06% 8.85% 

min 0.07% 0.20% 0.13% 1.06% 0.48% 

mean 0.68% 1.53% 1.63% 3.29% 4.57% 

median 0.37% 1.61% 0.94% 3.25% 4.00% 

 

  Galactose(n =8;2.2-2.9g/L)   

max 3.13% 3.04% 22.56% 5.27% 13.34% 

min 0.16% 0.36% 0.86% 0.39% 4.17% 

mean 0.80% 1.33% 4.81% 3.08% 8.82% 

median 0.44% 1.02% 2.43% 3.30% 9.88% 

 

  Fructose(n =4;2.6-2.7g/L)   

max 1.50% 6.07% 3.70% 22.30% 41.87% 

min 0.31% 0.29% 1.22% 2.50% 11.95% 

mean 0.79% 2.74% 2.43% 12.99% 22.84% 

median 0.67% 2.31% 2.41% 13.58% 18.77% 
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RSD values derived from data collected at  Site 3 were generally higher than 

corresponding RSDs observed at Sites 1 and 2 by a factor of one to four. This was almost 

certainly due to differences in run sequence between test sites. Run sequences at Sites 1 

and 2 dictated three successive injections of each sample (i.e., 1A, 1B, 1C, 2A, 2B, 2C, 

etc.), while the run sequence at Site 3 included all 21 samples in a repeat loop (i.e., 1A- 

21A, 1B-21B, 1C-21C). Accordingly, RSD values reported in column 4 of Table 3 

provide a measure of intermediate precision that may be expected of replicate HPAE-PAD 

analyses conducted by a single analyst over an entire work day. 

Lastly, note that RSDs derived from HPAE-PAD data for fructose were 

consistently higher than those observed for other sugars, independent of test site. An 

explanation for this observation is presently unknown. However, it may be an artifact of 

smaller sample size (i.e., fructose was present in only 4 of 21 samples). The inordinately 

large maximum RSD reported for fructose at Site 3 may be attributed to the third injection 

of sample 14. A relatively high RSD was also observed for sample 13 (17.48%) and could 

be attributed to the third injection of this sample as well. In these analyses, fructose 

responses were decreased by 20-35% relative to responses observed for the first two 

injections of either sample. Neither data point met the requisite condition to be identified 

as an outlier according to a Q test at the 90% confidence interval for 3 observations. 

However, this statistical outcome was likely biased by the small sample size. Calculated 

values of Qobserved for the third injections of samples 13 and 14 were 0.66 and 0.75, 

respectively, which would have been sufficient to identify these data points as outliers if 5 

and 4 observations, respectively, had been made. Additionally, RSD values for fructose in 
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samples 15 and 16 at Site 3, which were analyzed immediately after samples 13 and 14, 

were more reasonable (9.68% and 2.50%, respectively). 

The approach for evaluating reproducibility of the HPAE-PAD method involved 

comparison of mean sugar concentrations determined at each test site.  Mean 

concentrations of detected sugars in each sample are reported in Table 4.4. In 46 of 53 

test cases, single-factor ANOVA analysis (α = 0.05) indicated that mean concentrations of 

a given sugar in a given sample were statistically different between test sites. However, 

the mean and median coefficients of variation for these data (reported as CV in column 5 

of Table 3) were less than 10% for all sugars except fructose. Although careful inspection 

of fructose data in Table 4.4 suggests high bias at Site 2, it is important to recognize that 

fructose concentrations were relatively low compared to most other sugars (a similar 

situation exists for galactose), causing even small differences in measured concentrations 

to result in substantial increases in calculated CV values. The largest absolute difference 

in mean fructose concentrations between test sites was only 2.2 g/L, corresponding to the 

maximum CV reported in Table 4.3. The largest absolute differences for the remaining 

three samples that contained fructose were all less than 1 g/L. The magnitude of these 

differences is, in all cases, smaller than most absolute differences between mean glucose 

or xylose levels between test sites in samples containing higher concentrations of these 

analytes. 

