
 
 
 
 
 
 
 
 

ABSTRACT 
 

Identification and Quantitation of Potential Fermentation Inhibitors in Biomass 
Pretreatment Hydrolysates Using High Performance Liquid Chromatography in 

Combination with Ultraviolet Detection and Tandem Mass Spectrometry 
 

Lekh Nath Sharma, Ph.D. 
 

Mentor: C. Kevin Chambliss, Ph.D. 
 
 

Conversion of lignocellulosic biomass to ethanol involves pretreatment of 

biomass materials to increase the accessibility of carbohydrates in lignocellulose for 

enzymatic hydrolysis prior to ethanol fermentation.  The pretreatment hydrolysate 

contains not only cellulose and fermentable sugars but also a wide variety of degradation 

products, such as aliphatic and aromatic acids, aromatic aldehydes, and phenols.  These 

degradation products exert an inhibitory effect on downstream microbial processes, 

reducing the overall efficiency for bioconversion of lignocellulosic materials to ethanol.  

Therefore, development of a reliable quantitative analysis method for individual 

degradation products is critical in order to advance a more fundamental understanding of 

lignocellulose pretreatment as well as subsequent microbial processes. 

Various analytical techniques have been applied to analyze degradation products 

in hydrolysates, such as gas chromatography-mass spectrometry (GC-MS), GC-flame 

ionization detection (GC-FID), and liquid chromatography (LC) with ultraviolet (UV) or 

refractive index (RI) detection.  Difficulties in derivatizing samples of unknown 



composition for GC methods and incomplete analyte resolution in LC experiments have 

caused researchers to typically employ LC methods targeting a limited group of analytes 

(e.g., a single analyte class) in quantitative work.  To address these limitations, we have 

developed an improved high performance liquid chromatography (HPLC) method 

utilizing photodiode array (PDA) and tandem mass spectrometry (MS/MS) detection.  

The novel HPLC-PDA-MS/MS method enables simultaneous identification and 

quantitation of 40 degradation products in hydrolysate samples in a single, 60-minute run. 

Because a unique MS/MS transition is monitored for 37 of 40 target analytes, this 

approach essentially alleviates resolution limitations of our previous HPLC-UV 

approach.  Upon successful development of the method, it was further applied to analyze 

various biomass pretreatment samples. 

Even though coeluting components do not interfere with the detection of analytes 

using LC-ESI-MS/MS, they can significantly influence the ionization efficiency of 

analytes at the ionization source.  Thus, a series of experiments was conducted to 

evaluate the influence of matrix interference on quantitation of degradation products.  A 

simplified matrix-spiking approach was investigated and validated for the quantitation of 

degradation products using LC-ESI-MS/MS methods, which eliminates the necessity of 

employing labor intensive, multipoint standard addition experiments to compensate for 

matrix interferences during quantitative analysis. 
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CHAPTER ONE 
 

Analytical Monitoring of Pretreatment and Hydrolysis Processes 
 
 

Introduction to Bioprocessing of Lignocellulosic Pretreatment Samples – An Analytical 
Perspective 

 
 Bioprocessing of lignocellulosic materials to produce ethanol has rapidly emerged 

at the frontier of energy and fuels research, largely as a result of diminishing fossil-fuel 

supplies.1-4  Essentially all bioprocess strategies under consideration for commercial-scale 

ethanol production consist of the following three steps: (1) pretreatment, (2) enzymatic 

hydrolysis, and (3) subsequent fermentation to produce ethanol.3-6 Pretreatment of 

lignocellulosic materials is designed to release sugars and improve the digestibility of 

cellulose.  However, a variety of degradation products are also formed during 

pretreatment, many of which are inhibitory and/or toxic to downstream enzymatic and/or 

microbial steps.3, 5, 7-9 Accordingly, comprehensive understanding and quantitation of 

potentially-fermentable sugars and degradation products formed during pretreatment and 

hydrolysis of lignocellulosic materials is paramount to optimizing production of ethanol 

from biomass.   

Quantitative monitoring of any bioprocess typically represents a challenging 

endeavor, especially considering the complexity of biological materials.  While some 

processes may require information on a single analyte, a quantitative mass balance is 

often necessary.  More importantly, such quantitative information can be irrelevant if the 

relationships between various analytes and process outcome is not realized.  As a result, 

extensive interdisciplinary collaborations can be required to develop bioprocess-
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monitoring schemes that inform on both the analytes present and their overall effect on 

process outcome.  

Ultimately (and regrettably), the rate-limiting step in development of useful 

bioprocess-monitoring strategies is often encountered in the laboratories of the analytical 

chemist.  In order to determine the relationship between various chemical components of 

a bioprocess and the outcome of that process, these components must first be identified.  

Only once they are identified is it possible to develop intuitive, hypothesis-driven 

experiments, which reveal underlying component/outcome relationships.  Again, once 

relationships are established, analytical technologies must either be employed or 

developed that are capable of effectively monitoring the bioprocess in real time (i.e., 

online monitoring).  By nature of their constant and long term use, online monitoring 

techniques must be automated, robust, sensitive, and inexpensive.  An ideal online-

monitoring approach would also be able to provide high information density while 

minimizing the ambiguity of analyte identification.  That is, a single system to accurately 

monitor all bioprocess components of interest is preferable to multiple analysis steps.  As 

might be expected, analytical technologies capable of meeting all or even most of the 

above criteria for monitoring the pretreatment and hydrolysis of lignocellulosic materials 

are simply not available.  In fact, owing to the high complexity of biomass hydrolysates, 

even determining sample composition remains a challenge.10 

Current state-of-the-art for analytical monitoring of bioprocesses related to 

pretreatment and hydrolysis of lignocellulosic materials is typically restricted to off-line 

analyses. Compare, for example, the desired performance characteristics of an ideal 

analytical monitoring strategy that are currently met by online versus off-line analytical 
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techniques (Table 1.1).  Existing on-line monitoring techniques for pretreatment and 

hydrolysis of lignocellulosic materials are limited and only monitor the evolution of 

select monosaccharides and degradation products.11-13  Although efforts have been 

directed toward the development of rapid analyses using spectroscopy and chemometric 

models,14, 15 these methods have not been widely implemented in online approaches due 

to their lack of maturity and the variable nature of biomass hydrolysates.  Although off-

line techniques currently offer several advantages over an online approach (esp. in terms 

of information provided), accurately determining the composition of biomass 

hydrolysates remains a problem that is not straightforward.  This chapter will detail the 

major techniques utilized in the analysis of biomass samples resulting from pretreatment 

and hydrolysis of lignocellulosic materials along with the merits and disadvantages of 

each. 

 
Target Analytes Resulting from Pretreatment and Hydrolysis Processes 

 
A number of components inherent to biomass are released during pretreatment 

and hydrolysis including ash, lignin residue, and various inorganic salts.  With the 

exception of lignin residue, these components are typically assessed in biomass prior to 

pretreatment, thus outside the scope of the current discussion.  In addition, methods for 

assessing these components have been reviewed elsewhere.10, 16  Techniques described in 

this chapter primarily describe methods for monitoring those analytes that arise directly 

as a result of the decomposition of lignocellulosic material during pretreatment and 

hydrolysis.  The analytes discussed herein include both carbohydrates and degradation 

products occurring in lignocellulosic bioprocessing-pretreatment/hydrolysis streams. 
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Table 1.1. The relationship between current state-of-art for online and off-line 
monitoring techniques and the desired performance characteristics of an ideal 

analytical monitoring strategy. 
 

 
Ideal performance 

characterstics 

 
Current state of the art 

 
                  Off-line

 
     Online 

 
Rapid - X 

Robust X - 

Cost effective - - 

Information rich X - 

High sensitivity X - 

Specificity X - 

Full automation/control - - 

 

Renewable lignocellulosic materials such as corn stover, poplar wood, switch 

grass, sorghum, etc., represent sustainable biomass feedstocks with potential for 

economically viable ethanol production.  Lignocellulosic biomass is composed of 

cellulose (40-50%), hemicellulose (25-35%), and lignin (15-20%).  Cellulose is a 

polymer of β-1,4 linked glucose units and hemicellulose is a heteropolymer of hexose and 

pentose sugars.  These two components of lignocellulose (i.e., cellulose and 

hemicellulose) represent the origin of potentially-fermentable sugars that might be 

obtained during pretreatment and hydrolysis of a biomass feedstock.2, 3, 17, 18  Lignin, on 

the other hand, is composed predominantly of condensed, polymeric phenyl-propane 

units.  Chemical pretreatment and enzymatic hydrolysis processes (as outlined in Figure 

1.1) are aimed at converting a solid biomass feedstock into fermentable sugars.  
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However, numerous degradation products also result from these processes as the 

hemicellulose and lignin components of lignocellulose are broken down.  Hemicellulose 

is hydrolyzed to hexose and pentose sugars, which may be further degraded to weak 

organic acids and various furanic products.  The hydrolysis of lignin also results in a 

variety of aliphatic and aromatic degradation products.7, 8, 19-21   

 
 
 

Figure 1.1. Typical scheme for production of bioethanol from lignocellulosic biomass 
 

 
The amount of fermentable sugars available for bioethanol production, as well as 

the abundance and variety of degradation products produced during pretreatment depends 

largely on the relationship between feedstock and pretreatment conditions.  An ideal 

pretreatment and hydrolysis scheme will both maximize the production of fermentable 
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sugars and minimize potentially-harmful degradation products such that the overall cost 

of bioethanol is reduced.3, 5, 22, 23  Currently, while there are many different bioprocesses 

under development for the production of bioethanol, no single process has emerged as a 

superior technology.4, 20, 22-25  Accordingly, various pretreatment hydrolysates (i.e., the 

pretreated biomass sample), contain varying levels of solublized cellulose, sugars 

released during lignocellulose degradation, and numerous degradation products, which 

also vary as a function of feedstock and pretreatment severity.7-9, 26  Although many of 

these degradation products have the potential to be utilized as valueadded products,18, 27-29  

many are harmful to downstream enzymatic and microbial processes.7-9, 30-33  Thus, 

identification of these degradation products and basic understanding of their role in 

bioalcohol production is paramount to optimize biomass-to-ethanol conversion 

efficiencies.7, 9  

 
Detection Strategies 

 
The analytical techniques selected to monitor target analytes depend largely on 

the specific requirements of a given analysis.  Broadly, analytical detection can be 

divided into two schemes: universal and selective detection.  Both universal and selective 

detection schemes are viable options depending, respectively, on whether a discovery-

based or targeted analytical approach is desired.  Universal detectors, including low 

wavelength ultraviolet detection, refractive index (RI), thermal conductivity detection 

(TCD), flame ionization detection (FID) and evaporative light scattering detection 

(ELSD)  exhibit a response for all analytes containing specific physical or chemical 

properties.  For example, low-wavelength UV detectors will exhibit a response to any 

analyte containing a chromophore which absorbs light in the UV region.  On the other 
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hand, selective detection systems such as mass spectrometry (MS), pulsed amperometric 

detection (PAD), fluorescence spectroscopy, and conductometric detection techniques are 

capable of targeting properties which are specific to individual analytes.  Selective 

detection is most applicable in targeted analysis where sensitivity and analyte 

identification/verification are primary objectives.  However, selective detection may also 

be used to selectively detect only a specific compound class (e.g., PAD detection of 

carbohydrates).  Universal detection systems can be useful for both quantitative analysis 

as well as qualitative screening of samples having unknown composition.  

To compare and contrast the utility of both universal and selective detection 

techniques, analyses of a biomass hydrolysate by both UV and MS detection are provided 

in Figures 1.2 and 1.3.  Figure 1.2 contains chromatograms demonstrating analysis of a 

biomass hydrolysate resulting from dilute-acid pretreatment of a corn stover feedstock by 

high performance liquid chromatography with simultaneous ultraviolet spectroscopy and 

tandem mass spectrometry (HPLC-UV-MS/MS) detection.   Compared to the MS/MS-

derived chromatogram in Trace B, the UV chromatogram (Figure 1.2, Trace A) is 

relatively more complex, revealing a higher number of peaks.  These data reveal one of 

the properties inherent in universal detection strategies, that is, universal detection 

strategies may contain information content in addition to those selected for analysis 

(Figure 1.2, Trace A, as indicated by asterisk).  The higher information content of the UV 

chromatogram could be particularly useful if, for example, it was desired to close the full 

mass balance of the biomass sample.  As with most universal detection techniques, the  
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Figure 1.2. Selected retention window for the reverse-phase separation of degradation 
products from a corn-stover hydrolysate using: (A) Low-wavelength UV (210 nm) 
detection and (B) MS detection via selected reaction monitoring.  Peaks are identified as: 
(1) 3,4-dihydroxybenzoic acid, (2) 2,5-dihydroxybenzoic acid (3), 3,4-dihydroxybenzoic 
acid (4), Salicylic acid, and (5) 4-hydroxybenzaldehyde.   Eluted peaks denoted by 
asterisk (*) in the UV chromatogram are unknown peaks. 
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Figure 1.3.  Selected retention window for the reverse-phase separation of a standard 
solution containing aliphatic acids, aldehydes, and phenolic compounds using: (A) Low-
wavelength UV (210 nm) detection and (B) MS detection via selected reaction 
monitoring.  Peaks are identified as: (1) 4-hydroxyacetophenone, (2) Caffeic acid, (3) 
Syringic acid, (4) Vanillin, and (5) 4-hydroxybenzoic acid 
 

peak identification of the targeted analytes from UV detection relies only on the retention 

time.  Therefore quantitation can be challenging when multiple components are 

coeluting.   For example, peaks 2, 3, and 4 (Fig. 1.2, Trace A) all require the use of 
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complex deconvolution software to determine theoretical detector response in the absence 

of coeluting species. 

However, it is important to realize that analytes must be rigorously identified 

prior to quantitation by universal detection techniques. Definitive identification is 

difficult with UV detection but the inspection of UV responses at multiple wavelengths 

can provide important evidence for unambiguous identification of analytes.  This can also 

enable the assessment of peak purity.  The potential advantage of a selective detection 

approach for targeted analysis can be further realized from data contained in Figure 1.3, 

which shows a region of HPLC-UV-MS/MS chromatograms where multiple target 

components coelute (compound 2 coelutes with compound 3 and compound 4 coelutes 

with compound 5).  As can be seen from Figure 1.3, several low abundance analytes 

(peaks 3 and 4) remain undetected by UV detection (Trace A), but are clearly identified 

by tandem MS (Trace B) due to higher selectivity of MS/MS detection.  It is also 

important to note that even though peaks 3 and 4 were not observed by UV detection; the 

UV response of compounds 2 and 5 will still remain influenced by coeluting compounds 

3 and 4 respectively, thus introducing error into their quantitative analysis.  

Preparation of Biomass Hydrolysates for Analytical Characterization 

Prior to analysis, biomass hydrolysates typically require some degree of sample 

preparation before being introduced to analytical instrumentation.  Sample preparation is 

necessary to eliminate both soluble and insoluble materials that may interfere with a 

specified analysis.  The type and extent of sample preparation depends on both the 

sample matrix and analyte of interest, and usually involves some combination of dilution, 

filtration, extraction, and pre-fractionation.34-39  Analysis of carbohydrates present in 
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relatively cleaner samples can involve only dilution and filtration steps to prepare 

samples for analysis.34, 39  However, the complex matrices typically encountered in 

pretreatment and hydrolysis samples have dictated that additional preparative steps for 

carbohydrate analysis such as liquid-liquid extractions and extraction and pre-

fractionation on solid phase extraction (SPE) cartridges be employed.14, 40-45  Similarly, 

analysis of lignocellulosic degradation products is preceded by multiple preparative steps 

including dilution, precipitation and filtration (to remove insoluble solid materials, 

carbohydrates as well as bulky bio-polymers), and extraction of the target analytes with a 

suitable organic solvent such as methyl tert-butyl ether (MTBE),35, 37 methylene chloride, 

ethanol, or ethyl acetate.30, 31, 46, 47  Although an exhaustive description of the various 

preparation techniques that have been employed for analysis of carbohydrates and 

lignocellulosic degradations products is beyond the aim of this chapter, the reader is 

referred to the references discussed in each section for more detailed information.   

Analysis of Carbohydrates 

Several analytical methodologies may be employed to monitor carbohydrates 

existing in biomass hydrolysates.  These methodologies range from simple colorimetric 

assays to more advanced chromatographic techniques.  Selection of a specific technique 

will depend both on the technologies available to the practitioner and what information is 

required from the analysis.  For example, if the experimental objective is quantitation of 

glucose and the occurrence of other carbohydrates is irrelevant for a given scenario, the 

specificity of a simple enzymatic assay might be preferable over a more complex 

chromatographic approach.  Alternatively, some form of chromatography would be 

required for quantitation of individual carbohydrates. 
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A summary of the carbohydrates most frequently encountered in biomass 

hydrolysates is contained in Table 1.2.  Glucose, which originates from degradation of 

hemicellulose and cellulose during pretreatment, and more substantially from enzymatic 

hydrolysis of cellulose, is perhaps the most ubiquitous monomeric carbohydrate in 

contemporary bioethanol literature, owing to its well-studied conversion to ethanol via 

yeast fermentation.  However, many other monomeric carbohydrates are present in 

biomass hydrolysates as a result of hemicellulose hydrolysis, which occurs during 

chemical pretreatment.  In addition to monomeric sugars, many di- and oligosaccharides 

are formed during pretreatment, typically from incomplete enzymatic hydrolysis.48, 49  

Many of these additional carbohydrates (especially xylose) are substrates of various 

fermentation strategies including fermentation by alternative yeasts8, 32, 50, 51 and 

bacterias.8, 32, 52  Thus, techniques capable of quantifying the various carbohydrates 

present in a given biomass hydrolysate is paramount to realization of the full energy 

content of lignocellulosic materials.  

Colorimetric Carbohydrate Analysis 

Colorimetric assays are relatively simple methodologies which may be utilized to 

monitor carbohydrates formed during hydrolysis of lignocellulosic materials.  These 

assays provide a direct correlation between the absorbance (i.e. color intensity) of a 

carbohydrate-containing solution and the corresponding carbohydrate concentration.  