A visual site-to-site comparison of mean concentration data for glucose, xylose, 

and arabinose is provided in Figure 4.3, where data are grouped in Q-Q plots. Analogous 

plots were not constructed for galactose and fructose due to the limited concentration 

ranges observed for these analytes (Table 4.3).  Ideally, plotted data would follow the line 
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- - - 1.256(1) 0.888(2) - - - 
- - - 1.558(3) 0.989(2) - - - 

- - - 1.24(4) 0.85(6) - - - 
- 0.14(1) 0.076(2) 1.281(9) 0.787(7) - - - 

   

Sample 2 
  

- - - 1.350(4) 0.845(1) - - - 
- - - 1.484(2) 0.865(2) - - - 

- - - 1.340(7) 0.77(2) - - - 

- 0.076(3) 0.051(2) 1.348(6) 0.702(3) - - - 

 

- - - 1.642(4) 0.868(1) - - - 

- - - 2.052(2) 1.005(2) - - - 

- - - 1.677(7) 0.73(2) - - - 

- 0.075(3) 0.057(4) 1.720(4) 0.731(3) - - - 

 
- - - 1.50(1) 1.08(1) - - - 

- - - 1.270(2) 0.83(2) - - - 

- - - 1.45(4) 0.99(3) - - - 

- 0.129(2) 0.081(1) 1.523(1) 0.939(3) - - - 

 

- - - 10.3(1) 82.5(3) - - - 

- - - 10.7(2) 83.4(7) - - - 

- - - 9.5(2) 83.2(4) - - - 

- 9.1(1) 4.925(8) 9.62(5) 75.8(5) - 1.3(2) 1.66(2) 

  Sample 8    
- - - 19.4(2) 73.7(4) - - - 
- - - 20.8(2) 74.6(2) - - - 

- - - 18.6(2) 80.4(8) - - - 

- 9.2(3) 4.2(1) 17.1(2) 64.7(6) - - 1.1(3) 

 

Table 4.4 Comparison of analyte concentration found by each test site from twenety-one samples of 

opportunity, with the industry accepted test method HPLC-RI with Pb
2+ 

column. Values in parenthesis 
represent one standard deviation in the least significant digit. 

 
Sample 1 

sucrose arabinose galactose glucose xylose Mannose fructose cellobiose 

  g/L g/L g/L g/L g/L g/L g/L g/L   

Site 1 

Site 2 
Site 3 

Pb2+ 

 
 

Site 1 

Site 2 

Site 3 
Pb2+ 

  Sample 3   

Site 1 

Site 2 
Site 3 

Pb2+ 

  Sample 4   

Site 1 

Site 2 

Site 3 

Pb2+ 

  Sample 5   

Site 1 

Site 2 
Site 3 

Pb2+ 

- 11.0(1) - 25.3(2) 80.5(5) - - - 

- 10.81(1) - 27.3(1) 80.86(7) - - - 

- 11.3(5) - 24.8(5) 78.0(5) - - - 

- 12.5(2) 5.9(3) 24.31(9) 74.2(4) - 4.2(2) 2.55(2) 

  Sample 6   

Site 1 - 4.9(1) 2.29(5) 4.83(9) 32.3(7) a - - - 
Site 2 - 4.11(4) 2.08(2) 4.51(6) 29.0(5) a - - - 

Site 3 - 4.4(2) 2.10(8) 4.1(1) 35.5(8)a
 - - - 

Pb2+ - 5.19(1) 2.51(8) 4.9(1) 34.0(2) - - 0.96(7) 

  Sample 7   

Site 1 

Site 2 
Site 3 

Pb2+ 

 
Site 1 

Site 2 

Site 3 

Pb2+ 
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- - - 30.7(6) 70(1) - - - 
- - - 28.46(6) 69.71(5) - - - 

- - - 24.1(9) 70.0(8) - - - 

- 10.54(8) 5.51(5) 23.9(2) 60.8(1) - - 0.25(5) 

 

- 4.9(1) - - 7.8(1) - - - 

- 4.58(2) - - 7.34(4) - - - 

- 4.8(1) - - 7.2(2) - - - 

- 5.45(1) 3.06(3) 1.64(1) 7.172(4) - - - 

 
 

- 6.4(1) 
 

2.89(1) 
 

- 34.5(3) a 

 

- - - 

- 6.3(1) 3.0(1) - 36.0(4) a - - - 

- 6.4(2) 2.77(9) - 40.4(4) a - - - 

- 7.08(2) 3.900(6) 2.90(1) 39.52(2) - - 

 

Sample 9 

sucrose arabinose galactose glucose xylose Mannose fructose cellobiose 

  g/L g/L g/L g/L g/L g/L g/L g/L   
 

 

Site 1 

Site 2 
Site 3 

Pb2+ 

 

  Sample 10   

Site 1 - 4.7(1) 2.34(3) 5.65(3) 28.0(3) a - - - 

Site 2 - 4.88(3) 2.58(4) 6.18(4) 29.9(1) a - - - 

Site 3 - 4.5(2) 2.11(4) 4.91(7) 33(1) a - - - 

Pb2+ - 4.90(8) 2.60(1) 5.01(3) 30.48(2) - - - 

 Sample 11   

Site 1 - - - 11.0(1) 68.6(4) - - - 
Site 2 - - - 11.89(7) 72.7(5) - - - 

Site 3 - - - 10.0(3) 77(4) - - - 

Pb2+ - 8.16(5) 4.83(6) 10.3(1) 64.30(6) - - - 

 Sample 12   
Site 1 - - - 17.6(1) 55.9(4) - - - 
Site 2 - - - 18.9(1) 55.8(2) - - - 

Site 3 - - - 18(1) 64(4) - - - 

Pb2+ - 8.11(6) 4.10(2) 16.27(9) 50.71(9) - - - 

 Sample 13   
Site 1 - 5.93(1) 2.63(2) 13.603(2) 37.1(3) a - 2.5(2) - 

Site 2 - 5.65(1) 2.65(1) 14.18(7) 36.94(5) a - 2.89(6) - 
Site 3 - 5.4(2) 2.250(3) 12.28(2) 40.9(4) a - 2.3(5) - 

Pb2+ - 6.30(4) 3.33(1) 13.36(9) 41.82(4) - 2.22(2) 1.26(2) 

 Sample 14   
Site 1 - 5.75(9) 2.58(8) 13.3(3) 36.1(9) a - 2.33(7) - 

Site 2 - 6.2(2) 2.96(9) 15.5(4) 39.9(8) a - 3.3(1) - 

Site 3 - 5.41(8) 2.29(5) 12.7(1) 41.8(9) a - 2.3(5) - 

Pb2+ - 6.534(4) 3.430(8) 13.61(6) 43.06(1) - 2.334(7) 1.28(6) 

 Sample 15   
Site 1 - 5.97(7) 2.64(2) 13.6(1) 37.0(4) a - 2.45(4) - 

Site 2 - 6.09(2) 2.90(2) 15.28(8) 39.4(2) a - 3.20(4) - 

Site 3 - 5.6(2) 2.3(1) 13.0(5) 43(2) a - 2.39(6) - 

Pb2+ - 6.69(3) 3.50(3) 13.96(2) 44.287(7) - 2.36(4) 1.2(2) 

 Sample 16   
Site 1 - 5.59(9) 2.50(3) 43.9(8) a 38.3(7) a - 2.58(1) - 
Site 2 - 5.78(3) 2.70(5) 51.8(6) a 39.9(4) a - 3.8(1) - 

Site 3 - 5.05(5) 2.07(7) 54(2) a 41(3) a - 1.6(2) - 

Pb2+ - 6.56(1) 3.62(3) 62.91(1) 42.6(5) - 2.30(1) - 

  Sample 17   

Site 1 

Site 2 

Site 3 

Pb2+ 

  Sample 18   
 

Site 1 

Site 2 

Site 3 

Pb2+ 
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- 5.64(1) 
 

2.54(2) 
 

- 22.4(1) a 

 

- - - 
- 5.9(4) 2.744(2) - 23.1(6) a - - - 

- 5.7(2) 2.3(1) - 24(1) a - - - 

- 6.41(1) 3.59(1) 2.11(1) 23.00(1) - - - 

 

Sample 19 

sucrose arabinose galactose glucose xylose Mannose fructose cellobiose 

  g/L g/L g/L g/L g/L g/L g/L g/L   
 
 

Site 1 

Site 2 
Site 3 
Pb2+ 

  Sample 20   

Site 1 Site 1 4.94(6) - - 9.2(2) - - - 

Site 2 Site 2 4.39(8) - - 8.1(2) - - - 

Site 3 Site 3 5.0(3) - - 8.8(4) - - - 

Pb2+ - 5.49(1) 3.04(1) 1.73(1) 8.44(2) - - - 

   Sample 21   
Site 1 - - - 30.0(6) 90(1) - - - 
Site 2 - - - 31.8(1) 93.4(2) - - - 

Site 3 - - - 33.2(7) 89(2) - - - 

Pb2+ - - - 26.77(4) 82.4(1) - - - 

- Either not detected or below level of quantitation 
a 
Above the calibration range 

 
 
 
 

y = x (i.e., the solid lines of unit slope in Figure 4.3), suggesting that mean concentrations 

determined at the two sites being compared belong to the same statistical population. A 

Student’s t test at the 95% confidence level was performed on each data point to assess 

whether mean concentrations were statistically different between sites. Open squares in 