Colorimetric methods are fast and convenient procedures capable of directly determining 

the amount of carbohydrates released from lignocellulosic substrates.53-55  Enzymatic 

assays provide selective methods which are substrate specific, whereas chemical methods 

can provide both quasi-selective and universal carbohydrate determination.  
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Table 1.2. Common sugars present in biomass hydrolysates of lignocellulosic materials 

        
Sources 

 
     

Hemicellulose   Cellulose 
 

Sugars (5-Carbon/unit) (6-Carbon/unit) (6-Carbon/unit)  

Monomers6  Arabinose Galactose Glucose 
 Xylose Mannose - 

Dimers6 Xylobiose - Cellobiose  

Oligomers49 Xylotriose - Cellotriose 
 Xylotetrose - Cellotetrose 
 Xylopentose - Cellopentose 
 Xylohexose - Cellohexose 

 

Enzyme Assays 

Enzymatic methods for detection of carbohydrates are rapid, highly specific, and 

typically sensitive to low concentrations of analyte (ranging from low parts-per-million to 

parts-per-thousand concentrations).56-60  In addition, minimal sample preparation is 

required when compared to more extensive analysis techniques.59, 61, 62  Glucose 

oxidase/peroxidase assay57-60, 63 is the most common example of enzymatic carbohydrate 

analysis applied to biomass hydrolysates.16, 62, 64  This method provides a direct 

assessment of free glucose in a sample which is useful to determine both hemicellulose-

derived glucose or to monitor glucose evolution during enzymatic hydrolysis of cellulose.  

Frequently, total glucose concentration of pretreated biomass is also desired (i.e., free and 

cellulose-bound glucose) and for such a requirement, cellulose can be quantitatively 

hydrolyzed to glucose prior to analysis.61, 62, 64-66  Some less common enzymatic methods 

for analysis of carbohydrates involve the use of alternative enzymes.67-69   Many of these 
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enzymatic methods are commercially available as enzyme kits and are routinely applied 

for the analysis of carbohydrates in the food industry.  These methods may be applied for 

the analysis of carbohydrates in biomass hydrolysate at the practitioner’s discretion, 

taking care to be mindful of potential interferences from sample components which 

inhibit enzyme action.  It has been found that the accuracy of glucose oxidase/peroxidase 

is influenced by compounds present during analysis.55, 64, 70  For example, Brueil and 

Saddler (1985) observed a significant underestimation (20-80%) of glucose concentration 

in steam-explosion-pretreated aspenwood hydrolysate containing lignocellulosic 

degradation products.64  Similar interferences may be expected for other enzymatic 

assays as well.  

Chemical Assays 

Chemical methods for colorimetric carbohydrate analysis rely on unique 

chemistries between reducing sugars (i.e., sugars that form a free aldehyde or carbonyl 

group in basic solution, which is subsequently susceptible to reduction by an oxidizing 

reagent) and various reagents to produce a colorimetric response.  Several chemical 

methods including dinitrosalicylic acid (DNS),71 Somogyi-Nelson (S-M),72-74 Anthrone75 

and the phenol-sulfuric acid method76-78 are available for analysis of sugars. DNS and S-

M methods are the most commonly used chemical methods for analysis of reducing 

sugars.65, 75, 79-81  While not all carbohydrates are reducing sugars, non-reducing sugars 

can be chemically converted to reducing sugars prior to analysis.  For example, the 

Anthrone and phenol-sulfuric acid methods have been applied to determine 

concentrations of both the reducing and non-reducing sugars in a sample.65, 75, 77, 78  In this 

approach, analysis of non-reducing sugars is achieved by conversion to reducing sugars 
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under strongly acidic conditions, and the concentration of non-reducing sugars is 

determined by difference, before and after conversion. 

Despite providing rapid, facile methods for carbohydrate analysis, chemical 

methods have several limitations.  For example, chemical methods do not provide 

information on individual carbohydrates; rather they provide an estimate of total sugars 

present in a given sample.  Carbohydrate concentration is determined as glucose 

equivalents, which introduces error as calibration curves cannot be accurate without prior 

knowledge of sample composition.55, 70, 82, 83  In addition, solution absorbance during 

sugar analysis using the Anthrone method is influenced by halides (e.g., chloride and 

bromide ions), which are present in the sample matrix.70  Moreover, analysis with the 

phenol-sulphuric acid method is also found to be affected by ions such as Cu2+, Fe2+, 

Al3+, NO2
−, and NO3

−, and organic acids such as lactic acid, and tartaric acid present in 

the samples.84  Such complications introduce additional uncertainty; especially in 

samples such as biomass hydrolysates where sample composition can vary drastically 

from batch to batch.  

Gas Chromatography 

Detection Techniques Utilized in Gas Chromatography 

Gas chromatography (GC) has frequently been employed for carbohydrate 

analysis.  In contrast to colorimetric techniques, GC enables separation of carbohydrates 

(prior to detection) for individual interrogation.  The separation in GC is based on the 

differential interaction of analytes in the gas phase and their partitioning to the stationary 

phase of the GC column.  The retention time of analytes depends both upon differences in 
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their vapor pressures at a given temperature and how they interact with the stationary 

phase. 

Depending on the specificity of information required, gas chromatographic 

methods can be coupled with universal or selective detectors.  Flame ionization detection 

(FID) provides a universal detection technique for GC, which has been utilized by several 

research groups for carbohydrate analysis.48, 85-88  However, since analyte retention time 

is the only identification parameter in GC-FID, determined concentrations can be 

influenced by other sample components that co-elute with the analyte of interest, 

resulting in either over-estimation of analyte concentration or even a false-positive 

response when analyte is not present in the sample.  Thus, great care must be taken to 

validate reported concentrations.  Flame ionization detection also suffers from low 

sensitivity (compared to MS detection) which can prove problematic when analyzing 

carbohydrates which occur in pretreatment hydrolysates at trace concentrations or when 

high dilution volumes are used. 

When available, mass spectrometry can provide a more attractive alternative to 

flame ionization detection.  The use of GC-MS has been demonstrated for analysis of 

carbohydrates in bacterial cell walls,86, 89 foods and beverages,87, 90 and lignocellulosic 

materials.91-93   Gas chromatography-mass spectrometry (GC-MS) offers high sensitivity, 

and the MS detector can uniquely be operated in either universal (full-scan experiments) 

or selective (i.e. tandem MS) detection modes.  Full-scan MS experiments provide data 

over a selected m/z range on any analyte ionized.  Alternatively, tandem MS experiments 

employ a unique molecular transition for each analyte of interest, which allows for 

selective analysis even in the presence of coeluting components.89, 92, 94-97  In addition, 
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tandem MS experiments offer higher sensitivity compared to full-scan analysis since only 

targeted analytes are allowed to pass through the mass spectrometer to the detector.    

Carbohydrate Derivatization 

A primary disadvantage of utilizing GC techniques is that carbohydrate 

derivatization is required prior to analysis.  Carbohydrates are non-volatile species.  Thus, 

they must be converted to volatile derivatives before being introduced to GC 

instrumentation.  There are many methods available for derivatization of carbohydrates. 

Formation of acetyl, trifluoroacetyl (TFA), and trimethysilyl (TMS) derivatives are 

commonly used methods to convert simple sugars to volatile derivatives.36, 86, 98, 99  

However, when using TMS or other similar derivatization procedures, a simple 

monomeric carbohydrate can produce up to 4 chromatographic peaks  if it possesses an 

anomeric center and exists in both pyranose and furanose forms (Figure 1.4).86, 98-101  

Incomplete derivatization can further complicate chromatograms.  The presence of 

multiple peaks resulting from a single analyte is obviously problematic in situations 

where sample composition is already highly complex.   

A common approach to circumvent the occurrence of multiple peaks from a single 

carbohydrate is to reduce sugars to their alditol derivatives, thus eliminating the anomeric 

center of the sugar and its ability to form multiple ring structures.86, 97, 101-103   However, 

when taking a reductive approach, one must be mindful that different carbohydrates can 

yield the same alditol.  For example, the reduction of D-arabinose and D-xylose both 

yield D-arabitol.101  Conversion of sugars to oxime derivatives prior to silylation with 

TMS has also been employed to simplify chromatograms obtained by GC analysis of 

carbohydrates.85-87, 92, 98, 104, 105  In addition to chromatographic complications (i.e., 
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extraneous peaks), chemical derivatization is a time consuming process, often requiring 

as much or more time than the separation itself.86, 92, 106-108  Although useful for research 

and discovery, the total length of analysis dictates that GC methods are less feasible 

candidates for online monitoring strategies.  It is also relevant to note that errors may 

occur during analysis of larger (higher mass) carbohdrates owing to the thermally labile 

nature of carbohydrate oligomers.109   

 

 

Figure 1.4. Isomers of D-glucose that are detected during GC analysis 
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High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC) is a common approach for 

separation and analysis of non-volatile compounds.  Since the first application towards 

carbohydrate analysis in biomass hydrolysates in the early 1980s, the use of HPLC 

methods to analyze sugars has been growing rapidly.16, 86, 98, 110, 111  Owing to the 

hydrophilic nature of sugars, traditional, reverse phase liquid chromatography (RPLC) is 

not a practical approach for carbohydrate analysis.  Although RPLC is capable of 

separating dimers from trimers as well as individual dimers and trimers, the monomeric 

sugars most abundant in biomass hydrolysates are weakly retained and thus not easily 

resolved.98, 112, 113  

Ion Exchange Techniques 

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

exchange chromatography) are frequently employed for analysis of sugars in biomass 

pretreatment hydrolysates.  A common approach utilizing ion exchange is carbohydrate 

separation on strong-base anion-exchange columns.50, 51, 114-118  Under alkaline conditions, 

carbohydrates exist as their oxyanion derivatives which can be separated by high-

performance anion exchange chromatography (HPAEC).16, 119  Alternatively, cation-

exchange columns have been applied for ligand-exchange chromatography separations 

which take advantage of facile generation of different on-column counter-ions that can 

alter selectivity depending on whether analysis is directed at monosaccharides,120, 121 

disaccharides, or polysaccharides.16, 112, 120, 122   For example, optimal separation of 

monosaccharides can be achieved using, H+-, lead-, and strontium-loaded ion exchange 
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columns,120, 121, 123 while silver and calcium ions provide optimal separations for oligo- 

and  polysaccharides.16, 86, 112, 113, 121, 122  

Alternative HPLC Separation Techniques 

Several other separation techniques have also been employed for carbohydrate 

separation.  A number of mixed-bed specialty columns have been developed which use 

proprietary resins designed to optimize various carbohydrate separations.50, 114, 124, 125    

Normal-phase chromatography using amino-modified silica gel has also been used to 

achieve efficient separation of monomeric carbohydrates.112, 113  This approach 

demonstrated full or partial resolution of several monomeric sugars and provides the 

option to tailor selectivity through choice of the amino-modifier.  The disadvantage 

associated with use of modified silica-gel columns is that reducing sugars tend to form a 

glycosylamine bond with the amino group in the stationary phase; resulting in unstable 

column performance, poor reproducibility, and a significantly-reduced column life. 

Universal Detection Techniques for Analysis via HPLC 

Both refractive index (RI) and evaporative light scattering (ELS) detectors are 

attractive universal detectors for HPLC analysis of sugars.  RI detectors respond to the 

change in refractive index of a solution in the presence of analyte, and ELS detectors 

measure light scattered by analyte molecules.  The use of RI detection for the analysis of 

carbohydrates in biomass hydrolysates is fairly prevalent in literature.16, 50, 116, 124-126 

However, low sensitivity and incompatability of RI detectors with analyses that require 

gradient separations can be serious limitations in some instances.117, 127  ELS detection 

has also been successfully demonstrated for the analysis of carbohydrates in biomass 

hydrolysates and unlike RI detection, ELS detectors can be employed where gradient 
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elution profiles are used.106, 128-130  However, potential drawbacks with ELS detection 

techniques include non linearity in detector response and diverse differences in sensitivity 

among target analytes present in biomass pretreatment hydrolysate samples.117, 127  

Selective Detection Techniques for Analysis via HPLC 

 Pulsed amperometric detection (PAD) can provide quasi-selective detection of 

carbohydrates.  The response in amperometric detection depends upon the reduction or 

oxidation current of analytes at a particular electrode potential.  As only specific analyte 

types are oxidized or reduced at a given potential, there is less chance of interference 

from coeluting analytes.  Although not specific to individual carbohydrates, PAD can be 

set such that only carbohydrates are detected.  The application of PAD to analyze sugars 

has been growing rapidly also owing to its facile coupling with ion exchange 

chromatography and other HPLC separations.118, 119, 131-136  The compatibility of PAD for 

gradient analysis makes it an attractive alternative to RI detection and picomole detection 

limits have been reported, indicating PAD can be a sensitive technique. However, it is 

important to note that during analyses of sugars in samples that have been both pretreated 

and hydrolyzed; the high sensitivity of PAD may require the incorporation of multiple 

dilutions in order to adjust the analyte concentration to within the pulsed amperometric 

detector’s linear range.  

Examples of selective detection of HPLC-separated carbohydrates by MS 

detection are infrequent in the literature.  Although decoupled analysis using matrix 

assisted laser desorption ionization (MALDI) to ionize pre-fractioned carbohydrates has 

been reported,137-140 the extended analysis times and unreliable quantitation due to 

multiple peaks at low mass (<800 amu) has resulted in limited applicability of MALDI-
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MS techniques.  Atmospheric-pressure electrospray ionization (ESI) provides a more 

compatible ionization source which can be directly coupled to HPLC systems.  Although 

monitoring the negative ion spectra for carbohydrate determination has been 

demonstrated,141, 142 the high pH conditions which promote formation of negative-ions 

tend to foul ESI sources.  Alternative options for mass-selective detection include 

monitoring carbohydrates as their molecular adducts of H+, Na+, Li+, NH4
+, Cs+ and 

Cl−,86, 92, 118, 143-145 however, the high salt content of eluents which is required to form 

these molecular adducts typically results in poor performance using ESI-MS.  

Derivatization strategies have also been employed which enable the detection of 

derivatized carbohydrates as their protonated adducts via ESI-MS.146   In addition, post-

column ion suppression can be employed to enable ESI from eluents containing high salt 

concentration or at high pH.  Efficient techniques to achieve ion suppression have 

employed ion exchange membranes and microdialysis for mobile phases of high ionic 

strength, and electrolysis of hydroxide to water for mobile phases at high pH.12, 13, 118  

Analysis of Alternative Degradation Products 

Despite their commercial importance (in terms of both their inhibitory effect 

during carbohydrate fermentations and their potential as a value added products), the 

quantitative analysis of lignocellulosic degradation products has received relatively little 

attention (compared to carbohydrates) among the scientific community.  A significant 

effort has been extended towards understanding inhibitory effects of known degradation 

products.   For example, acetic acid, furfural and various aromatic aldehydes have been 

shown to be inhibitory (in varying degrees) to fermentation processes involving 

sachharomyces ceriviciae and E. coli.30, 31, 147   A number of degradation products have 
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also been identified as value added products.18, 27-29, 148  However, owing to the variable 

nature of biomass feedstocks and the wide variety of pretreatment processes under 

investigation, many degradation products observed by universal detection strategies have 

yet to be identified at a high confidence level.  The issue of high-confidence 

identifications is further complicated by the fact that degradation products generated 

during pretreatment are sensitive to a number of pretreatment variables including 

selection of feedstock and pretreatment method, and the various conditions under which 

the pretreatment is performed (e.g., temperature, time, pressure, oxygen content, and 

pH).7-9, 19, 21, 26   

It is generally believed that a majority of the unidentified degradation products 

produced originate from lignin decomposition.  For example, a majority of identified 

aromatic degradation products have been linked directly to derivatives of para-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin residues (see for example, 

Figure 1.5 and 1.6).7, 149  However, it has also been demonstrated that sugar degradation 

products such as 5-hydroxymethyl furfural, furfural, and levulinic acid can be formed 

directly from degradation of hemicellulose-derived pentose sugars under pretreatment 

conditions.7, 9, 19  Thus, novel methods capable of monitoring a variety of degradation 

products, as well as being able to identify when additional, unidentified degradation 

products are present are required.  
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Figure 1.5. The three primary residues of lignin 

Gas Chromatography 

To date, the diversity of degradation products generated during pretreatment has 

traditionally required the use of multiple analytical techniques that are selected based on 

the chemical class of the target analytes.  Both GC-FID and GC-MS methods have been 

reported for analysis of degradation products in biomass hydrolysates.31, 46, 47, 136, 150-155  

Similar to analysis of carbohydrates, degradation products typically require derivatization 

prior to analysis.  TMS derivativatization of carboxylic acids, aromatic aldehydes and 

phenolic compounds is a common approach of derivatization for GC analyses in biomass 

hydrolysate samples.47, 150-153, 155  Carboxylic acids and aldehydes have also been 

analyzed with a combined diazomethane and hydroxylamine derivatization method.46  A 

significant complication to developing robust methodologies using GC techniques is that 

it is inherently difficult to develop derivatization strategies that enable quantitative 

monitoring for samples of unknown composition. 
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Figure 1.6.  Representative degradation products originating from degradation of the 
guaiacyl alcohol residue of lignin 
 

High Performance Liquid Chromatography 

A number of HPLC methodologies have been implemented for analysis of 

degradation products present in biomass hydrolysates.  HPLC approaches also suffer 

from the complexity of biomass samples and have historically achieved poor 

chromatographic resolution which can be attributed to the numerous components of 

different compound class.  In an effort to simplify chromatographic analysis, multiple 

chromatography strategies have been employed which vary depending on analyte class.  

Aliphatic acids are traditionally determined using high-performance anion-exchange 

chromatography with UV47, 156, 157 or conductivity detection.47, 157, 158  Alternatively, 

analysis of aromatic acids, aldehydes, furans, and other phenolic compounds have been 
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accomplished using reversed-phase chromatography with refractive index,31, 149, 159-161 

UV47, 155, 161-164 or mass spectrometric detection.47, 157, 165  

Alternative Techniques for Analysis of Carbohydrate and Degradation Products 

Several alternative analytical techniques including capillary electrophoresis 

(CE),166-170 Fourier transform-infrared (FT-IR) spectroscopy171-174 and C-13 NMR175 are 

available for the analysis of carbohydrate in various matrices.  However these techniques 

are less commonly employed as compared to chromatographic techniques. CE methods 

have been increasingly applied to analyze carbohydrates in various biological matrices 

such as hydrolysed plant materials176, 177 and food and beverages.178-180  The 

lignocellulosic degradation products including aliphatic and aromatic acids, aromatic 

aldehydes and ketones and furanic compounds, present in biomass hydrolysates have also 

been successfully analyzed with capillary electrophoresis.  