Figure 4.3 delineate test cases where the null hypothesis was rejected. Dashed lines in 

Figure 4.3 represent least-squares regressions of data in each plot. The slope of each 

regression line, which was forced through zero in all cases, provides a measure of 

dispersion between data sets. That is, the magnitude and direction of each slope’s 

deviation from unity was interpreted as an indicator of potential bias. The majority of 

slopes in Figure 4.3 are reasonably close to unity, demonstrating good site-to-site 

reproducibility for tested HPAE-PAD methodology. However, Q-Q plots for glucose 

generally show increasing positive bias at Site 2, relative to Sites 1 and 3, with increasing 

glucose concentrations.  An explanation for this behavior is presently unknown, but the 
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absence of a consistent trend for all sugars likely excludes the possibility that differences 

in sample preparation or instrumental injection were responsible for the observed trend. 

Q-Q plots comparing mean concentrations of glucose, xylose, and arabinose resulting 

from HPLC-RI analyses with those determined via HPAE-PAD are shown in Figure 4.4. 

Recall that these analyses were performed by a single analyst at Site 1. Although data for 

all sugars in Figure 4.3 generally follow the expected linear trend (y = x), noticeable 

positive and negative deviations from unity were observed in the slopes of least-squares 

regression lines, indicating potential bias between methods. Since RI is a universal 

detector, the presence of co-eluting compounds could cause RI data to be erroneous in 

either direction, depending on the relative refractive indices of the analyte and unknown, 

co-eluting contaminant. 

Careful inspection of data in Table 4.4 clearly supports the presence of co-eluting 

interferences when HPLC-RI was used to interrogate samples analyzed in this study. For 

example, a measurable response was observed at the retention time corresponding to 

elution of arabinose in 20 samples when HPLC-RI was utilized. In contrast, HPAE-PAD 

analyses confirmed the presence of arabinose in only 11 samples. In the 9 samples where 

“arabinose” was detected by HPLC-RI but undetected by HPAE-PAD analysis, calculated 

concentrations were as high as 12.5 g/L and well above the detection threshold for both 

methods even after sample dilution. Thus, the frequency of false positives for arabinose 

was 45% when HPLC-RI was utilized in this particular study.  False positives in HPLC-RI 

data were also observed for galactose, glucose, fructose, and cellobiose at frequencies of 

60%,  19%,  10%,  and  35%,  respectively. While all analytes except cellobiose were 
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Figure 4.3 Comparative site to site analysis of select carbohydrate (Glucose A - C, Xylose D – F, Arabinose G - I). The solid line represent identical 

results representative of s slope of 1, the dash line shows the deviation from identical results, with a slope greater than or less than 1. The total number of 

points (n) plotted for each carbohydrate glucose, xylose, and arabinose are n=16, n=13, and n=11 representatively. Solid points indicate no significant 

different between means, while open points do. 
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observed by both methods in at least 4 samples, cellobiose was undetected in all samples 

analyzed via HPAE-PAD in the present study. This observation raises an  obvious 

question as to the validity of previous reports noting the presence of cellobiose in similar 

sample types 
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Figure 4.4 Comparative analysis of means resulting from HPLC-RI and HPAE-PAD from Site 1 for 

carbohydrates glucose, xylose, and arabinose (panels A, B and C respectively) 
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The Effect of Continued Analysis on Column Performance 

 
A final set of experiments was performed to assess stability of the CarboPac 

SA10 stationary phase under conditions of continuous operation. Twenty-one 

opportunistic samples (Table 4.1) were analyzed in a repeat loop over one hundred 

injections. Glucose was present above the instrumental detection limit in all samples and 

therefore used to monitor changes in chromatographic retention over time. As shown in 

Figure 4.5A, continuous sample injections resulted in a steady decrease in glucose 

retention time (tr = 3.8%). Retention time shifts for analytes eluting earlier or later than 

glucose in the chromatogram were comparatively smaller and larger, respectively (i.e., the 

peaks gradually collapsed toward shorter retention times). Although significant changes 

in resolution of a given band pair were not observed over the limited evaluation period 

presented here, decreases in chromatographic performance over time are not uncommon 

when complex samples are continuously analyzed. The rate and extent of deterioration of 

various measures of chromatographic efficiency are expected to vary by application. 