Analysis of carbohydrates and degradation products in biomass hydrolysates 

presents several challenges to the analytical community.  The separation of analytes in 

capillary electrophoresis depends upon the differential migration of charged molecules in 

an electric field.  Since most carbohydrates are neutral they must be first converted into 

charged species.  Charging carbohydrates in CE buffer has been accomplished via 

complexation with inorganic metal cations or oxyacids (e.g. borate, stannate, mobibdate), 

or by inducing ionization under strong alkaline conditions.169, 180-182   Lignocellulosic 

degradation products, which are primarily either weakly acidic or have a fairly high pKa, 

require derivatization strategies similar to carbohydrates in order to achieve separation 

employing CE methodologies.180, 183-186  Where separation via CE is feasible, 

development of suitable detection strategies remains a challenge.  For example, most 
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carbohydrates lack the strong chromophoric or fluoriphoric functional groups required for 

typical optical detectors that are used with CE separations.  Although low-wavelength 

UV measurements are possible, the sensitivity and selectivity of these measurements are 

very low due to the low extinction coefficients associated with most carbohydrates169, 187.  

Thus, they must be derivatized with suitable ultraviolet-absorbing or fluorescent 

chromophores by various pre- and post-column derivatization schemes prior to 

analysis.180, 182, 187  Detection of carbohydrates is also possible using refractometric and 

electrochemical detection techniques; however, the reported sensitivity of those 

measurements is low.180, 187  Despite the increasing application of CE methods in 

biological samples, the application of CE towards analysis of both carbohydrates and 

lignocellulosic degradation products in biomass hydrolysates can prove especially 

difficult owint to the complex nature of biomass-hydrolysate matrices. 

Two approaches have been taken to alleviate the complications with detection of 

carbohydrates during CE analysis.  In one approach, coupling of CE with ESI-MS for 

detection of carbohydrates was demonstrated to provide efficient detection of CE-

separated carbohydrates.180, 186  Such a strategy would also likely be applicable to 

analysis of degradation products.  However, a significant caveat to CE-MS analysis is the 

requirement of either MS-friendly buffers or advanced desalting techniques,180, 188, 189 

thereby introducing additional complication into the analysis.  A separate approach has 

also been taken using electrochemical detection.  Since carbohydrates are weak acids, 

they are converted to their oxy-anions at high pH (>12) and these oxy-anions have been 

directly detected using pulsed amperometry.180, 182   It is important to note that neither of 

these strategies have been assessed for the analysis of analytes existing in biomass 
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hydrolysates.  Previous experience in our laboratory and other labs that routinely conduct 

biomass analyses has proven that many of the clever carbohydrate separations that have 

been successfully demonstrated in literature for relatively less-complex sample matrices 

have not proven to be applicable to analyses conducted on lignocellulosic hydrolysates. 

 
Scope of the Dissertation 

 
The primary goal of this dissertation was to develop improved methodology for 

the unambiguous identification and quantitation of lignocellulosic degradation products 

in biomass hydrolysates.  This work is considered to have high relevance to the biofuels 

research community, considering the dearth of knowledge that currently exists on the 

production and behavior of degradation products generated during pretreatment of 

lignocellulosic materials.  The potential significance of the work is that it is expected to 

promote a more fundamental understanding of the production of lignocellulosic 

degradation products during pretreatment and their ultimate effect on downstream 

enzymatic and microbial processes.  The development of analytical methodology capable 

of monitoring lignocellulosic degradation products in various pretreatment liquids is a 

critical first step towards that goal.  

As described previously, techniques for the analysis of degradation products in 

biomass pretreatment samples suffer from several limitations.  Difficulties derivatizing 

samples of unknown composition for GC analysis and incomplete analyte resolution in 

LC experiments have caused researchers to employ analyses that target only a limited 

group of analytes (e.g., a single analyte class) in quantitative work.46, 152, 154  However, 

Dr. Shou-Feng Chen and co-workers previously developed an HPLC-UV method 

affording simultaneous determination of 32 aromatic acids, aliphatic acids, aldehydes, 
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and phenols in a single chromatographic run35 and subsequently optimized 

chromatographic conditions to resolve 40 pretreatment degradation products in clean 

samples.26  The ability to monitor multiple analyte classes in a single analysis represented 

a significant advance over previous methods.  Despite significant improvement in 

chromatographic resolution as compared to previous LC methodologies for analysis of 

biomass hydrolysates, the HPLC-UV approach was only able to confirm the identity of 

17 compounds (many of which were qualified as tentative) in pretreatment liquids due to 

the complex nature of these samples.  

To address these limitations, we have developed an improved HPLC method 

utilizing dual photodiode array (PDA) and tandem mass spectrometry (MS/MS) 

detection. Details of the improved approach are discussed in Chapter 2 of this 

dissertation.  The novel HPLC-PDA-MS/MS method enables simultaneous identification 

and quantitation of 40 degradation products in hydrolysate samples in a single, 60-minute 

run.  Because a unique MS/MS transition is monitored for 37 of 40 target analytes, this 

approach essentially alleviates resolution limitations of the previous HPLC-UV approach.  

In cases where analytes are not amenable to electrospray ionization (ESI), the photodiode 

array detector allows the analyst to select a unique wavelength that provides maximum 

analyte response and minimal background interference on a case-by-case basis.  The 

results of this work have been recently published in a special ‘Biofuels’ issue of the series 

Methods in Molecular Biology, 2009, 581,125-143.   

It is important to note that while coeluting species do not interfere with the 

detection of target analytes during LC-ESI-MS/MS analysis, they can significantly affect 

ionization efficiency at the ESI source of the mass spectrometer.  The influence of these 
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coeluting species on ionization efficiency can lead to either signal enhancement or signal 

reduction for a given analyte and is refered to as “a matrix interference”.190  Matrix 

interferences commonly cause pre-established calibration curves to become unreliable, 

significanly affecting analyte quantitation.190-193  Chapter 3 is devoted to a series of 

analytical experiments employed to evaluate and compensate for matrix interferences.  In 

that chapter we discuss the influence of sample matrix on the analytical response 

observed for target analytes in LC-ESI-MS/MS analyses of hydrolysates and present an 

approach to compensate for (or at least minimize) matrix interference during analysis. 

The HPLC-PDA-MS/MS method detailed in Chapters 2 and 3 was subsequently 

applied to investigate the ability of a fungal isolate, Coniochaeta ligniaria NRRL30616, 

to reduce degradation product concentrations in a model hydrolysate.  This work was 

conducted in collaboration with Dr. Nancy Nichols of the Fermentation Biotechnology 

Research Unit (National Center for Agricultural Utilization Research, USDA-ARS, 

Peoria, Illinois).  Complete details are reported in Enzyme and Microbial Technology, 

2008, 42, 624-630; and the portion of this work involving HPLC-PDA-MS/MS analyses 

are included in Chapter 4 of this dissertation to provide the reader with an example of 

how developed methodology can be utilized to inform more practical aspects of 

bioethanol conversion.  Analytical results for a second study seeking to characterize the 

effect of overliming and ammonia conditioning on degradation product concentrations in 

hydrolysates are also included in Chapter 4.  This investigation was conducted in 

collaboration with scientists from the U.S. Department of Energy’s National Renewable 

Energy Laboratory (Golden, CO).  Each of these treatments of hydrolysate (i.e., treatment 

with fungi, overliming, and ammonia conditioning) are generally thought to improve 
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hydrolysate fermentability via removal of inhibitory degradation products.  However, this 

hypothesis had only been tested for a small subset of compounds (i.e., furfural, 5-HMF, 

acetic acid, levulinic acid) prior to the availability of our HPLC-PDA-MS/MS method.     

Additional applications of developed methodology that are not described further 

in this dissertation were designed to evaluate the effect of utilizing different feedstocks 

and/or pretreatment chemistries on the production of lignocellulosic degradation 

products.  One of these studies monitored 39 degradation products in hydrolysates 

resulting from various pretreatments of three leading biofuel feedstocks (i.e., corn stover, 

poplar wood, and pine wood).  Pretreatment chemistries evaluated in this study included: 

two dilute-acid pretreatments (e.g., 0.7% H2SO4  and 0.07% H2SO4), liquid hot water, 

neutral buffer solution, aqueous ammonia, lime, lime with oxygen pressurization, and wet 

oxidation.  This study was conducted in collaboration with another member of the 

Chambliss laboratory (Mr. Bowen Du), and the results of these analyses are reported and 

discussed in his master’s thesis.194  Select data from this study have also been submitted 

for publication in the journal Biotechnology and Bioengineering and are likely to appear 

in the primary literature during calendar year 2010.  A final study documenting the 

identity and relative levels of degradation products resulting from AFEX pretreatment of 

poplar wood was conducted in collaboration with Prof. Bruce E. Dale and co-workers in 

the Department of Chemical Engineering and Materials Science at Michigan State 

University (East Lansing, Michigan).  Results of this study appeared in primary literature 

earlier this year (Biotechnology Progress, 2009, 25, 365-375).     
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CHAPTER TWO 
 

Development of an Optimized LC-UV-MS/MS Method for Quantitative Monitoring of 
Lignocellulosic Degradation Products in Biomass Pretreatment Hydrolysate Samples 

 
 

Introduction 
 

 Minimizing the production and downstream effects of inhibitory compounds has 

been cited as one of the key roadblocks currently impeding process efficiency in 

biomass-to-ethanol conversion.3, 195  The majority of available process configurations for 

converting lignocellulosic biomass into ethanol involve three sequential steps: i) 

pretreatment, ii) enzyme hydrolysis, and iii) fermentation.  The intended outcomes of 

pretreatment are dissolution of sugars in monomeric or oligomeric form and improved 

accessibility of enzymes to carbohydrate oligomers, most notably to cellulose.  However, 

as discussed in Chapter 1 (pages 23-26), a variety of alternative degradation products also 

result from pretreatment of biomass, many of which are inhibitory to downstream 

enzymatic and/or microbial steps in the process.4, 7, 82, 147, 196-199  

  Two approaches are recognized for mitigating the deleterious influence of 

inhibitors.  The most studied of the two involves inhibitor removal prior to enzyme 

hydrolysis.  A variety of methods have been investigated for inhibitor removal, including 

overliming,151, 200-205 ion-exchange,31, 151, 206 treatment with polymeric sorbents,207 

treatment with enzymes,151 and treatment with microorganisms.208  An alternative 

strategy relies on the identification of pretreatment conditions that minimize the 

production of inhibitors.26  To date, assessments of the effect of each approach have been 

largely based on empirical observations of improved fermentability relative to a reference 
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condition.7, 209, 210  While this approach provides guidance in terms of process 

optimization, it does not enable one to confirm which constituents of pretreatment 

samples are responsible for the observed inhibitory effects.  Accordingly, the availability 

of molecular-level compositional information on pretreatment samples is paramount to 

improved fundamental understanding of biomass pretreatment and downstream inhibition 

processes. 

  This chapter describes an analytical method for monitoring 40 lignocellulosic 

degradation products, representing a variety of confirmed and potential fermentation 

inhibitors in biomass pretreatment samples.  As discussed previously by Chen et al., the 

selection of target analytes was based on their identification in previous analyses of 

biomass hydrolysates, their demonstrated potential to inhibit fermentative 

microorganisms, and commercial availability.7,35  It is also important to note that these 

compounds are derived from the three primary biopolymers that make up the composition 

of lignocellulosic materials (i.e., cellulose, hemicellulose, and lignin – see Chapter 1, 

pages 3-5), are structurally diverse, and collectively represent the full range of 

physicochemical properties that may be expected for inhibitory degradation products 

derived from pretreatment of biomass.  The method is applicable to both solid and liquid 

pretreatment samples, as well as pretreatment liquids that have been treated by one or 

more technologies noted above that result in inhibitor removal. 

  The analytical protocol is summarized in Figure 2.1.  Although the most common 

sample type resulting from pretreatment of biomass is liquid hydrolysate, some 

pretreatments (e.g., ammonia fiber expansion = AFEX) result in solid samples.  The 

general approach for analysis of hydrolysates involves an initial precipitation-filtration 
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step, followed by liquid-liquid extraction with methyl tertiary-butyl ether (MTBE) and 

subsequent high performance liquid chromatography (HPLC) analysis with dual UV 

spectroscopic and tandem mass spectrometric (MS/MS) detection (i.e., HPLC-UV-

MS/MS analysis).  Solid samples require the additional generation of an aqueous “wash  

 

Figure 2.1. Flowchart depicting the analytical scheme used to monitor lignocellulosic 
degradation products in pretreatment samples. (Reprinted with permission from reference 
37) 
 

stream” via pressurized fluid extraction prior to precipitation-filtration but are otherwise 

accommodated using the same approach as that employed for liquids.  Although the 

method is presented with specific reference to 40 target compounds, the approach is also 
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expected to be applicable to alternative analytes, provided that a suitable MS/MS 

transition and/or UV signature can be identified.   

 
Experimental: Materials and Methods 

 
 

Chemicals and Reagents 

 The solvents and reagents acetonitrile (HPLC far UV grade, Acros, Fair Lawn, 

NJ), methyl tertiary-butyl ether = MTBE (EM Science, Gibbstown, NJ), formic acid and 

methanol (Sigma-Aldrich, St. Louis, MO), sulfuric acid (J. T. Baker, Philipsburg, NJ), 

and ammonium bicarbonate (EM Science, Gibbstown, NJ) were reagent grade or better 

and used as received.  The internal standards, para-tert-butylphenoxyacetic acid and d5-

benzoic acid (Alfa Aesar, Ward Hill, MA) and 40 reference standards (Sigma-Aldrich St. 

Louis, MO): malonic acid, lactic acid, maleic acid, acetic acid, cis-aconitic acid, 

methylmalonic acid, succinic acid, fumaric acid, trans-aconitic acid, levulinic acid, 

glutaric acid, itaconic acid, 2-hydroxy-2-methylbutyric acid, 2-furoic acid, gallic acid, 5-

hydroxymethylfurfural (5-HMF), furfural, adipic acid,  3,4-dihydroxybenzoic acid,  3,5-

dihydroxybenzoic acid, 2,5-dihydroxybenzoic acid, 3,4-dihydroxybenzaldehyde, salicylic 

acid, 4-hydroxybenzaldehyde, vanillic acid, homovanillic acid, 4-hydroxyacetophenone, 

caffeic acid, syringic acid, vanillin, 4-hydroxybenzoic acid, benzoic acid, syringaldehyde, 

4-hydroxycoumaric acid, 4-hydroxy-3-methoxycinnamic acid, sinapic acid, 3-hydroxy-4-

methoxycinnamic acid, 4-hydroxycoumarin, ortho-toluic acid and para-toluic acid were 

purchased in the highest available purity and used as received.  Corn stover was obtained 

from the National Renewable Energy Laboratory (Golden, CO) and used as received.   
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Distilled water was purified and deionized to 18 MΩ with a Barnstead Nanopure 

Diamond UV water purification system.   

 
Standard Solutions 

In order to prepare a stock solution of 400 mg/L standard mixture, a known 

amount of each target analyte was initially added to a glass scintillation vial and 

dissolved in a minimal volume of methanol.  This solution was transferred quantitatively 

to a volumetric flask and diluted with methanol to give a stock solution.  A known 

volume of this solution was then transferred to another volumetric flask.  The methanol 

was subsequently evaporated under a gentle stream of dry nitrogen, and the residue was 

diluted with deionized water to obtain a 100 mg/L stock solution containing all 40 target 

analytes.  Serial dilutions of this stock solution with deionized water were then carried 

out to obtain lower concentration reference standards and calibration standards.  For the 

study conducted herein, calibration standards spanning the concentration range 0.1-15 

mg/L were prepared and each of these solutions were acidified by adding one drop of 

concentrated sulfuric acid before extraction with MTBE.  Standards containing individual 

compounds (10 mg/L) were also prepared in 0.1% (v/v) aqueous formic acid to support 

method development activities affiliated with tandem mass spectrometry.  Stock solutions 

of the internal standards d5-benzoic acid (400 mg/L) and para-tert-butylphenoxyacetic 

acid (1000 mg/L) were prepared independently in methanol.   
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Pretreatment Samples 

Dilute-acid Treated Hydrolysate from Corn Stover 

Dilute-acid pretreatment hydrolysates of corn stover were generated in house 

using a previously reported procedure.35  Briefly, 100 mL of 0.7% (w/w) sulfuric acid 

and 1.0 g corn stover were combined in a 150-mL 316 stainless steel pressure vessel and 

preheated for 3 minutes in a fluidized sand bath at 220 °C.  The pressure vessel was 

subsequently transferred to a second sand bath at 180 °C for 8 minutes.  The reaction was 

quenched by immersion of the vessel in an ice bath, and the resulting hydrolysates were 

filtered using 0.45-μm membrane filters and stored at −20 °C until analysis.  

AFEX Treated Water Wash Stream from Corn Stover 

Ammonia fiber expansion (AFEX) treated corn stover of three different severities, 

namely, low, medium and high severity were obtained from the laboratory of Dr. Bruce 

E. Dale at the Biomass Conversion Research Laboratory, Department of Chemical 

Engineering and Materials Science, Michigan State University, East Lansing, Michigan. 

The aqueous wash streams of these samples were generated in our lab by pressurized 

liquid extraction using an ASE 200 accelerated solvent extraction system (Dionex 

Corporation, Sunnyvale, CA, USA).  In a typical extraction, 4 g of solid were added to a 

22-mL stainless steel extraction cell containing polypropylene filter cloth at the outlet.  

As a precautionary note, the solid samples should not be packed tightly into the 

extraction cell, as this can lead to variability in extraction.  In our experience, 

approximately 4 g of AFEX treated biomass is sufficient to fill a 22-mL extraction cell. 

The sample amount can, however, vary depending on bulk density.  Also, since the ASE 

200 maintains constant pressure during extraction by adding liquid to the extraction cell, 
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a failure to securely tighten caps can lead to variable backpressures and dissimilar extract 

volumes.  In our experience, a firm twist from an analyst of reasonable strength is 

sufficient to secure caps. Tightening tools such as pliers and others should be avoided, as 

these can damage the caps.  

The corn stover samples in these extraction cells were extracted with water using 

the ASE 200 accelerated solvent extraction system (Dionex Corporation, Sunnyvale, CA, 

USA),  applying the following instrumental settings: oven temperature, 70 °C; pressure, 

1500 psi; preheat time, 3 min; static cycles, 2; static time, 10 min; flush volume, 150%; 

N2 purge, 1 min at 130 psi.  It is important to note that these instrumental parameters 

were optimized for AFEX treated corn stover samples using 22-mL extraction cells. 

Larger (or smaller) extraction cells may be substituted and instrumental settings may be 

varied in order to optimize extraction for alternative samples.  However, care must be 

taken to ensure that the volume of liquid flushed through the extraction cell (which is a 

function of the cell volume, flush volume, and number of static cycles) does not overfill 

the collection vial.  Alternatively, the unit can be programmed to perform one static cycle 

per collection vial, and extracts corresponding to a single sample can be combined post 

extraction.  The volume of resulting extracts was noted (ca. 38-40 mL), and samples were 

stored at 4 °C until analysis.  These liquid samples may be stored in the dark at −20 °C 

for at least 1 month if continued analysis is not immediately desirable.  It is 

recommended that samples be stored in glass, screw-cap containers. 

 
Analytical Sample Preparation 
 

All samples (i.e., calibration standards, pretreatment samples, and spiked 

pretreatment samples) were extracted with MTBE prior to analysis using a previously 

38 
 



 

reported procedure. 35   Briefly, the pH of each sample was adjusted to 7-8 by addition of 

solid NH4HCO3.  The brown precipitate that occurred in hydrolysate samples was 

removed by filtration.  Although the identity of this precipitate has not been confirmed, 

failure to carry out this step in initial works resulted in a dramatic decrease in HPLC 

column efficiency after only a few injections.  After filtration, 12.5 µL (400 mg/L) d5-

benzoic acid and 100 µL (1000 mg/L) p-tert-butylphenoxyacetic acid were added to a 5-

mL aliquot of the collected filtrates.  Samples were then extracted two times with 45 mL 

of MTBE.  The phases were equilibrated for 15 min by gentle end-over-end inversion on 

a rotating wheel at the rate of 30 rpm/min at 25 °C.  Alternate methods for sample 

agitation (i.e., shaking, vortexing, etc.) may be substituted.  It is also appropriate to carry 

out extractions at room temperature provided that the laboratory is not subject to large 

temperature fluctuations.  It is important to note that extraction efficiencies of most target 

analytes have been reported and discussed elsewhere.35  However, independent 

knowledge of extraction efficiency is not required for analyte quantitation when all the 

calibration standards as well as analytical samples go through similar (MTBE) extraction 

procedures.  The combined extract was evaporated to dryness at 55 °C under a gentle 

stream of dry nitrogen.  Samples were subsequently reconstituted in deionized water, 

acidified with one drop of concentrated sulfuric acid, and diluted to 5 mL prior to HPLC 

analysis.   

HPLC-PDA-MS/MS Method 

A Varian ProStar model 210 binary pumping system equipped with a model 410 

auto sampler was utilized in this study.  Analytes were separated on a 150 mm × 4.6 mm, 

YMC Carotenoid S-3 analytical column (Waters, Milford, MA, USA) connected in series 
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to a 1 mm RP C18 OPTI-Guard column (Alltech, Deerfield, IL, USA).  A binary gradient 

consisting of (A) 0.025% (v/v) formic acid in water and (B) 10:90 water-acetonitrile 

containing 0.025% (v/v) formic acid was employed to achieve chromatographic 

separation and is defined in Table 2.1.  A caveat of gradient separations is that they do 

not typically transfer well from one HPLC system to another due to differences in 

instrumental dwell volume (i.e., the volume including the gradient mixer and all 

downstream components between the mixer and the head of the chromatographic 

column).  The primary effect of differing dwell volumes is a shift in analyte retention 

times when gradient elution is used.211  In some cases, shifts are also accompanied by 

changes in resolution.  Therefore, it is likely that the gradient program provided in Table 

2.1 will need to be modified for alternative instrumentation.  Additional chromatographic 

parameters were as follows: injection volume, 50 µL; column temperature, 30 ºC; flow 

rate, 750 µL/min.  It is important to note that these chromatographic conditions are 

similar to those reported in previous work.35  The only major difference was the 

substitution of formic acid for phosphoric acid.  This change was implemented to 

improve mobile phase compatibility with MS detection.   

Upon exiting the column, effluent was first passed through a Varian ProStar 

model 335 photodiode array (PDA) detector (set to monitor absorbance over the range 

200-400 nm) and subsequently directed into a Varian model 1200L triple-quadrupole 

mass analyzer via negative electrospray ionization (−ESI).  A flow-splitter was inserted 

between the PDA detector and ESI source of the mass spectrometer such that the volume 

of liquid passing through the flow-splitter was diverted 50:50 between the mass analyzer 
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and the waste line.  A schematic depicting the general instrumental configuration is 

provided in Figure. 2.2.   

 
Table 2.1. HPLC gradient elution profile 

 
Mobile phase composition 

                                                                                                                                                     
                                                     
                               0.025% formic acid            90% MeCN 

Time (min)                         (%A)a                              (%B)b  
                                         

                          

                           0:00 100 0 

                          1:40 100 0 

                         15:00 93 7 

                         20:00 92 8 

                         33:00 90 10 

                         45:00 75 25 

                         50:00 71 29 

                         53:00 71 29 

                         60:00 50 50 

                         63:00 0 100 

                         80:00 0 100 

                         80:06 100 0 

                       110:00 100 0 

            __________________________________________________________ 
 a   aqueous 0.025% formic acid 

     b  90:10 acetonitrile – aqueous 0.025% formic acid  
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Figure. 2.2. General diagram of equipment and instrumentation required for HPLC-UV-
MS/MS analysis. (Reprinted with permission from reference 37) 
 

Varian ProStar 335 Photo-Diode Array (PDA) Detetor 

A photodiode array detector is a multichannel detector, containing a linear array 

of descrete photodiodes on an integrated circuit chip.   The Varian ProStar 335 PDA 

detector uses a diffraction grating optical system for dispersing the light from the flowcell 

onto the 1024 element array.  Connected between the HPLC column and mass 

spectrometer, the Varian 335 PDA detector is capable of simultaneously monitoring the 

absorbance of compounds passing through the flowcell at wavelengths ranging from 190 

to 950 nm.   Unlike conventional UV detectors which can only detect absorbance at a 

particular wavelength at one time, the inclusion of PDA detection allows us to select a 

unique wavelength, from a range of wavelengths, for quantitative work that provides 
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maximum analyte response and minimal background interference on a case-by-case 

basis.  Because target analytes in this study do not absorb light in the visible range, the 

detector was set to monitor absorbance between 200 nm and 400 nm.   

Varian 1200L Triple-Quadrupole Mass Spectrometer 

A Varian 1200L triple-quadrupole mass spectrometer was connected in series 

with the PDA detector and used to obtain quantitative tandem mass spectrometry 

information on most analytes in the present study (exceptions include acetic acid, furfural 

and 5-hydroxymethylfurfural).  A general schematic of a triple-quadrupole mass 

spectrometer is shown in Figure 2.3.  Each quadrupole consists of four cylindrical rods 

arranged parallel to each other.  For a given quadrupole, each opposing pair of rods is 

connected to a radio frequency AC voltage and a DC voltage is superimposed on it.  For 

given AC and DC voltages, only ions of a certain mass-to-charge ratio (m/z) pass through 

the quadrupole, and all other ions collide with the rods and get destroyed.  Thus, a 

quadrupole functions as a mass (i.e., m/z) filter, providing a second dimension of 

separation in addition to chromatography.  Note that the collision cell (Q2) in the 

instrument utilized in this work is not technically a quadrupole (i.e., it is not composed of 

four rods).   Additionally, it does not enable mass filtering but serves as an ion guide via 

application of a radio frequency AC voltage only.  Nevertheless, because it functions in 

similar fashion to earlier instruments that employed a quadrupole as the collision cell, the 

instrument is still referred to as a triple-quadrupole mass spectrometer.    

The primary advantage of this instrumental design in the context of the present 

study is that it enabled monitoring of unique gas-phase fragmentation chemistry for each 
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target analyte, promoting high-confidence identifications in the complex sample matrix.  

Each fragmentation reaction was monitored by selecting a precursor ion (generated in the 

 

Figure. 2.3. Schematics of a triple-quadrupole mass spectrometer and its 
mechanism of operation 

 

ESI source) in the first quadrupole (Q1), fragmenting it via collision with argon gas in the 

collision cell (Q2), and selecting the most abundant daughter fragment in the third 

quadrupole (Q3).  Succinic acid, for example, has a parent ion [M − H]− of m/z 117.  This 

m/z is selected in Q1 and fragmented in Q2 to form daughter fragments with m/z 73 and 

44.  In Q3 the daughter fragment with m/z 73 is selected and subsequently detected.  

Thus, a unique precursor ion-daughter ion mass transition (i.e., MS/MS transition) is 

monitored for each component. Mass spectrometry parameters held constant during all 

experiments were as follows: nebulizing gas, O2 at 60 psi; drying gas, N2 at 22 psi; drying 

gas temperature, 400 °C; needle voltage, 4500 V; collision gas, Ar at 2.0 mTorr.  
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 Quantitation 

Multiple quantitation approaches were employed over the course of this study to 

obtain concentrations of target compounds in analyzed samples.  All the samples 

including calibration standards and analytical samples were extracted with MTBE before 

analysis.  Initial work utilized an internal standard calibration approach for both UV and 

MS/MS detection strategies.  In this case, calibration curves were constructed by plotting 

the response factor (area of analyte divided by area of internal standard) observed from 

analysis of each calibration standard prepared in water versus analyte concentration.  In 

general, the relative standard deviation (RSD) of the average response factor (n = 6) for 

each analyte was ≤ 15%.  Exceptions included glutaric and sinapic acids, for which 

observed RSDs were 20% and 25%, respectively.  Although the origin of these higher 

RSDs is presently unknown, it is important to note that recalibration did not result in 

significant improvement of the analytical response for these compounds.  Internal 

standard calibration curves were used to determine analyte concentrations in hydrolysates 

as well as to monitor instrument performance over time via recurring analysis of 

continuing calibration verification (CCV) standards.  One CCV standard was typically 

analyzed every 6th injection, and analyses were continued if the observed concentration of 

target analytes was within ± 20% of the expected value (i.e., CCV recovery was 80-

120%).  If concentrations returned for undiluted samples exceeded the upper calibration 

limit for a given analyte (i.e., the highest concentration used to define the utilized 

regression equation), a diluted extract was used to determine analyte concentration.  

The method of standard additions was later employed to evaluate and correct for 

potential matrix effects when MS/MS was used to detect target analytes.  Replicate 
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aliquots of each pretreatment sample, at a given dilution, were spiked with successively 

increasing concentrations of target compounds prior to extraction with MTBE.  In initial 

work, standard addition spiking levels for each compound were based on previous 

HPLC-UV analyses of hydrolysates and were typically selected to span a range within an 

order of magnitude of the expected concentration.  As work progressed, spiking levels 

were adjusted to be consistent with analytical concentrations determined using the 

internal standard calibration approach in combination with HPLC-PDA-MS/MS analysis.  

These samples were subsequently analyzed and the unknown concentration was 

determined by extrapolating a plot of observed response for the standard addition samples 

versus spiking level to zero concentration.  In practice, calibration plots for quantitation 

using standard addition were constructed by plotting the response factor observed for 

each analyte in analyses of spiked and unspiked pretreatment samples versus spiking 

level, and concentrations were determined via the linear relationship: concentration in 

unspiked sample = y-intercept/slope.  A representative standard addition plot is shown in 

Figure 2.4 below.  In order for this analysis to be successful, it is critical that spike 

concentrations result in sample response factors that fall within the linear range of analyte 

concentration.  Ideally, observed response factors will also vary by at least a factor of 2 

over the concentration range of added analyte(s).  Thus, it is important to approximate 

analyte concentration(s) and have working knowledge of analyte sensitivity prior to 

selecting spiking levels.  

Once linearity was confirmed, a single-point standard addition approach was used 

to obtain analyte concentrations in subsequent analyses according to the following 

equation: 
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where CX is the analyte concentration in the pretreatment sample, Cadd is the 

concentration of analyte added to the sample, RFX is the response factor observed for 

analysis of the uspiked sample, and RFX+ is the response factor observed for analysis of 

the spiked sample.   

 

 

Figure 2.4. A representative standard addition plot (of syringaldehyde). Ax and Ais 
represent areas of analyte and internal standard, respectively. (Reprinted with permission 
from reference 37) 
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Results and Discussion 

Determination of Tandem Mass Spectrometry Parameters 

To determine optimal MS/MS transitions for target analytes, each compound was 

infused individually into the mass spectrometer at a flow rate of 10 µL/min.  Initial 

experiments involved scanning the first quadrupole from m/z 40 to [M + 100] using both 

positive and negative electrospray ionization modes.  The most intense precursor 

identified for target analytes was the [M − H]− ion (except for 5-HMF which showed 

precursor [M + H]+ in positive mode).  Next, the collision energy was varied in the 

second quadrupole while the third quadrupole was scanned from m/z 40 to [M + 20].  

This experiment enabled identification of the most intense product ion and optimal 

collision energy for each precursor.  Optimized MS/MS transitions (i.e. precursor and 

product ions) for each compound are given in Table 2.2, along with their chemical 

structures, observed chromatographic retention times and employed collision energies.    

Collision-induced dissociation (CID) of the [M − H]− precursor ion typically 

resulted in predictable fragmentations.  The most abundant m/z observed in CID spectra 

for each analyte was typically consistent with either cleavage of the C-C bond adjacent to 

a carbonyl group (i.e., loss of CO2 or CHO) or cleavage of the C-O bond in a methoxy 

substituent (i.e., loss of CH3).  In cases where both bond breakages were possible, 

fragmentation of the C-O bond was typically preferred.  However, cleavage at both 

positions was observed for ferulic and 3-hydroxy-4-methoxycinnamic acids.  Exceptions 

to these general trends included lactic acid, 2-hydroxy-2-methoxybutyric acid, and 2,5-

dihydroxybenzoic acid.  Fragmentation in the case of the two former compounds was 

consistent with elimination of formic acid via an intramolecular transfer of hydrogen to 
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the most electronegative oxygen atom followed by cleavage of the C-C bond adjacent to 

the carbonyl group.  In contrast, the most abundant product for 2,5-dihydroxybenzoic 

acid was the [M − H − CO2H]− ion.   

Two additional observations from these studies were that acetic acid did not 

provide a measurable MS/MS transition and that the furans, 5-hydroxymethylfurfural 

(5HMF) and furfural, were not amenable to negative electrospray ionization.  Assuming 

that CID of acetic acid followed the general trend noted above, the expected product ion 

(m/z =15) would almost certainly be indistinguishable from background processes under 

these conditions.  However, it is important to point out that acetic acid could likely be 

reliably monitored in an LC-MS experiment that did not rely on tandem mass 

spectrometry.  An important consideration for the noted furans, as compared to 

alternative aldehydes investigated in this work, is that they do not contain one or more 

phenolic hydrogens in their structures to promote formation of negative ions during the 

electrospray process.  However, 5-HMF gave a prominent precursor (M+H)+ peak and 

upon MS/MS breakdown, it gave a product ion (M+H-H2O) with m/z 109 due to the loss 

of a water molecule by cleavage of the alcoholic C-O bond. Furfural, on the other hand, 

could not be observed in positive mode either.  Even though a unique MS/MS transition 

for 5HMF was possible, mass spectrometry was not employed for quantitation of this 

analyte due to the inability of our mass spectrometer to monitor ion transitions in both 

negative and positive mode simultaneously. 