The stability experiment described above was subsequently modified to include a 

wash/re-equilibration cycle after every 10
th 

sample injection. The wash step involved 

flushing the column with 100 mM NaOH for 30 minutes. The column was then flushed 

with 1 mM NaOH for an additional 30 minutes prior to resuming sample analysis. Flow 

rate during the wash/re-equilibration cycle was identical to that used when samples were 

being analyzed (i.e., 1.5 mL/min). As shown in Figure 4.5B, addition of the wash/re- 

equilibration cycle greatly improved stability of glucose retention times. This experiment 

was ultimately carried out over five days, and the variation in intra-day retention times for 

all  analytes  ranged  from  0.21–0.73%.     Inter-day  variation  was  only  marginally 
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increased, ranging from 0.35–1.2%. These data indicate that periodic washing of the 

CarboPac SA10 column is required for long-term stability. It should be noted that the 

wash/re-equilibration cycle described above effectively doubled analysis time. However, 

conditions were not optimized in the present study and could likely be tailored to 

minimize run time for a given application (i.e., the wash frequency, concentration of 

NaOH, and duration of wash/re-equilibration steps in the cycle could all be manipulated to 

improve efficiency with respect to run time). 
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Figure 4.5, The relative percent change of retention time of 100 consecutive injections of opportunistic 

biomass process samples. The percent change of retention time without washing Panel A and with washing 

Panel B. The point at which the column was washed in panel B are indicated by vertical dashed lines. 
 

 
 
 

Summary and Conclusions 

 
A novel method for carbohydrate analysis in biofuels samples was evaluated, 

utilizing the CarboPac SA10 stationary phase in combination with a low-volume sample 

injector and high-volume electrochemical flow cell.   Chromatographic efficiency of the 
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CarboPac SA10 column was found to be comparable to that observed previously for a 

carbonate-modified CarboPac PA20 column and superior to the Shodex Sugar SP0810 

column, in terms of both resolution and run time. The combined effect of the low-volume 

sample injector and high-volume flow cell minimized the dilution requirement for analysis 

of representative biofuels research samples with PAD. Least-squares regression of 

calibration data supported that the analytical response of the high-volume PAD was 

approximately linear for all analytes between 0.2 and 2.4 g/L, and calibration sensitivities 

for each analyte were generally observed to be similar between laboratories. 

Concentrations exceeding 2.4 g/L resulted in increasingly negative deviations from linear 

behavior. At concentrations below 0.2 g/L, analytical responses for all analytes were 

sufficiently erratic to prohibit reliable quantitative determinations. Statistical comparisons 

of sugar concentrations resulting from triplicate analyses of 21 representative biofuels 

research samples at three independent laboratories indicated that the tested HPAE-PAD 

approach offers excellent-to-good intra-lab repeatability (i.e., precision) and inter-lab 

reproducibility. Reasonable agreement was also observed between sugar concentrations 

determined via  HPAE-PAD and  those determined by the  currently accepted industry 

method (i.e., HPLC-RI). However, the HPAE-PAD approach offers a significant 

advantage over HPLC-RI in that PAD significantly reduces the likelihood of false- 

positives. Repetitive analysis of biofuels research samples caused a slow, yet persistent, 

decrease in chromatographic efficiency (measured as retention). However, a recurring 

wash/re-equilibration cycle may be instituted to maintain chromatographic performance 

under conditions of continued operation. 
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CHAPTER FIVE 
 

Potential Directions for Future Work 
 

 
 

Introduction 

 
Inevitably, during the course of research a number of additional questions arose in 

regards to other aspects of biofuels research which did not related to method development 

or compositional analysis of these sample types. While many questions were asked, the 

three chosen  for potential future work were done so for their potential influence on 

biomass analysis or overall understanding of total sugars available. Those questions are: 

1) Can Aqueous Extracts be fermented? 

 
2) Can an In-line SPE clean-up step be utilized for biofuel sample preparation? 

 
3) Can oligomeric sugars be quantitated by HPAEC-CAD? 

 

 
Discussed below are the relative importance of each question and proposed 

experiments and system configurations suggested to answer these questions, and follow- 

up questions. Presented herein are some exact details on how to perform these works, 

however the following is intended as a guide on how to start the proposed work, rather 

than suggest all the solutions to potential issues that may arise. 

 
Fermentation of Water-soluble Extractives and its Effect on Ethanol Yields 

 
Research previously reported by this laboratory detailed the first compositional 

analyses of water-soluble materials in representative corn stover,10 switchgrass 11 and 

sorghum biomass for these potential biomass feedstocks. One finding of particular interest 

was  that  water-soluble,  fermentable  sugars  (primarily  glucose,  fructose,  and  sucrose) 
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represent up to 17% and 13% of the dry weight of corn stover and switchgrass materials, 

and up to 29% of the dry weight of sorghum (chapter 3). These sugars are not currently 

quantified in typical macrocomponent analyses of potential biofuel feedstocks. 