                                                                         .                                                                               
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
 
1 malonic acid  2.9 103 −9.0 59 
         [M − H − CO2]− 
 
 
2 lactic acid  3.6 89 −10.0 43 
        [M − H −HCO2H]−          
 
 
 
3 maleic acid  4.0 115 −7.5 71 
        [M − H − CO2]− 
 
 
 
4 acetic acidb  4.0  — —  — 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
5 cis-aconitic acid  5.1 173 −8.0 129 
        [M − H − CO2]− 
 

 
 
6 methylmalonic acid  5.4 117 −7.0 73 
      [M − H − CO2]− 
 
 
7 succinic acid  6.2 117 −14.0 73 
          [M − H − CO2]− 
 
 
 
8 fumaric acid  6.4 115 −7.5 71 
      [M − H − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
9 trans-aconitic acid  8.0 173 −8.0 129 
       [M − H − CO2]− 
 
 
 
 
10 levulinic acid  11.6 115 −5.0 71 
       [M − H − CO2]− 
 
 
 
11 glutaric acid  12.1 131 −11.0 87 
       [M − H − CO2]− 
 
 
 
12 itaconic acid  12.1 129 −8.5 85 
      [M − H − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
 
13 2-hydroxy-2-methylbutyric acid  12.7 117 −11.5 71 
      [M − H − HCO2H]− 
 
 
 
 
14 2-furoic acid  14.2 111 −10.0 67 
       [M − H − CO2]− 
      
 
 
 
15 gallic acid  15.6 169 −13.0 125 
    [M − H − CO2]− 
 
 
 
 
16 5-hydroxy-2-methylfurfuralb  15.8 127 8 109 
 [5-HMF]      [M + H − H2O]+ 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
17 furfuralb  17.9 — — —  
 
 
 
 
18 adipic acid  18.5 145 −12.0 101 
     [M − H − CO2]− 
 
 
 
 
19 3,4-dihydroxybenzoic acid  20.2 153 −13.0 109 
      [M − H − CO2]− 
 
 
 
 
 
20 3,5-dihydroxybenzoic acid  21.5 153 −13.0 109 
      [M − H − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
 
21 2,5-dihydroxybenzoic acid  22.6 153 −18.5 108 
                 [M − H − CO2H]− 
 
 
 
 
22 3,4-dihydxoxybenzaldehyde  24.1 137 −21.0 108 
      [M − H − COH]− 
  
 
 
23 salicylic acid  26.5 137 −13.5 93 
      [M − H − CO2]− 
 
 
 
24 4-hydroxybenzaldehyde  31.5 121 −23.5 92 
      [M − H − COH]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
25 vanillic acid  34.8 167 −12.0 152 
      [M − H − CH3]− 
 
 
 
 
 
26 homovanillic acid  35.1 181 −7.0 137 
       [M − H − CO2]− 
 
 
 
 
 
27 4-hydroxyacetophenone  40.0 135 −23.0 92 
                    [M − H − COCH3]− 
  
 
 
 
28 caffeic acid  40.5 179 −14.0 135 
          [M − H − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
29 syringic acid  40.9 197 −12.0 182 
      [M − H − CH3]− 
 
 
 
30 4-hydroxybenzoic acid  41.2 137 −15.0 93 
      [M − H − CO2]− 
 
 
 
 
 
31 vanillin  41.2 151 −12.0 136 
    [M − H − CH3]− 
 
 
 
 
 
32 benzoic acid  43.4 121 −11.5 77 
     [M − H − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
33 d5-benzoic acid  42.8 126 −11.5 82 
 internal standard for MS detection      
 
 
 
34 syringaldehyde  45.3 181 −12.0 166 
     [M − H − CH3]− 

 
 
 
 
 
35 4-hydroxycoumaric acid  45.7 163 −13.0 119 
        [M − H − CO2]− 
 
 
 
 
36 ferulic acid  48.1 193 −15.0 134 
      [M − H − CH3 − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
 
37 sinapic acid  48.9 223 −12.5 208 
      [M − H − CH3]− 

 
 
 
 
38 3-hydroxy-4- 
 methoxycinnamic acid  49.4 193 −15.0 134 
                [M − H − CH3 − CO2]− 
 
 
 
 
 
39 4-hydroxycoumarin            50.9 161 −17.5 117 
             [M − H − CO2]− 
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Table 2.2. Analyte, Structure, Retention Time and Optimized Mass Spectrometry Parameters (cont’d.) 
 
            
analyte  structure retention precursora collision         product  
   time ion energy           ion 
   (min) (m/z) (eV)          (m/z) 
 
 
 
40 ortho-toluic acid  52.2 135 −10.5 91  
                [M − H − CO2]− 
 
 
 
 
41 para-toluic acid  54.5 135 −10.5 91 
               [M − H − CO2]− 
 
 
 
 
 
42 para-tert-butylphenoxyacetic acid  61.0 N/A N/A N/A 
 internal standard for UV monitoring 
   ________________________________________ 
a   The precursor ion for all analytes was the molecular ion (i.e., m/z = [M − H]−).  
b   A measurable MS/MS transition was not identified for acetic acid, furfural, or 5-hydroxy-2-methylfurfural (5-HMF).  As a result, 

these compounds were monitored by UV spectroscopy (210 nm for acetic acid and 253 nm for furfural and 5-HMF). 
 
 

H3C

OH

O60

CH3

OH

O



 

Advantages of HPLC-PDA-MS/MS Methodology 

Figure 2.5 depicts representative chromatograms resulting from HPLC-UV-

MS/MS analysis of a dilute-acid treated corn stover hydrolysate.  Trace A in Figure 2.5 is 

an HPLC-UV chromatogram obtained by monitoring UV response at 210 nm, trace B at 

253 nm and trace C depicts a total ion chromatogram (TIC), representing the summative 

MS response.  However, the mass spectrometer is operated in multiple reaction 

monitoring (MRM) mode, and chromatographic run time is divided into eight segments 

in which only select MS/MS transitions are monitored.  Comparison of the three 

chromatograms clearly demonstrates the advantages of developed HPLC-PDA-MS/MS 

methodology, as compared to previously reported protocols for monitoring degradation 

products in pretreatment samples.  Although UV monitoring at 210 nm (trace A) provides 

a measurable analytical response for all target analytes, the complexity of hydrolysate 

samples significantly limits the ability to uniquely identify and quantitate most 

compounds due to poor chromatographic resolution.  UV monitoring at longer 

wavelengths (e.g. 253 nm) effectively improves chromatographic resolution for some 

compounds due to increased selectivity (i.e., fewer compounds in the sample absorb 

strongly at longer wavelengths due to the absence of a C=C double bond).  However, this 

approach typically results in a dramatic decrease in sensitivity for a majority of target 

analytes included in this study (trace B).  In contrast, monitoring a unique MS/MS 

transition resulted in sensitive detection and baseline resolution for 37 of 40 target 

compounds.  It is important to emphasize that Figure 2.5 trace C depicts a total ion 

chromatogram, representing the summative MS response, and apparent co-elutions in this 

LC trace are easily resolved in reconstituted ion chromatograms for independently   
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Figure 2.5. Representative chromatograms resulting from analysis of a single dilute-acid 
treated corn stover hydrolysate sample. Peak identification for chromatograms A (UV at 
210 nm), B (UV at 253 nm) and C (MS/MS TIC) are  (1) malonic acid  (2) lactic acid  (3) 
maleic acid  (4) acetic acid  (5) cis-aconitic acid  (6) methylmalonic acid  (7) succinic 
acid (8) fumaric acid  (9) trans-aconitic acid (10) levulinic acid (11) glutaric acid (12) 
itaconic acid  (13) 2-hydroxy-2-methylbutyric acid  (14) 2-furoic acid  (15) gallic acid  
(16) 5-hydroxy-2-methylfurfural  (17) furfural  (18) adipic acid   (19) 3,4-
dihydroxybenzoic  acid  (20) 3,5-dihydroxybenzoic acid  (21) 2,5-dihydroxybenzoic acid  
(22) 3,4-dihydroxybenzaldehyde (23) salicylic acid (24) 4-hydroxybenzaldehyde  (25) 
vanillic acid  (26) homovanillic acid  (27) 4-hydroxyacetophenone  (28) caffeic acid  (29) 
syringic acid  (30) vanillin  (31) 4-hydroxybenzoic acid  (32) benzoic acid  (33)  
syringaldehyde (34) 4-hydroxycoumaric acid  (35) ferulic acid  (36) sinapic acid  (37) 
cinnamic acid (3-hydroxy-4-methoxy)  (38) 4-hydroxycoumarin  (39) o-toluic acid  (40) 
p-toluic acid  (IS) p-t-butylphenoxyacetic acid. (Reprinted with permission from 
reference 37) 
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monitored MS/MS transitions.  An illustrative example is provided in Figure. 2.6 for 

select compounds eluting between 39 and 42 min. The total ion current (TIC) trace (trace 

A, Figure. 2.6) demonstrates that multiple analytes co-elute over the defined retention 

time range.  However, because a unique MS/MS transition is monitored for each analyte, 

individual compounds are baseline resolved in reconstituted ion chromatograms (traces 

B-E).  Finally, it is important to point out that negligible offset was observed in retention 

times between UV and MS/MS chromatograms.  Thus, full UV-visible absorbance and 

tandem mass spectrometry data are essentially recorded simultaneously even though the 

detectors are connected in series.   

Although furfural, 5-HMF and acetic acid were found to be incompatible with 

MS/MS detection for reasons noted above, these analytes were readily monitored using 

the PDA detector.  As demonstrated in Figure 2.5 trace  B, monitoring at 253 nm resulted 

in baseline resolution and excellent sensitivity for furfural (peak 17).  5-HMF was also 

reliably monitored at 253 nm in most cases.  Although baseline resolution of gallic acid 

and 5-HMF was not promoted by the chromatographic conditions employed here (peaks 

15 and 16 in trace B), the concentrations of gallic acid in pretreatment samples analyzed 

in this work (determined from MS/MS data that are not influenced by 5-HMF) were 

sufficiently small that the relative contribution of gallic acid to the analytical response at 

253 nm was essentially negligible.  If samples containing appreciable amounts of gallic 

acid were encountered, an approach similar to that described below for acetic acid was 

applied to quantify 5-HMF. 
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Figure 2.6. Illustrative example of effective 2-D separation afforded by liquid 
chromatography in combination with mass spectrometry. (A) TIC trace representing 
expansion of the x-axis in Figure 2.4, (B-E) reconstituted ion chromatograms for (B) 4-
hydroxyacetophenone (C) caffeic acid, (D) syringic acid, and (E) 4-hydroxybenzoic acid. 
Numerical notations denote the unique MS/MS transition monitored for each compound. 
(Reprinted with permission from reference 37)  
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Co-elution was also observed for acetic acid and maleic acid when 210 nm was used as 

the monitoring wavelength (peaks 3 and 4 in Figure 2.5 trace A).  The extinction 

coefficient of maleic acid at 210 nm is more than 200 times greater than that of acetic 

acid (ca. 6880 L mol-1 cm-1 vs 34 L mol-1 cm-1, respectively).  As a result, a more detailed 

procedure was required to achieve reliable quantitative information in this case.  

According to the Beer-Lambert relationship, the observed analytical response at 210 nm 

is mathematically governed by the following equation: 

 

 A210 nm = b(εmaleic acid × cmaleic acid  +  εacetic acid × cacetic acid)                          (2.2) 

 

where A is the absorbance (AU), b is the pathlength of the flow cell (0.9 cm), c is the 

concentration (mol L-1), and ε is the molar extinction coefficient (Lmol−1cm−1).  Because 

the concentration of maleic acid was determined via independent MS/MS data, the 

concentration of acetic acid could be determined via direct application of the Beer-

Lambert relationship, assuming no other compounds are contributing appreciably to the 

UV response over the retention time range in which these analytes elute.   

It is important to note that while the assumption that nothing else is coeluting with 

acetic acid and maleic acid may be true in some cases, it may not be true for all 

pretreatment samples.  Thus, application of the Lamber-Beer law as described above is 

not a very reliable approach of quantitation.  Consequently, we now use alternative 

approaches to monitor acetic acid, 5-HMF and furfural.  Upon PDA measurement of 5-

HMF, it was noted that at 290 nm, the UV absorption of gallic acid (compound that 

coelutes with 5-HMF) is negligible, whereas the absorptions of 5-HMF and furfural are 
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still very significant.  Thus, in subsequent analyses,212  quantitation of 5-HMF and 

furfural was accomplished monitoring UV absorbance at 290 nm.  Acetic acid, on the 

other hand, is now monitored using an approach employing HPLC with suppressed 

conductivity detection.213  

 
Comparison of Quantitation Approaches and Preliminary Assessment of Matrix 
Interference 

Table 2.3 includes internal standard calibration data derived from analysis of 

reference standards prepared in water (columns 3-5).  Reported regression coefficients 

(r2) for the internal standard protocol were calculated based on a linear fit that was forced 

through the origin.  It is important to point out that these plots were initially constructed 

using 8 aqueous standards spanning the concentration range 0.1-100 mg/L, and the upper 

limits of dynamic range reported in Table 2.3 provide the approximate concentration at 

which the instrumental response deviated from linearity for each analyte.  Values of slope 

reported in column 4 (Table 2.3) provide a relative comparison of sensitivity for analytes 

monitored using mas spectrometry.  The most sensitive analytes were aromatic 

compounds containing one or more phenolic hydroxyl substituents and a carbonyl group.  

The relatively low sensitivity observed for benzoic acid and toluic acids underscores the 

potential significance of phenolic substituents.  However, it also seems important that the 

monitored product ion be consistent with cleavage at the C-C bond adjacent to the 

carbonyl group, as compounds that possessed requisite functionality but whose product 

ion was consistent with alternative cleavage at the C-O methoxy bond also exhibited low 

sensitivity (e.g., vanillic acid, syringealdehyde, etc.).  The least sensitive analytes were 

low-molecular weight aliphatic acids.  
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A single corn stover hydrolysate was subsequently analyzed using the HPLC-

PDA-MS/MS method reported here as well as our previously reported HPLC-UV 

method.  These data are also included in Table 2.3 (column 10). Because electrospray 

ionization is prone to interference from co-extracted matrix components,190, 191, 193  

analyte concentrations in the pretreatment samples were evaluated using internal standard 

calibration curves (column 6) and the method of standard additions (column 9). Standard 

addition plots were approximately linear with correlation coefficients (r2) ranging from 

0.91 – 1.00 (see column 8 in Table 2.3).  The HPLC-PDA-MS/MS approach resulted in 

identification of 38 target analytes in hydrolysate, while the previous approach only 

resulted in identification of 18 compounds, 5 of which were based only on retention time.  

More significantly, the comparison also enabled an assessment of quantitative accuracy 

for the HPLC-UV approach.  For comparative purposes, standard addition concentrations 

were utilized for MS/MS data to avoid complications arising from matrix interference.  

(Note that the standard addition approach was not employed for acetic acid, furfural, or 5-

HMF because UV data are not expected to be influenced by matrix effects.)  Good 

agreement was observed for vanillic acid, vanillin, syringealdehyde, syringic acid, and 

ferulic acid.  Concentrations for 7 additional compounds determined via the HPLC-UV 

approach were within a factor of 2-4 of those determined using the present method.  

However, the HPLC-UV approach resulted in significant overestimation of 

concentrations of lactic acid, furfural, 4-hydroxybenzoic acid, and 3-hydroxy-4-

methoxycinnamic acid.  This observation suggests that HPLC-UV data for these 

compounds was strongly influenced by co-eluting analytes.  Interestingly, HPLC-UV 

concentrations for fumaric acid and 3,4-dihydroxybenzoic acid were underestimated.    
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Table 2.3. Comparison of observed analytical responses from various quantitative approaches 
 

 
Analytes RT(min) internal standard calibration curve standard addition method LC-UV 

  

 
 
 
IDRc 

(mg/L) Slope R2 
Conc 
(mg/L) 

 
 
Spike 
range 
(mg/L) R2 

Conc 
(mg/L) 

Conc 
(mg/L) 

 

malonic acid 2.9 0.1-25 0.31 0.996 <0.1 0.1-1.1 0.950 BQL − 

lactic acid 3.6 0.1-25 0.07 0.996 5 0.1-10.0 0.984 4 730 

maleic acid 4.0 0.1-40 1.32 0.999 0.7 0.1-10.1 0.981 0.6 0.2 

acetic acida 4.0 0.3-150 − 0.998 90 − − − 170 

cis-aconitic acid 5.2 0.1-60 0.09 0.996 0.5 1.0-10.1 0.984 BQL − 

methylmalonic acid 5.5 0.1-20 1.18 0.991 0.3 1.0-10.3 0.958 0.1 − 

succinic acid 6.3 0.1-50 0.77 0.992 3 1.5-15.3 0.966 5 − 

fumaric acid 6.5 0.1-55 0.69 0.996 1 1.0-9.8 0.995 0.5 0.1 

trans-aconitic acid 8.2 0.1-60 0.07 0.998 0.4 1.1-10.8 0.959 0.3 0.6 

levulinic acid 12.7 0.1-50 0.11 0.998 17 1.3-13.0 0.908 15 − 

glutaric acid 13.2 0.1-10 1.40 0.977 0.5 1.0-10.0 0.985 0.8 − 
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Table 2.3. Comparison of observed analytical responses from various quantitative approaches (cont’d.) 
 

 
Analytes RT(min) internal standard calibration curve standard addition method LC-UV 

  

 
 
 
IDRc 
(mg/L) Slope R2 

Conc 
(mg/L) 

 
 
Spike 
range 
(mg/L) R2 

Conc 
(mg/L) 

Conc  
(mg/L) 

 

itaconic acid 13.0 0.1-25 1.30 0.996 1 1.0-10.5 0.984 0.9 − 

2-hydroxy-2-methylbutyric acid 13.6 0.1-40 2.60 0.998 <0.1 1.0-10.0 0.998 0.1 − 

2-furoic acid 15.1 0.1-25 1.30 0.998 3 1.0-10.1 0.979 0.7 − 

gallic acid 16.4 0.1-20 1.80 0.997 0.3 1.0-10.2 0.985 0.3 − 

5-hydroxy-2-methylfurfuralb 16.5 0.1-60 − 1.000 3 − − − 12 

furfuralb 18.4 0.1-70 − 0.999 50 − − − 210 

adipic acid 19.1 0.1-20 1.80 0.998 0.3 1.0-10.0 0.988 0.5 − 

3,4-dihydroxybenzoic acid 20.7 0.1-20 3.80 0.997 0.3 1.0-10.01 0.992 0.3 0.1 

3,5-dihydroxybenzoic acid 22.0 0.1-20 2.60 0.993 ND 0.1-1.0 1.000 ND − 

2,5-dihydroxybenzoic acid 23.3 0.1-20 4.40 1.000 0.2 1.0-10.0 0.984 0.1 − 
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Table 2.3. Comparison of observed analytical responses from various quantitative approaches (cont’d.) 
 

 
Analytes RT(min) internal standard calibration curve standard addition method LC-UV 

  

 
 
 
IDRc 
(mg/L) Slope R2

Conc.  
(mg/L) 

 
 

Spike 
range 

(mg/L) R2 
Conc. 
(mg/L) 

Conc. 
(mg/L) 

 
 

3,4-dihydroxybenzaldehyde 24.7 0.1-20 0.87 0.999 0.3 1.0-10.0 0.985 0.3 − 

salicylic acid 27.0 0.1-40 10.70 0.999 1 0.1-10.0 0.995 0.1 − 

4-hydroxybenzeldehyde 32.0 0.1-30 4.60 0.992 2 0.1-10.1 1.000 2 6 

vanillic acid 35.3 0.1-30 0.58 0.998 1 0.1-10.2 0.988 0.7 0.7 

homovanillic acid 35.6 0.1-20 1.10 1.000 0.3 0.1-1.0 0.983 0.1 − 

4-hydroxyacetophenone 40.3 0.1-25 3.80 0.996 0.8 1.0-10.0 0.987 0.8 − 

caffeic acid 40.9 0.1-50 7.30 0.995 0.2 1.0-10.0 0.987 0.3 0.6 

syringic acid 41.2 0.1-20 0.56 0.997 1 1.0-10.0 0.986 1 1 

Vanillin 41.8 0.1-30 1.30 0.998 3 1.0-10.0 0.997 2 2 

4-hydroxybenzoic acid 41.8 0.1-20 5.50 0.998 <0.1 1.0-10.0 0.979 0.1 0.4 

benzoic acid 43.7 0.1-50 0.49 0.998 1 1.0-10.0 0.976 0.8 − 
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Table 2.3. Comparison of observed analytical responses from various quantitative approaches (cont’d.) 
 