Additionally, an oligomeric carbohydrates fraction was found to make up to 62% of the 

water-soluble extractives in sorghum (Chapter 3). Thus, an obvious question arises in 

terms of the net effect that sugars present in the extractable fraction of biomass may have 

on overall ethanol yields in biomass conversion. Detailed below are the experimental 

paradigms to explore the potential impact of water-soluble extractives on potential ethanol 

yield. Are water-soluble extractives fermentable? What are the effects of water-soluble 

materials on fermentation of pretreated biomass during SSF? Additionally can oligomeric, 

which have the potential to significantly increase the overall ethanol, be reduced to 

monomeric sugars and fermented. To study the effect of extractives on ethanol yield 

resulting from simultaneous saccharification and fermentation three bench-scale 

conversion paradigms were developed. 

The following paradigms represent the industry practiced method for feedstock 

conversion to ethanol (Paradigm 3) and slight variations of this practice to answer the 

above questions. Paradigm 1 reflects the current industry practice of removing the water- 

soluble material before hydrolysis and fermentation of the feedstock. However, in this 

paradigm instead of discarding the extractives, they will be fermented independent of 

hydrolysate (Figure 5.1). This paradigm is intended to address two questions directly: 1) 

Are extractive fermentable and 2) can oligomeric sugars be fermented? In addition, the 

data from the independent fermentation of the hydrolysate and solid residue will be used 
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with that from paradigm 3 to assess the inhibitory affect of water-soluble extractive on 

fermentation, if any. 

Preparation methods of the hydrolysate and the extraction of water-soluble 

materials are discussed in the “Generation of Aqueous Extracts and Hydrolysates” section 

of Chapter 2. Once extractive are removed hydrolysis of the remaining solid and its 

subsequent fermentation as well as the fermentation of the extract will follow the method 

describe by NREL LAP “SSF Experimental Protocols: Lignocellulosic Biomass 

Hydrolysis and Fermentation.” 82 Detailed experimental instructions can be found within 

afore mentioned procedure, not included here due to length. This document is 

continuously updated by NREL with current best practices for this method and should be 

referred to prior to starting these experiments. In short, water-soluble materials are 

removed from the feedstock via accelerated solvent extraction (ASE) utilizing water at 

 

 
 

 
 

Figure 5.1 A visual representation of Paradigm 1 the independent fermentation of water-soluble materials 

and hydrolysate with solids residue. 
 
 
 
 

100 °C.  The residual feedstock will be subsequently pretreated with dilute acid (0.07% 

H2SO4,  195  °C,  25  min). Both  the  produced  and  the  initial  aqueous  extract  will 
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independently fermented by SSF. Approximately 2 mL aliquots will be taken at time 0 

min, 30 min, followed by 1, 2, 3, 4, 5, 6, 12, 24, 48, 72, 96, and 120 hour time points and 

stored at 4 °C or lower until prepared for analysis. Analysis of generated fermentation 

samples will be discussed below. 

Paradigm 2 will be used to examine the inhibitory affect, if any, of extractives on 

the fermentation of hydrolysate and solid residue. Following paradigm 1 water-soluble 

extracts are removed prior to the hydrolysis of the remaining solids, however, prior to 

fermentation the extractives are reintroduced to the hydrolysate. The addition of 

extractive to the hydrolysate and residue should be done after the pH adjustment step. 

Once the extractive and hydrolysate and solid residue are combined the fermentation 

procedure discussed in Paradigm 1 should be utilized. 

 

 
 

 
 

Figure 5.2 A visual representation of paradigm #2 the fermentation of combined water-soluble materials and 

hydrolysate with solids residue 
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Paradigm 3 is the fermentation of feedstock with water-soluble material not 

extracted prior to pretreatment. The data from this paradigm will be compared to that 

from paradigm 1 to examine the overall affect of water-soluble materials on fermentation. 

Hydrolysis of feedstock for this paradigm will follow that discussed previously but be 

conducted without the prior extraction of water-soluble materials. This data will be 

compared against the hydrolysate fraction from paradigm 1. 

 
 
 

 
Figure 5.3 Paradigm #3 for the fermentation of hydrolysate and solids residue without prior removal of 
water-soluble materials. 

 

 
 
 

Each of the time samples pulled will need to be analyzed for ethanol, 

monosaccharides, and qualitatively monitor oligosaccharides. Although this is a bench- 

scale test using one possible two feedstocks the number of samples needing to be analyzed 

is quite large, 56 total samples analyzed in triplicate using three different methods. 