 
Analytes RT(min) internal standard calibration curve standard addition method   LC-UV

  

 
 

IDRc 
(mg/L) Slope     R2 

Conc 
(mg/L) 

 
 

Spike range 
(mg/L) R2 

Conc.   
(mg/L) 

Conc    
(mg/L) 

 
 

syringaldehyde 45.5 0.1-20 0.59 1.000 2 1.0-10.0 0.999 2 2 

4-hydroxycoumaric acid 45.9 0.1-50 8.70 0.994 6 1.0-10.0 0.977 10 7 

ferulic acid 48.2 0.1-25 2.50 0.999 5 1.1-11.0 0.977 6 6 

sinapic acid 49.0 0.1-50 1.00 0.992 0.1 1.0-10.0 0.996 0.3 − 

3-hydroxy-4-methoxycinnamic 
acid 

49.5 0.1-25 1.30 0.998 <0.1 1.0-10.0 0.995 BQL 0.2 

4-hydroxycoumarin 51.0 0.1-15 8.90 0.999 ND 0.1-1.0 0.993 ND − 

ortho-toluic acid 52.3 0.1-50 0.31 1.000 <0.1 1.0-10.0 0.997 0.1 − 

para-toluic acid 54.6 0.1-60 0.73 0.994 0.4 2.1-21.0 0.985 0.2 − 

 
a PDA detection at 210 nm,  b PDA detection at 253 nm, c Investigated Dynamic Range; ND, not detected; BQL, below  
quantitation limit 
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A final observation from Table 2.3 is that the internal standard approach, applied 

to HPLC-ESI-MS/MS data, resulted in concentrations for a number of analytes that were 

different than those calculated from standard addition plots (e.g., methylmalonic acid, 

fumaric acid, 2,5-dihydroxybenzoic acid, homovanillic acid).  For example, experimental 

concentrations of methylmalonic acid, fumaric acid, and homovanillic acid were 

increased by a factor of 3, 2, and 3, respectively when determined via internal standard 

calibration relative to values obtained via the method of standard addition.  Although 

factor-of-two agreement was observed between concentrations in most cases, these data 

clearly demonstrate that alternative compounds present in hydrolysate can effect 

electrospray ionization of select compounds.   

 Matrix effects in mass spectrometry, first noticed by Tang and Kebarle,190 can be 

defined as any change in the ionization process due to the presence of a co-eluting 

compound that results in either enhancement or suppression of analyte response.  

Although the exact mechanism of matrix interference is still not clear,193 it is believed to 

originate from the competition between the analyte and co-eluting matrix constituents for 

charge in the electrospray ionization process.193, 214  In general, the term ion (or matrix) 

suppression is used when co-eluting matrix constituents decrease ionization efficiency 

relative to that observed for a defined reference condition.  Similarly, ion (or matrix) 

enhancement is used when co-eluting components increase ionization efficiency relative 

to the reference condition.    

In order to further investigate matrix interference, the two calibration approaches 

were used to quantitate target analytes in pretreatment samples derived from two different 

feedstocks and two different pretreatment strategies.  Hydrolysates derived from dilute-
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acid and AFEX pretreatments of corn stover and an independent dilute-acid pretreatment 

of poplar wood were analyzed, and analyte concentrations were determined using both 

internal standard calibration curves and the method of standard additions.  Values of 

percent error for the internal standard approach (assuming that the standard addition 

method provides a reliable estimate of ‘true’ analyte concentrations) are reported in Table 

2.4.  Note that utilization of the internal standard calibration approach resulted in both 

underestimation and overestimation of observed analyte concentrations relative to values 

obtained via the method of standard additions.  Underestimation of analyte concentration 

in this case suggests that analyte response was suppressed by matrix constituents, while 

overestimation indicates an enhancement of analyte response.  The magnitude of matrix 

interference varied widely, depending on both the compound and the matrix.  In many 

cases, the same compound was suppressed in one matrix and enhanced in another.  For 

instance, malonic acid was supressed in the sample derived from dilute-acid pretreatment 

of corn stover (-32% error) but was enhanced in the sample derived from dilute-acid 

pretreatment of poplar wood (16% error).  This analyte was enhanced to an even larger 

extent in the sample derived from AFEX pretreatment of corn stover (44% error).  Thus, 

absolute concentrations resulting from internal standard calibration are likely to be of 

limited utility in comparing accumulation trends for degradation products in samples 

derived from dissimilar feedstocks and/or pretreatment chemistries.  

While the experiment described above provides a strong case for the necessity of 

a standard addition approach in future applications of reported methodology, a final 

experiment was conducted to determine whether internal standard calibration would 

provide meaningful differences in relative concentrations observed for samples derived 
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from a single feedstock-pretreatment chemistry combination at varying reaction 

severities.  The severity function (Ro) is a widely-utilized empirical factor that specifies a 

particular time-temperature combination for conducting pretreatment reactions.  It is 

commonly manipulated to trade the duration of pretreatment and the temperature of 

pretreatment such that equivalent sugar yields are obtained.21, 26  It has also been 

demonstrated that varying reaction severity results in different fermentabilities of the 

resulting hydrolysates (i.e., the degree of inhibition exerted by hydrolysates is dependent 

upon reaction severity).26  Thus, a logical experiment seeking to advance fundamental 

understanding of the effect of pretreatment on downstream microbial conversion 

processes involves monitoring the concentrations of potential fermentation inhibitors in 

hydrolysates generated at different severities.33, 35           

The protocol employed for evaluating the utility of the internal standard 

calibration approach in this comparison was slightly different than that described above.  

Rather than comparing observed ‘error’ between internal standard and standard addition 

calibration approaches, the present experiment evaluated analyte recoveries observed for 

a 5 ppm matrix spike.  That is, each sample was spiked with target analytes and the 

internal standard calibration approach was utilized to determine sample concentrations in 

both spiked and unspiked samples.  These concentrations were subsequently utilized to 

calculate percent recovery.  Values of spike recovery for low, medium, and high severity 

pretreatments of corn stover are reported in Table 2.5.  It is important to note that the 

absolute value of severity is not necessarily important in the context of the present 

comparison.  It is only significant that the values are different.  For a number of analytes, 

such as methylmalonic acid, glutaric acid, homovanillic acid and 4-hydroxybenzoic acid,  
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Table 2.4. Effect of varying pretreatment chemistry on observed analytical response 
 
 
Analytes % error 

  

 
dil. acid 

corn stover 
dil. acid  
poplar 

   AFEX 
corn stover 

 

malonic acid -32 16 44 

lactic acid -39 51 -23 

maleic acid -9 3 286 

cis-aconitic acid -72 -13 141 

methylmalonic acid -33 20 50 

succinic acid -50 23 -60 

fumaric acid -36 -41 -34 

trans-aconitic acid -55 ND -70 

levulinic acid -39 30 37 

glutaric acid -40 41 -6 

itaconic acid -52 23 -8 

2-hydroxy-2-methylbutyric acid  -43 ND -45 

2-furoic acid -29 -61 -37 

gallic acid -38 93 136 

adipic acid -37 56 3 

3,4-dihydroxybenzoic acid -38 47 25 

3,5-dihydroxybenzoic acid ND ND ND 
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Table 2.4. Effect of varying pretreatment chemistry on observed analytical response 

(cont’d.) 
 

 
 Analytes % error 

  

 
dil. acid 

corn stover 
dil. acid  
poplar 

    AFEX 
corn stover 

 

2,5-dihydroxybenzoic acid -70 18 26 

3,4-dihydroxybenzaldehyde -43 1 18 

salicylic acid -32 -39 20 

4-hydroxybenzeldehyde -37 -10 -29 

vanillic acid -44 44 4 

homovanillic acid -24 64 10 

4-hydroxyacetophenone -38 8 -11 

caffeic acid -44 74 27 

syringic acid -32 35 83 

vanillin -43 119 1 

4-hydroxybenzoic acid -50 ND -23 

benzoic acid -9 -101 -102 

syringaldehyde -48 97 -15 

4-hydroxycoumaric acid -70 86 -33 

ferulic acid -49 37 -42 

sinapic acid -82 39 -40 
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Table 2.4. Effect of varying pretreatment chemistry on observed analytical response 

(cont’d.) 
 

 
Analytes % error 

  

 
dil. acid 

corn stover 
dil. acid  
poplar 

AFEX 
  corn stover 

 

3-hydroxy-4-methoxycinnamic acid -52 -35 -83 

4-hydroxycoumarin ND ND ND 

ortho-toluic acid -46 ND ND 

para-toluic acid -47 -22 -60 

Percent error calculated as (Cspike-Cunspike/Cspiking level)*100; ND, not detected  
            

recovery was essentially constant over the three severity conditions, suggesting that the 

internal standard calibration approach can provide meaningful relative concentrations in 

some cases.  However, this trend was by no means conserved for all target analytes.  

These observations provide strong justification for a more detailed evaluation of matrix 

interference on the accuracy of degradation product quantification via LC-ESI-MS/MS in 

various pretreatment matrices.  This is the subject of Chapter 3 of this dissertation.  
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Table 2.5. Effect of varying pretreatment severity on observed analytical response of 
AFEX treated corn stover 

 
 
  recoveries(%)a  
Analytes pretreatment severity 

   
Low Medium High 

 

malonic acid 58 63 99 

lactic acid 53 36 54 

maleic acid 96 94 -4 

acetic acidb N/A N/A N/A 

cis-aconitic acid 99 92 183 

methylmalonic acid 84 82 97 

succinic acid 36 10 69 

fumaric acid 79 1 97 

trans-aconitic acid 143 -3 155 

levulinic acid 77 90 98 

glutaric acid 47 45 51 

itaconic acid 63 58 71 

2-hydroxy-2-methylbutyric acid  73 73 97 

2-furoic acid 90 88 66 

gallic acid 81 82 115 

5-hydroxy-2-methylfurfuralb N/A N/A N/A 

furfuralb N/A N/A N/A 
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Table 2.5. Effect of varying pretreatment severity on observed analytical response on the 
analysis of AFEX treated corn stover (cont’d.) 

 
 
  recoveries(%)a  
Analytes pretreatment severity 

   
Low Medium High 

    

adipic acid 76 75 86 

3,4-dihydroxybenzoic acid 63 63 71 

3,5-dihydroxybenzoic acid 62 59 63 

2,5-dihydroxybenzoic acid 99 109 118 

3,4-dihydroxybenzaldehyde 86 81 80 

salicylic acid 58 55 56 

4-hydroxybenzeldehyde 69 59 65 

vanillic acid 78 73 102 

homovanillic acid 72 72 85 

4-hydroxyacetophenone 69 47 61 

caffeic acid 66 68 86 

syringic acid 55 95 147 

vanillin 54 68 90 

4-hydroxybenzoic acid 83 87 86 

benzoic acid 110 104 65 
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Table 2.5. Effect of varying pretreatment severity on observed analytical response on the 
analysis of AFEX treated corn stover (cont’d.) 

 
  recoveries(%)a  
Analytes pretreatment severity 

   
 

Low Medium High 
 

syringaldehyde 63 82 133 

4-hydroxycoumaric acid 1 4 37 

ferulic acid 63 60 67 

sinapic acid 550 1641 1923 

3-hydroxy-4-methoxycinnamic acid 22 26 40 

4-hydroxycoumarin 46 41 40 

ortho-toluic acid 94 96 90 

para-toluic acid 103 118 105 

 a Calculated as (Cspike-Cunspike/Cspiking level)*100; b  not included in the study (UV 
compounds); N/A, not available                                                     
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CHAPTER THREE 
 

The Effect of Sample Matrix on Quantitation of Potential Fermentation Inhibitors in 
Biomass Pretreatment Samples Using Liquid Chromatography-Tandem Mass 

Spectrometry 
 
 

Introduction 

Conversion of biomass to biofuels typically involves chemical pretreatment of 

lignocellulosic materials prior to enzymatic hydrolysis and subsequent fermentation.  

Pretreatment is intended to disrupt cell wall structure (via deconstruction of 

hemicellulose and lignin biopolymers) and improve accessability of enzymes to 

cellulose.3, 147, 196  Pretreatment liquids (commonly called hydrolysates) are known to 

contain a wide variety of potentially-inhibitory degradation products (e.g., aliphatic acids, 

aromatic acids, and aromatic aldehydes, ketones, and phenols).7, 33  However, the 

complex chemistry governing their formation and release during cell wall decomposition 

is poorly understood at this time.  Improved qualitative and quantitative understanding of 

hydrolysate composition is expected to promote a more predictive understanding of 

pretreatment chemistry and its cumulative effects on downstream enzymatic and 

microbial conversion processes.  

Various analytical techniques have been applied to analyze lignocellulosic 

degradation products, such as gas chromatography-mass spectrometry (GC-MS),31, 152, 153 

GC-flame ionization detection (GC-FID),46, 150, 155 and liquid chromatography (LC) with 

UV or refractive index detection.47, 156, 157 Difficulties in derivatizing samples of unknown 

composition for GC methods and incomplete analyte resolution in LC experiments have 

caused researchers to typically employ LC methods targeting a limited group of analytes 
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in quantitative work.21, 31, 154  Our group previously reported an HPLC-UV method 

affording simultaneous determination of 32 aromatic acids, aliphatic acids, aldehydes and 

phenols in a single chromatographic run35 and subsequently tweaked chromatographic 

conditions to resolve 40 pretreatment degradation products in clean samples.26  Despite 

significant improvements in chromatographic resolution, as compared to previous LC 

methodologies for analysis of biomass hydrolysates, the HPLC-UV approach was only 

able to confirm the identity of a limited number of compounds (many of which were 

qualified as tentative) in pretreatment liquids due to the complex nature of these 

samples.35 

To address these limitations, we recently developed an improved method that 

employs dual photodiode array (PDA) and electrospray ionization-tandem mass 

spectrometry (ESI-MS/MS) detectors.37  Because a unique MS/MS transition is 

monitored for 37 of 40 target analytes LC-ESI-MS/MS analysis alleviates resolution 

limitations of the HPLC-UV approach (i.e., analytes that co-elute chromatographically 

are separated in the masss analyzer prior to detection).  The availability of UV 

absorbance profiles (200-400 nm) and mass spectra resulting from collision induced 

dissociation (CID) of eluted analytes are also expected to promote more reliable 

identifications of sample components.  Additionally, in cases where analytes are not 

amenable to electrospray ionization, PDA detection allows the analyst to select a unique 

wavelength for quantitative work that provides maximum analyte response and minimal 

background interference on a case-by-case basis.   

Successful application of ESI-MS/MS in quantitative analysis typically requires 

knowledge of the effect of sample matrix on analytical response for each target 
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compound.  As noted in Chapter 2, matrix effect can be defined as any change in the 

ionization process of an analyte due to the presence of a co-eluting compound that results 

in either an enhancement or a suppression of analyte response.  Such changes in 

ionization efficiency affect precision, sensitivity and accuracy of an analytical procedure. 

Numerous examples of matrix interference in ESI-MS(/MS) analyses have subsequently 

appeared in literature.191-193, 215-220 For example, Matsuzwasky et al. have demonstrated 

that human plasma suppresses the analytical response of finasteride (I),192 and Villagrasa 

et al. demonstrated that the ionization efficiency of various benzoxazinoid derivatives 

was suppressed in foliage and root extracts.215  In contrast, signal enhancements were 

observed for erythromycin and clofibric acid in methanol extracts of fish tissue.218 

Challenges presented by sample matrix in ESI-MS(/MS) analyses have been sufficiently 

prevelant that the U. S. Food and Drug Administration’s Guidance for Industry on 

Bioanalytical Method Validation221 specifies evaluation of matrix interference as a 

critical step in the method development process.  

 In the present study, we present a systematic evaluation of the effect of various 

hydrolysate compositions on the quantitative accuracy of our recently developed LC-ESI-

MS/MS methodology.  The concentrations of 33 ubiquitous constituents of three 

hydrolysates derived from dilute-acid pretreatment of corn stover were determined using 

an internal standard calibration method in undiluted, 10-fold diluted, and 100-fold diluted 

samples.  Though not expected, sample dilution resulted in significant increases in 

observed concentrations of many analytes due to a general reduction of ion suppression 

in the electrospray source.  Analysis of matrix spikes was found to be instrumental in 

identifying the degree of ion suppression experienced by individual analytes in a given 
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sample.  The systematic approach employed to evaluate matrix interference also serves to 

provide guidance on how developed LC-ESI-MS/MS methodology should be utilized in 

future analyses of hydrolystate composition. 

 
Experimental 

 
 
Chemicals and Standard Solutions 

All the standard solutions were prepared from chemicals reagent grade or better, 

obtained from commercial vendors and used as received. Stock solutions of 37 analytes 

utilized in the preparation of calibration standards and in spiking experiments were 

prepared as follows. A 500 mg/L stock solution was prepared by dissolving a known 

amount of neat chemicals in methanol in a 25 mL volumetric flask. In order to prepare 

calibration standards, a known volume of the stock solution was transferred to another 

volumetric flask and diluted with deionized water to obtain a 100 mg/L stock solution. 

Serial dilutions of this stock solution with deionized water were carried out to obtain 

lower concentrations of calibration standards, spanning from 0.1 to 20.0 mg/L.  A known 

volume of the 500 mg/L stock solution was used directly as the spiking solution for all of 

the spiking experiments. A stock solution of the internal standard d5-benzoic acid (400 

mg/L) was also prepared independently in methanol.   

Pretreatment Samples, Sample Preparation and Analysis  

Various types of pretreatment samples were utilized during the course of this 

study. Three different types of corn stover pretreatment hydrolysate samples, namely, 

untreated (UTCS), overlimed (OLCS) and ammonia conditioned (ACCS) hydrolysates 

were obtained from the National Renewable Energy Laboratory (NREL), Golden, 
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Colorado and used as received. These pretreatment samples were generated by treating 

corn stover feedstock with dilute sulfuric acid in a 900 dry kg/d pilot-scale continuous 

reactor, located at the NREL, operating at a solid concentration of 30% (w/w), and at 

conditions of 190 °C, 0.048 g acid/g dry biomass with an approximate residence time of 1 

min. Pretreatment liquor was obtained through solid liquid separation performed using a 

hydraulic press at approximately 2000 psi that removed approximately 70% of the liquor 

from the pretreated slurry. The liquor thus obtained is considered untreated corn stover 

hydrolysate (UTCS). This liquor was further treated by either Ca(OH)2 or NH4OH and 

subsequently neutralized to get OLCS (pH 6.8) and ACCS (pH 6.8) samples, 

respectively. 