Glucose and ethanol quantitation could be performed utilizing a Bio-Rad fermentation 

column with RI detection,although monitoring of ethanol can also be performed by GC 

analysis. Monosaccharides and sucrose quantitation could utilize the Thermofisher 

CarboPac SA10 column with Pulsed Amperiometric detection utilizing the method 

discussed in Chapter 4 “HPAE-PAD Analysis.” Qualitative monitoring of oligosaccharide 

should utilize the ThermoFisher CarboPac PA100 column with Pulsed Amperiometeric 
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detection. While the above techniques are recommended, up to date or current best 

practice methods should be utilized, if possible. 

 
In-line Sample Clean-up for Biofuel Sample Preparation 

 
As described in chapters one and two, anion-exchange chromatography can be 

utilized to rapidly analyze carbohydrates by HPAEC-PAD for biomass analysis, however 

these samples contain compounds which compete or irreversibly bind to anion-exchange 

sites. A method to remove the compounds, detailed in chapter two, utilized off-line SPE 

with an SAX column to improve column stability. While this method is effective, it is 

typically performed manually and in in turn can be a laborious task, requiring extensive 

sample handling time, leading to reproducibility concerns. Automated SPE technologies 

are commercially available but are typically expensive, limiting their use to high- 

throughput industrial settings. On-line SPE represents a cost-effective alternative  to 

robotic automation. However, it has been shown that placing a pre-column prior to the 

guard and analytical column can be used to remove unwanted compounds before analysis. 

84    Inspired by previous works it was then proposed to develop a pre-column for use with 

carbohydrates. 

Published literature on in-line SPE are setup so the pre-column could be placed in 

the eluent stream; however there are several considerations for the use of a pre-column for 

anion-exchange chromatography. The analysis of carbohydrates by anion-exchange uses a 

sodium hydroxide mobile phase which ionizes the carbohydrates when introduced. Since 

an anion-exchange resin is necessary for sample clean-up, the pre-column if placed into 

the eluent stream, will sequester the carbohydrates. To prevent this, the sample must pass 

through the pre-column before being introduced to the basic eluent.  While it would be 
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possible to develop this method using an additional pump and 6-port valves, it was a goal 

to limit additional equipment costs. With these conditions in mind, Figure 5.4 illustrates 

the placement of the anion-exchange pre-column. It is proposed that the pre-column be 

placed between the sampling needle and the autosampler 6-port valve. In this 

configuration, the sample can be introduced to and eluted from the pre-column by water 

into the sample loop, prior to injection into the sodium hydroxide eluent. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 envisioned autosampler plumbing diagram and SAX column placement 
 

 
 

Placement of the pre-column during the sample injection system raises additional 

challenge: back pressure. Pre-packed commercials column typically cause a system back 

pressure of 200 – 250 psi. The sample syringe pump has an upper psi limit of 100 psi, 

which eliminates the use of commercially available pre-columns. Overcoming this 

limitation requires the creation of a short lab made column, packed with commercially 

available SAX packing. Commercially available pre-column are slurry packed under high 

pressure to reduce air pockets which could lead to shifting of the packing, changing the 

overall column performance. However, the pre-column in this case is utilized only to 

remove unwanted compounds and not for separation, much like a traditional SPE, and can 

be less tightly packed.   Therefore a simple slurry packing technique could be used to 

produce a pre-column with sufficient capacity to remove unwanted compounds while 
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allowing the carbohydrates to pass. A simple pre-column could be produced by adding 

the SAX packing to ethanol. Using a slight vacuum on the column to be packed, the slurry 

can be added until the column is filled, as shown in figure 5.5. 

 

 
 
 

Frit 

Column 

(3 mm x 30 mm) 
 

Rubber stopper with 

¼” DIA hole 
 

Vacuum 
 
 
 
 
 
 
 
 
 

Figure 5.5 Envisioned In-Line column packing apparatus 
 

 
 
 

Outlined above are some of the anticipated critical issues and a proposed way to 

overcome each one. In addition are further questions which will need to be investigated 

once the above challenges are overcome: 

 
1) Will the column packing procedure produce a backpressure of less-than 100 

psi? 
 

2) Will the carbohydrate elution profile be reproducible for all columns made? 
 

3) What is the volume of eluent needed to elute sugars from the on-line SPE? 
 

4) Will sample clean up by on-line SPE be significantly different from traditional 

off-line methods? 
 