All samples (i.e., calibration standards and pretreatment hydrolysates) were 

extracted with MTBE prior to analysis using a slightly modified procedure as described 

in Chapter 2.  Modifications included the dilution of filtered pretreatment liquids to 10-

fold and 100-fold with de-ionized water and spiking pretreatment samples with the 

internal standard before sample clean-up procedures. In order to perform matrix spiking 

experiments at 5 mg/L, samples at each dilution were divided into two 5 mL aliquots and 

to one 5 mL aliquot, a known volume of 500 mg/L stock solution was added so that the 

concentration of each analyte increases by 5 mg/L.  Each of these solutions were then 

spiked with a 50 µL (400 mg/L) aliquot of d5-benzoic acid as an internal standard 

followed by addition of one drop of concentrated sulfuric acid before extraction with 

MTBE.  
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Instrumentation 

A description of the chromatography and mass spectrometry instrumentation 

employed here may be found in Chapter 2 of this dissertation. Briefly, a Varian ProStar 

model 210 binary pumping system equipped with a model 410 auto sampler was utilized 

in this study.  Analytes were separated on a 150 mm × 4.6 mm, S-3 YMC Carotenoid 

analytical column (Waters, Milford, MA, USA) connected in series to a 1 mm RP C18 

OPTI-Guard column (Alltech, Deerfield, IL, USA). A slightly modified binary gradient 

consisting of (A) 0.025% (v/v) formic acid in water and (B) 10:90 water-acetonitrile 

consisting of 0.025% (v/v) formic acid was employed to achieve chromatographic 

separation and is defined in Table 3.1.  Additional chromatographic parameters were as 

follows: injection volume, 50 µL; column temperature, 30 ºC; flow rate, 750 µL/min.  

Upon exiting the column, effluent was directed into a Varian model 1200L triple-

quadrupole mass analyzer via negative electrospray ionization (−ESI).  A microL flow-

splitter was inserted between the column and the mass spectrometer such that the volume 

of liquid passing through the flow-splitter was diverted 50:50 between the mass analyzer 

and the waste line. Mass spectrometry parameters held constant during all experiments 

were as follows: nebulizing gas, O2 at 60 psi; drying gas, N2 at 22 psi; drying gas 

temperature, 400 °C; needle voltage, 5000 V; collision gas, Ar at 2.0 mTorr. 

Quantitation 

An internal standard calibration curve (CC) approach was utilized to quantitate 

analyte concentrations using the LC-ESI-MS/MS method.  Internal standard calibration 

curves were constructed by plotting the response factor (area of analyte divided by area 

of internal standard) observed from analysis of each calibration standard prepared in  
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Table 3.1.   HPLC gradient elution profile 
 

 
                                           Mobile phase composition 
                                                                  ____________________________________                              

                                                     
                                     0.025% formic acid            90% MeCN 
  Time (min)                           (%A)a                              (%B)b  
                                            

                          

                           0:00 100 0 

                          2:00 100 0 

                         10:00 95 5 

                         10:01 91 9 

                         13:00 91 9 

                         15:00 90 10 

 33:00 90 10 

 45:00 75 25 

 50:00 71 29 

                         53:00 71 29 

                         60:00 50 50 

                         63:00 0 100 

                         73:00 0 100 

                         73:01 100 0 

                        85:00 100 0 

               a   aqueous 0.025% formic acid 
     b  90:10 acetonitrile – aqueous 0.025% formic acid  
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water versus analyte concentration.  Matrix spiking at 5 mg/L was performed at each 

dilution (undiluted, 10-fold diluted and 100-fold diluted) for all pretreatment samples to 

calculate spike recoveries.  Spike recoveries of the pretreatment samples were calculated 

using the following equation:  

( )
%100

mg/L 5
 recovery  % sample unspikedsample spiked ×

−
=

CC
                             (3.1) 

where Cspiked sample is the concentration of analyte in the spiked solution which is the 

combined response of the analyte present in the pretreatment sample plus 5 mg/L from 

the spiking solution and Cunspiked sample is the concentration of analyte in the unspiked 

pretreatment solution. 

Results and Discussion 
 
 
Effect of Sample Matrix on Measured Concentrations of Degradation Products in 
Hydrolysates 

 
Three biomass pretreatment samples (i.e., ACCS, OLCS, and UTCS) were 

extracted and analyzed via LC-ESI-MS/MS at three sample dilutions (i.e., undiluted, 10-

fold diluted, and 100-fold diluted).  The concentrations of 33 target analytes were 

determined in each sample using internal standard calibration curves.  Concentrations of 

select compounds either exceeded the confirmed linear range (ca. 0.1-20 mg/L) or fell 

below the quantitation limit (0.1 mg/L) in a number of instances.  However, all analytes 

were quantifiable in at least one sample dilution.  Analytical results for the ACCS 

hydrolysate are given in Table 3.2.  Although data reported here represent values for a 

single determination, experience in our laboratory suggests that the relative standard 



 

Table 3.2. Effect of sample dilution on analyte response in ACCS sample 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aliphatic Acids 

levulinic acid > – > – 990 48 

itaconic acid 6.8 −14 < – 410 79  

lactic acid 5.1 12 180 95 210 111 

89

succinic acid  3.1 −6 160 78 170 98 

maleic acid 0.5 −11 16 70 < − 

adipic acid 0.2 36 1.9 148 < − 

glutaric acid 0.2 17 4.3 74 < − 

2-hydroxy-2-methylbutyric acid 0.1 36 < − < − 

trans-aconitic acid < − > − 110 96 

cis-aconitic acid < − 52 140 62 80 

fumaric acid < − 19 73 < − 
89 

 



 

 Table 3.2. Effect of sample dilution on analyte response in ACCS sample (cont’d.) 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aliphatic Acids (cont’d.) 

malonic acid < − 8.0 141 < − 

methylmalonic acid < − < − < − 

Aromatic Acids 

90

4-hydroxycoumaric acid > − > − 290 57 

ferulic acid > − > − 250 65 

vanillic acid 18 51 34 165 26 90 

syringic acid 13 6 44 107 < − 

2-furoic acid 8.4 −7 26 40 55 65 

salicylic acid 7.6 58 15 136 < − 

3,4-dihydroxybenzoic acid 4.6 71 9.3 158 < − 
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Table 3.2. Effect of sample dilution on analyte response in ACCS sample (cont’d.) 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aromatic Acids (cont’d.) 

caffeic acid 4.4 80 11 160 < − 

p-toluic acid 3.7 84 3.6 75 < − 

sinapic acid 2.2 73 3.5 120 < − 

2,5-dihydroxybenzoic acid 1.8 68 4.3 169 < − 

91 homovanillic acid 1.5 55 4.5 162 < − 

benzoic acid 0.8 82 < − < − 

gallic acid 0.2 80 < − < − 

4-hydroxybenzoic acid 0.1 140 < − < −  

Aldehydes 

vanillin > − 70 145 26 61 

91 
 



4-hydroxybenzaldehyde > − 20 87 21 70 

syringaldehyde 11 49 24 129 17 78 
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Table 3.2. Effect of sample dilution on analyte response in ACCS sample (cont’d.) 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 

Conc., concentration; Rec., recovery; >, analyte concentration above investigated linear range; <, analyte concentration  

3,4-dihydroxybenzaldehyde 3.0 101 4.9 163 < − 

4-hydroxyacetophenone 3.7 83 5.4 149 < − 

below investigated linear range. 

Aldehydes (cont’d.) 

Ketone 
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deviation of measured concentrations for a given analyte is typically less than 10% for 

replicate analyses of a hydrolysate sample.  

It may be seen in Table 3.2 that sample dilution often resulted in significant 

increases in measured analyte concentrations.  The most dramatic increases were 

observed upon comparison of aliphatic acid levels in undiluted and 10-fold diluted 

samples.  For example, measured concentrations of lactic, succinic, maleic, adipic, and 

glutaric acids were increased by more than an order of magnitude in the 10-fold diluted 

sample compared to the undiluted sample.  More significantly, select compounds that 

were not detected in the undiluted sample were found to be present upon sample dilution. 

(i.e., cis-aconitic, trans-aconitic, fumaric, and malonic acids).  Representative 

chromatograms supporting this observation are shown in Figure 3.1 for cis- and trans-

aconitic acids.  Modest increases in analyte concentration (by a factor of 1.5-3.3) were 

also observed for most aromatic acids and syringaldehyde in the 10-fold dilution relative 

to the undiluted sample.  In general, less variation in the measured concentrations of 

aliphatic and aromatic acids was observed between 10-fold and 100-fold diluted samples, 

and measured concentrations of most aldehydes and the single ketone investigated in this 

study showed relatively less variation with sample dilution. 

Similar increases in the measured concentrations of aliphatic acids with sample 

dilution were observed for OLCS and UTCS hydrolysates.  Results of these analyses are 

reported in Tables 3.3 and 3.4, respectively.  Three analytes that were not detected in the 

undiluted OLCS sample (i.e., cis-aconitic, trans-aconitic, and fumaric acids) were present 

at concentrations ranging from 14-69 mg/L in diluted samples.  Additionally, measured 

concentrations of aliphatic acids that were detected in both undiluted acids that were 
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Figure 3.1. Liquid chromatography-electrospray ionization-mass spectrometry-selected 
reaction monitoring (LC-ESI-MS-SRM) chromatogram of cis- and trans-aconitic acid in 
ACCS sample showing complete signal supression in  undiluted sample (A); reduced 
signal suppression in  10-fold (B) and 100-fold diluted samples (C), respectively. 

 

 



 

Table 3.3. Effect of sample dilution on analyte response in OLCS sample 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aliphatic Acids 

levulinic acid > − > − 860 74 

itaconic acid 5.6 6 > − 340 83 

lactic acid 3.3 −2 170 58 260 79 95

succinic acid 2.3 3 140 55 150 92 

maleic acid 0.6 −1 13 126 < − 

adipic acid 0.1 29 1.8 98 < −  

glutaric acid 0.1 19 2.8 53 < − 

2-hydroxy-2-methylbutyric acid < − < − < − 

trans-aconitic acid < − 22 170 14 98 

cis-aconitic acid < − 46 154 69 66 

fumaric acid < − 23 79 < − 
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Table 3.3. Effect of sample dilution on analyte response in OLCS sample (cont’d.) 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aliphatic Acids (cont’d.) 

malonic acid 0.1 1 7.2 101 < − 

methylmalonic acid 0.8 −16 < − < −  

Aromatic Acids 

4-hydroxycoumaric acid > − > − 290 62 

96

ferulic acid > − > − 590 50  

vanillic acid > − 27 109 < − 

syringic acid 13 31 28 82 < − 

2-furoic acid 9.5 10 40 62 60 72 

salicylic acid 9.4 66 13 99 < − 

3,4-dihydroxybenzoic acid 3.6 82 5.6 111 < − 

caffeic acid 6.3 83 9.5 111 < − 
96 
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Table 3.3. Effect of sample dilution on analyte response in OLCS sample (cont’d.) 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aromatic Acids (cont’d.) 

p-toluic acid 4.6 96 4.5 71 < − 

sinapic acid 4.9 79 5.0 97 < − 

2,5-dihydroxybenzoic acid 1.8 71 3.3 121 < − 

homovanillic acid 1.6 58 3.1 100 < − 

benzoic acid 3.0 87 3.0 97 < − 

gallic acid 0.1 56 < − < − 

4-hydroxybenzoic acid 0.2 148 < − < − 

Aldehydes 

vanillin > − 52 104 24 74 

4-hydroxybenzaldehyde > − 23 83 19 73 

syringaldehyde 12 47 16 80 < − 
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Table 3.3. Effect of sample dilution on analyte response in OLCS sample (cont’d.) 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aldehydes (cont’d.) 

3,4-dihydroxybenzaldehyde 2.9 125 3.4 116 < − 

Ketone 

4-hydroxyacetophenone 3.9 84 5.0 110 < − 98

Conc., concentration; Rec., recovery; >, analyte concentration above investigated linear range; <, analyte concentration  
below investigated linear range. 
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Table 3.4. Effect of sample dilution on analyte response in UTCS sample 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aliphatic acids 

levulinic acid > − > − 720 126 

itaconic acid > − > − 280 107 

lactic acid > − 97 47 160 65 

succinic acid > − 115 72 83 59 

maleic acid 8.6 96 12 131 < −  

adipic acid 0.8 75 < − < − 

glutaric acid 1.0 20 2.0 47 < − 

2-hydroxy-2-methoxylbutyric acid 0.3 73 < − < − 

trans-aconitic acid > − 64 126 < − 

cis-aconitic acid > − 27 264 41 56 

fumaric acid 14.2 60 20 85 < − 
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Table 3.4. Effect of sample dilution on analyte response in UTCS sample (cont’d.) 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aliphatic acids (cont’d.) 

malonic 2.3 40 5.5 97 < − 

methylmalonic acid < − < − < − 

Aromatic Acids 

100 4-hydroxycoumaric acid > − 180 66 240 78 

ferulic acid > − 160 62 210 91  

vanillic acid 15.8 54 20 98 < − 

syringic acid 13.6 42 22 82 < − 

2-furoic acid > − 37 53 46 74 

salicylic acid 7.2 58 10 90 < − 

3,4-dihydroxybenzoic acid 3.8 75 5.6 103 < − 

caffeic acid 4.1 79 6.1 108 < − 
100 

 



syringaldehyde 9.5 47 16 71 17 86  

vanillin > − 53 95 44 79 

4-hydroxybenzaldehyde > − 26 85 19 79 
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Table 3.4. Effect of sample dilution on analyte response in UTCS sample (cont’d.) 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 

p-toluic acid 0.5 100 3.7 70 < − 

sinapic acid 1.6 66 1.8 63 < − 

2,5-dihydroxybenzoic acid 2.5 108 2.5 108 < − 

homovanillic acid 1.7 62 2.3 88 < − 

benzoic acid 1.0 99 < − < − 

gallic acid 0.5 190 < − < − 

4-hydroxybenzoic acid 0.1 128 < − < − 

Aromatic acids (cont’d.) 

Aldehydes 
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Table 3.4. Effect of sample dilution on analyte response in UTCS sample (cont’d.) 
 

         Undiluted sample            Diluted 
 

Analyte              10-fold        100-fold 
 
 Conc. (mg/L) Rec . (%) Conc. (mg/L) Rec. (%) Conc. (mg/L) Rec. (%) 
 

Aldehydes (cont’d.) 

3,4-dihydroxybenzaldehyde 1.5 126 1.8 112 < − 

Ketone 

4-hydroxyacetophenone  3.7  81  5.2  104  <  − 102

Conc., concentration; Rec., recovery; >, analyte concentration above investigated linear range; <, analyte concentration  
below investigated linear range. 
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acids that were detected in both undiluted and 10-fold diluted OLCS samples were 

increased by a factor of 10-65 in the 10-fold dilution.  These increases are similar in 

magnitude to those noted above for the ACCS hydrolysate.  Increases in measured 

aliphatic acid concentrations were also observed for the 10-fold dilution of UTCS 

hydrolysate relative to the undiluted condition.  However, the magnitude of these changes 

was smaller than those observed for ACCS and OLCS samples.  

Observed trends in measured concentrations of aromatic acids and non-acidic 

degradation products (i.e., aldehydes and ketones) in OLCS and UTCS samples were also 

similar to trends observed in the ACCS sample.  That is, measured concentrations of 

aromatic acids were increased in 10-fold diluted samples relative to the undiluted 

condition, but to a lesser extent than increases observed for aliphatic acids.  Smaller 

increases in concentration were observed in 100-fold dilutions relative to 10-fold 

dilutions, and measured concentrations of non-acidic degradation products showed 

relatively less variation in observed concentration with sample dilution for OLCS and 

UTCS samples. 

Though non-intuitive, increases in analyte concentration upon sample dilution 

have been observed previously in analyses of complex samples via LC-ESI-MS.  For 

example, Villagrasa and co-workers215 observed increases in the measured concentrations 

of select benzoxazinoid derivatives in diluted foliage extracts relative to undiluted 

samples.215   The authors of that study also compared analytical responses observed for 

various dilutions of a spiked foliage or root extract with those observed for matrix-free 

standards containing equivalent concentrations of target analytes.  Analytical responses in 

undiluted extracts were found to be suppressed to varying degrees (depending on the 
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analyte) by endogenous matrix components relative to signals observed for the 

corresponding analyte in the undiluted calibration standard. However, the degree of 

signal suppression was attenuated with sample dilution, and at sufficiently high dilution, 

the response observed for a given bezoxazinoid in the sample extract was essentially 

identical to the response observed in the matrix-free standard.  Thus, perceived increases 

in the measured concentrations of benzoxazinoids at increased sample dilution were 

found to be a consequence of decreased ion suppression effects. 

A trend similar to that noted above for benzoxazinoids was observed in an 

alternative comparison of analytical response in the present study.  To enable such a 

comparison, various dilutions of each hydrolysate were split into two portions.  One 

portion was analyzed directly and the replicate portion was spiked with 5 mg/L of each 

target analyte prior to analysis.  The differences in peak areas observed for analytes in 

spiked and unspiked hydrolysate (corresponding to the analytical response observed for 5 

mg/L of a given compound at a particular hydrolysate dilution) are tabulated in columns 

3-5 of Table 3.5.  Peak areas observed for a calibration standard containing an equivalent 

concentration of each compound (corresponding to the expected analytical response for 5 

mg/L of a given compound in the absence of sample matrix) are given in column 2 for 

comparative purposes.  These data collectively demonstrate that the analytical response 

of investigated degradation products was, in general, suppressed by hydrolysate and that 

the degree of suppression was attenuated to varying degrees with increasing sample 

dilution.  For example, the signal observed for lactic acid (a representative aliphatic acid) 

in the undiluted, 10-fold diluted, and 100-fold diluted hydrolysate was suppressed by 

61%, 41%, and 21%, respectively, relative to the lactic acid signal observed in the 
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calibration standard.  Decreased suppression with increasing sample dilution was also 

observed for 2-furoic acid (a representative aromatic acid).  In this case, the signal was 

suppressed by 95%, 84%, and 51%, respectively, in undiluted, 10-fold diluted, and 100-

fold diluted samples.  By analogy to Villagrasa’s work, observed increases in the 

measured concentrations of these analytes (and other analytes reported in Tables 3.2-3.4) 

with increased sample dilution are believed to be a result of decreased ion suppression 

effects.  Ion suppression for the remaining compounds in Table 3.5 (representing non-

acidic degradation products) showed relatively less dependence on sample dilution than 

lactic and 2-furoic acids.  Thus, less dramatic changes in the measured concentrations of 

aldehydes and the single ketone investigated in this study would be expected based on 

this comparison.          