5) Will on-line SPE cause significant changes to analyte retention time vs off-line 

SPE? 
 

6) What simple and inexpensive indicator will be used to identify when SPE needs 

to be replaced? 
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Quantitation of Sugar Oligomers by HPAEC-CAD 

 
In recent years, there has been a renewed focus on the use of lignocellulosic 

biomass as a feedstock to produce ethanol as a renewable alternative to fossil fuels. While 

there is already a starch-to-ethanol industry in place in the U.S., the Energy Independence 

and Security Act of 2007 limited the amount of corn for this purpose, and also mandated 

lignocellulosic biomass as an alternant source for ethanol production. However, the 

lignocelluloses-to-ethanol industry is just emerging and its success ultimately tied to 

detailed knowledge of feedstock chemical composition, most significantly overall sugar 

equivalence. Sugars in these feedstocks are found in both their monomeric forms and as 

oligomeric chains of glucose, xylose, and fructose in increasing degrees of polymerization 

(D.P.). While recent developments, such as the Dionex CarboPac SA10, have allowed 

researchers to quickly analyze feedstocks for monosaccharides and sucrose in ~7 minutes, 

oligomeric sugar analysis is time and labor intensive. A direct analysis and quantitation of 

oligomeric sugars is challenging since standards for oligomers are either not available, or 

available for very few monomers with standards available up to D.P. 7 in select cases. 

Quantization of a feedstock oligomer content is typically performed utilizing a 

quantitative saccharification (QS) procedure. The QS procedure is a two-step hydrolysis in 

which the oligomers are hydrolyzed to their respective monomers. This hydrolysis will 

also degrade a varying percent of the monomers to their associated monomer degradation 

products. A series of sugar recovery standards are also run in parallel to correct for this 

degradation. Then utilizing the determined correction factors, oligomer content is 

estimated. In an effort to improve oligomeric sugar quantitation and eliminate the time 

and expense of determining oligomeric sugar content, a new analytical approach in which 
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oligomers could be measured directly is needed. Ideally, for direct measurement of 

oligomeric sugars a detector with uniform detection that also has a large linear range (>2 

orders of magnitude) is required. 

 

 

400 

350 

300 

250 

200 

150 

100 

50 

0 

 
 
 
 
 
 

 
Figure 5.6 Comparison of response factors of carbohydrates ranging from D.P. 1 through 9. 

 

 
 
 

Currently a method already exists for the separation of oligmers by anion- 

exchange utilizing a Dionex CarboPac PA100 by HPAEC-PAD. However, the non- 

uniform response of the PAD and the absence of standards make direct measurement 

unreliable. The Charge Aerosol Detection (CAD) is the ideal candidate for the direct 

measurement of oligomer sugars. The CAD provides a uniform response to nonvolatile 

analytes independent of their nature, which allows for the use of another compound to 

produce an external calibration curve for quantitation. The CAD also provides a 4 order 

of magnitude linear range, for monosaccharides, and could potentially reduce the need for 

multiple sample dilutions and analysis time. The one caveat when using HPAEC-CAD 

for the measurement of  oligomers  is the basic  mobile phase utilized to separate the 
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H
2
O

 

oligomers. This would cause a decrease in sensitivity and/or interfere with the ionization 

of the oligomeric sugars. The use of an anion self-regenerating suppressor (ASRS) after 

the analytical column prior to the CAD would remove Na
+ 

ions, replacing them with H
+ 

ions forming an eluent composed mainly of H2O. With this setup, it is believed the 

accurate measurement of oligomeric sugars is achievable. 
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Figure 5.7 Representative instrument configuration for the quantitation of oligomeric sugars by HPAEC- 

CAD. 
 

Future experimentation should initially verify that a sodium hydroxide eluent is 

fully suppressed utilizing an anion suppressor. While methods reported in chapters 2 and 

4 reported the use of 1 mM NaOH eluent, the method used to separate oligosaccharides 

utilizes a 100 mM NaOH from 0.00 to 5.00 min then a linear ramp to 100 mM NaOH 

with 0.5 M NaOAc eluent gradient from 5.00 to 90.00 minutes at 1.0 mL/min flow rate. 55 

There is the potential that the high concentration of Na
+ 

may not be fully suppressed using 

 
the anion suppressor, and a desalter may need to be used in conjunction with/or instead of 

the suppressor. Effective placement of the desalter would also need to be determined. 

Once completed, further testing will need to be conducted to investigate the use of CAD 

for quantitation of oligomeric sugars. 
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