Table 3.5. Chromatographic areas of select analytes in various sample matrices 

Analytes STD UD 10D 100D 

d5-benzoic acid (internal std.) 2.47 × 108 1.88 × 108 1.31 × 108 1.58 × 108  

lactic acid 1.28 × 107 4.96 × 106 6.81 × 106 1.01 × 107 

2-furoic acid 1.95 × 108 1.06 × 107 3.18 × 107 9.56 × 107  

syringaldehyde 1.32 × 108 7.07 × 107 8.95 × 107 7.02 × 107 

4-hydroxyacetophenone 7.29 × 108 4.79 × 108 5.60 × 108 5.63 × 108  
 
All reported area values are in ‘counts’. Values for samples at various dilutions are 
differences in areas between spiked and unspiked samples at each dilution. Sample 
notations are as follows: STD, standard; UD, undiluted ACCS sample; 10D, 10-fold 
diluted ACCS sample; 100D, 100-fold diluted ACCS sample. 

 

Although a 10- to 20-fold dilution of extracts was sufficient to completely 

alleviate matrix effects in Villagrasa’s study of benzoxazinoids,215 a significant degree of 
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signal suppression (21-51%) was still prevalent at 100-fold dilution for all five 

compounds shown in Table 3.5.  This difference between studies suggests that 

hydrolysates are significantly more complex than the foliage or root extracts studied by 

Villagrasa, that many target analytes in the present study are more susceptible to matrix 

interference than benzoxazinoids, or both.  It is possible that sample dilution beyond 100-

fold would eventually alleviate matrix effects for target analytes in the present study, but 

this was not investigated; primarily because the signal observed for most compounds at 

100-fold dilution was already approaching the detection limit of utilized instrumentation.    

Effect of Sample Matrix on the Quantitative Accuracy of Concentrations Determined via 
Internal Standard Calibration Curves 

When internal standard calibration is utilized, the response factor (i.e., peak area 

observed for the analyte divided by peak area observed for the internal standard) for a 

given concentration of target analyte in hydrolysate must be similar to that observed in 

standards used to construct its respective calibration curve in order for a measurement to 

be accurate.   Response factors (RF) observed for lactic acid and 2-furoic acid in 5 mg/L 

matrix spikes, at various hydrolysate dilutions, are given in Figure 3.2 along with the RF 

values observed for a 5 mg/L calibration standard.  Ideally, such a comparison would be 

made by spiking an analyte-free matrix and a matrix-free standard with the same 

concentration of target analyte(s).  However, it is difficult to imagine an analyte-free 

matrix that could be utilized in the context of the present study.  Accordingly, RF values 

plotted for the various hydrolysate dilutions in Figure 3.2 represent the difference in RF 

values observed for spiked and unspiked samples (conceptually equivalent to the RF 

expected for addition of the spiked concentration to an analyte-free matrix).  These plots 

clearly demonstrate that RF values observed in each of the tested hydrolysates increase 
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with increasing sample dilution.  In some cases, the RF value observed in diluted 

hydrolysate was essentially identical to that observed in the calibration standard (e.g., 

lactic acid in 100-fold dilutions of ACCS and OCCS hydrolysates).  It is important to 

point out that this behavior does not indicate that matrix effects are eliminated at higher 

sample dilution.  As noted in Table 3.5, a significant degree of ion suppression was still 

prevalent in the 100-fold dilution of ACCS hydrolysate.  However, to the extent that the 

target analyte and internal standard experience similar degrees of ion suppression in a 

given sample matrix, the resulting RF is expected to approach that observed in the 

calibration standard.  These data clearly indicate that sample dilution would be expected 

to promote significant improvements in the quantitative accuracy of concentrations 

determined using internal standard calibration curves.   

Analyte recoveries reflecting the difference in expected and measured 

concentrations for a 5 mg/L matrix spike in the investigated hydrolysate dilutions are 

reported for all target compounds in Tables 3.2-3.4.  A general observation from these 

data is that more quantitative recoveries, indicating increased accuracy, were observed 

for most compounds upon dilution.  This observation is largely a consequence of the 

trend in RF values noted above.  That is, a general leveling in the degree of ion 

suppression experienced by the various analytes (and internal standard) investigated in 

this work results in RF values for diluted hydrolysates that approach the corresponding 

RF values observed for standards used to construct curves.  The similarity in RF values, 

in turn, leads to improved accuracy in the measured concentrations of target analytes; 

with equivalent RF values corresponding to an analyte recovery of 100%.  
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As described above, analyte recoveries approaching 100% (Tables 3.2-3.4) are 

generally observed upon hydrolysate dilution; however, some analyte recovery values 

deviated significantly from 100%, even at 100-fold dilution, indicating different degrees 

of ion suppression are experienced by the analyte and internal standard (i.e., non-

equivalent RF values). If the degree of suppression experienced by a target analyte 

exceeded that experienced by the internal standard in a given matrix, observed response 

factors were decreased relative to the response factor observed for the calibration 

standard.  This situation led to calculated recoveries that were less than 100%.  On the 

other hand, if the degree of suppression experienced by the internal standard exceeded 

that experienced by a target analyte, the response factor observed in hydrolysate was 

increased relative to the calibration standard, resulting in a calculated recovery that 

exceeded 100%. (Although the only example of the later situation in Figure 3.2 is the 

minor increase observed for lactic acid in the 100-fold dilution of ACCS hydrolysate, 

numerous recoveries reported in Tables 3.2-3.4 exceeded 100%.)  Thus, recovery values 

in Tables 3.2-3.4 not only provide a measure of quantitative accuracy, but also provide a 

measure of ion suppression experienced by a given analyte relative to d5-benzoic acid. 

Negative recoveries are also reported in Tables 3.2-3.4.  These values are not 

meant to be significant in terms of assessing quantitative accuracy of a measurement. 

Instead, a negative recovery indicates that suppression effects were sufficiently strong 

that the signal observed for a given analyte in spiked hydrolysate was essentially 

unchanged, but mathematically less than the signal observed in the unspiked sample.  

When this occurred, the calculated signal for addition of the target analyte into 

hydrolysate at 5 mg/L (equal to the difference in observed response for the spiked and  
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Figure 3.2. Comparison of response factors (RF) of lactic acid and 2-furoic acid at 
various dilutions with the corresponding response factors of standards at 5 mg/L 
calibration level. With increasing dilutions, the RF values of analytes increase in each 
sample. Astrisk (*) indicates analyte concentration exceeded the investigated linear 
range. Sample notations are as follows: ACCS, ammonia conditioned corn stover; OLCS, 
overlimed corn stover; UTCS, untreated corn stover; STD, calibration standard; UD, 
undiluted sample; 10D, 10-fold diluted sample; 100D, 100-fold diluted sample. 
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unspiked samples) was negative, resulting in a negative response factor (e.g., see 2-furoic 

acid in undiluted ACCS hydrolysate in Figure 3.2) and accordingly, a negative analyte 

recovery.  This situation only occurred for select compounds in undiluted hydrolysate; in 

situations where ion suppression effects would be expected to be most prevalent.   

 Guidance for Researchers Concerning Future Application of Developed LC-ESI-MS/MS 
Methodology for Interrogation of Hydrolysates 

It is evident from the above discussion that matrix effects may be expected when 

LC-ESI-MS/MS is employed for analysis of degradation products in biomass 

hydrolysates.  In the present study, suppression of observed analytical response was the 

predominant effect identified. The degree to which ion suppression occurred was 

variable; depending on analyte structure, the type of sample being analyzed, and the 

extent to which the sample was diluted.   With respect to analyte structure, the influence 

of sample matrix generally decreased in the following order for a given sample type: 

aliphatic acids > aromatic acids > non-acidic degradation products.  This finding is 

consistent with previous studies demonstrating that relatively polar analytes are more 

strongly influenced by sample matrix than nonpolar compounds.214, 222   Matrix effects 

also appeared to be more prevalent in samples that had been overlimed (OLCS) or 

conditioned with ammonia (ALCS) relative to untreated corn stover hydrolysate (UTCS).  

Most importantly, matrix interference was found to be most pronounced in undiluted 

samples, and sample dilution was identified as a viable strategy for mitigating observed 

effects on quantitative accuracy.  These findings strongly suggest that matrix interference 

should be accounted for in future studies seeking to interrogate the composition of 

biomass pretreatment samples via LC-ESI-MS/MS. 
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Common approaches for dealing with matrix interference include employing an 

isotopically-labeled analogue of each target analyte as an internal standard (i.e., isotope 

dilution),223, 224 using matrix-matched calibration standards,217, 218, 225 or employing the 

method of standard additions.217, 225  Although isotope dilution is generally recognized as 

the best approach for compensation of matrix interference in analyses employing mass 

spectrometry, cost and limited availability of standards are obvious limitations for broad 

screening methods such as this one.  The preparation of matrix-matched calibration 

standards is also problematic (if not impossible) in this particular case due to the 

complexity of biomass pretreatment samples.  Accordingly, the method of standard 

additions represents the most viable approach for alleviating matrix effects in the analysis 

of hydrolysates.   

The method of standard additions typically involves adding increasing amounts of 

each target analyte (beginning at zero concentration) to replicate ‘unknown’ samples 

prior to analysis.  A calibration plot that compensates for matrix interference is 

constructed for each analyte post-analysis.  Provided that the response is linear, analyte 

concentration in the ‘unknown’ sample is determined by dividing the analytical response 

observed for the unspiked sample (i.e., the ‘unknown’ replicate to which no additional 

analyte was added) by the slope of its corresponding calibration plot.  Though relatively 

simple to conceptualize, practical implementation of multi-point standard additions may 

at best be considered cumbersome, especially when one considers that knowledge of 

approximate analyte concentrations in ‘unknowns’ is typically required to select 

appropriate spiking levels for each analyte.    
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Use of the multi-point standard addition approach is likely to be impractical for 

‘routine’ analysis of hydrolysate samples.  As demonstrated by data in Tables 3.2-3.4, the 

range of expected analyte concentrations can span 5 orders of magnitude within a given 

sample.  Thus, it is not unreasonable to expect that sample dilution will be required to 

accommodate accurate measurement of all target compounds.  If one assumes the 3 

dilutions specified in this study to be sufficient, the standard addition approach minimally 

requires that 3n + 3 analyses (where n represents the number of spiking levels) be 

performed in order to quantify target analytes in a single hydrolysate.  Thus, it is unlikely 

that data resulting from multiple spiking levels could be generated in a reasonable 

timeframe (or at a reasonable cost) in studies seeking to investigate the composition of 

multiple samples. 

Although the experiment for which data are reported in Tables 3.2-3.4 was 

originally designed to evaluate the influence of sample matrix on the analytical response 

for investigated target analytes, it also represents a single-point standard addition 

approach for analyzing hydrolysates.  We propose that such a design, requiring 6 

independent analyses for each hydrolysate sample, represents a necessary compromise 

between the multi-point approach described above and an analytical strategy that fails to 

account for matrix interference.  In this case, each hydrolysate dilution (i.e., undiluted, 

10-fold diluted, and 100-fold diluted samples) should be divided into two replicate 

aliquots.  One of these aliquots should be spiked with 5 mg/L of each target analyte prior 

to extraction and subsequent LC-ESI-MS/MS analysis.  Spiking post-dilution ensures that 

the analytical response observed for both spiked and unspiked replicates at a given 

dilution is likely to fall within the calibrated linear range of the detector (ca. 0.1-20 mg/L) 
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in at least one sample dilution.  The spiking level is also likely to be within 1 order of 

magnitude of the native analyte concentration in this dilution(s).  Similar concentrations 

are typically required in order to observe meaningful differences between spiked and 

unspiked samples.  Once quantitative results are obtained and recoveries have been 

calculated for all analytes monitored in each sample dilution, it is recommended that data 

be organized in the format given in Table 3.2.   

The most accurate determination of analyte concentration in a given hydrolysate 

will typically be identified by a matrix spike recovery value near 100%.  As noted above, 

spike recoveries near 100% indicate that the response factor observed for a given analyte 

in hydrolysate was essentially identical to the response factor observed for that analyte in 

calibration standards.  Thus, concentrations determined via internal standard calibration 

curves may be considered reliable in these instances.  In practice, the relative standard 

deviation between response factors observed for a given analyte in a series of calibration 

standards may be as high as 20%. Accordingly, spike recoveries are typically interpreted 

as being indicative of an accurate determination if they fall within a defined range (e.g., 

80-120%).  Thus, it is possible that ‘acceptable’ recovery may be observed for a given 

analyte at more than one sample dilution.  When this occurs, the more reliable 

measurement is likely to be the one in which analyte response in the unspiked sample 

falls somewhere in the middle of the calibrated linear range.   

Alternatively, observed recoveries may be utilized as a single-point correction for 

the corresponding concentration determined via internal standard calibration.  This 

approach is equivalent to determining analyte concentrations via single-point standard 

addition with assumed linearity. It is expected to be especially beneficial when none of 
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the sample dilutions result in a spike recovery that falls within the defined ‘acceptable’ 

range.  For example, consider data reported for 2-furoic acid in Table 3.2.  Observed 

recovery in the undiluted sample indicates significant matrix suppression, and neither of 

the recoveries observed in 10-fold or 100-fold dilutions of this sample approach 100%.  

When observed recoveries are utilized as a single-point correction factor (i.e., measured 

concentrations are divided by the fractional recovery values), concentrations in 10-fold 

and 100-fold diluted samples are found to be 65 mg/L and 84 mg/L, respectively, 

demonstrating reasonable agreement.  Evidence that this result was not merely 

serendipitous may be obtained by applying the same procedure to most other analytes for 

which data are available in Table 3.2.  When applied to syringealdehyde, concentrations 

determined in undiluted, 10-fold diluted, and 100-fold diluted samples are found to be 22 

mg/L , 19 mg/L, and 22 mg/L, respectively.  Note that recoveries less than ca. 30% 

should not be utilized in this fashion, as these low values indicate that the analytical 

responses observed for spiked and unspiked samples were not significantly different.   

Lastly, it is important to point out that analysis of cis-aconitic acid proved to be 

problematic in this study.  That is, it was very difficult to determine which measured 

concentration was most reliable (if any) based on information reported in Tables 3.2-3.4.  

In all three hydrolysates, its measured concentration was lower in the 10-fold diluted 

sample than in the 100-fold dilution.  However, calculated recoveries for this analyte 

were found to be higher at 10-fold dilution.  Application of the single-point standard 

addition correction in this case would obviously result in concentrations that were more 

different, rather than more similar, between sample dilutions.  The origin of this behavior 

is presently unknown, but it serves to underscore an overarching conclusion that may be 
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drawn from this work.  Namely that quantification of degradation products in 

hydrolysates via ESI-MS(/MS) represents a formidable analytical task, and studies 

seeking to do so should not necessarily be considered reliable unless care is taken to 

alleviate matrix interference, quantitative data are supported by an appropriate quality 

assurance metric (e.g., spike recovery), and all results have been carefully analyzed.            

 
 
 



 

 
 
 

CHAPTER FOUR 
 

Removal of Lignocellulosic Degradation Products from Dilute-acid Pretreatment 
Hydrolysates of Corn Stover 

 
 

Introduction 
 

Use of lignocellulosic biomass for ethanol production requires a combination of 

physical, chemical or biological conditions to disrupt the lignocelluloses matrix (i.e., 

pretreatment).  This pretreatment process deconstructs the cell wall of hemicellulose and 

lignin to release cellulose.  Physical–chemical pretreatment of lignocellulosic biomass 

can, however, give rise to side-products that may be toxic to fermenting microorganisms 

and hinder utilization of monomeric sugars for fermentation.  Potentially problematic 

compounds include furan aldehydes (e.g., furfural and 5-hydroxymethylfurfural) formed 

by degradation of sugars, organic acids released from hemicellulose side-groups (acetic 

acid, lactic acid, malonic acid), and aldehydes and phenolics released from lignin (e.g., 

syringadehyde, 3,4-dihydroxybenzaldehyde, ferulic acids, salicylic acids, etc.).  

Currently, the most well-studied and near-commercial technology for conversion of 

biomass to ethanol involves dilute-acid-catalyzed pretreatment of lignocellulosic 

feedstocks, followed by enzymatic hydrolysis of cellulose and fermentation of 

monomeric sugars to produce ethanol.  The dilute-acid pretreatment requires heating 

biomass (e.g. 150–220 ◦C) in the presence of dilute H2SO4 for periods ranging from 

seconds to minutes.22  At these high temperatures, H2SO4 hydrolyzes hemicellulose to 

arabinose and xylose, and renders cellulose accessible for enzymatic digestion.  Dilute-

acid pretreatment in particular also may cause formation of furfural and 5-
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hydroxymethylfurfural (5-HMF) from the dehydration of released monomeric sugars. 

These lignocellulosic degradation products are a concern because they act as microbial 

inhibitors and negatively affect fermentation of the sugars.8, 9   

Detoxification of pretreatment hydrolysates through inhibitor removal has been 

found to improve ethanol yield in various fermentation strategies.8  A variety of methods 

have been investigated for inhibitor removal, including treatment with 

microorganisms,208   overliming,151, 200-205  ion-exchange,31, 151, 206 treatment with 

polymeric sorbents207 and enzymes.151  Biological inhibitor removal (bioabatement) by 

treatment with microorganisms208 and overliming are commonly employed methods for 

inhibitor removal. Bioabatement typically makes use of naturally occurring microbes for 

eliminating inhibitory compounds from biomass hydrolysates whereas overliming 

involves the use of calcium hydroxide to remove inhibitory compounds present in 

hydrolysates. In previous works, various types of microbes suitable for biological 

abatement of lignocellulosic hydrolysates have been isolated in a screen of soil 

microorganisms.226  A fungus, Coniochaeta ligniaria NRRL30616, was identified as 

having desirable metabolic capabilities and inhibitor tolerance for its ability to metabolize 

the furan aldehydes furfural and 5-HMF, and an aromatic acid, ferulic acid, as carbon 

energy sources. C. ligniaria also can grow on many other compounds commonly found in 

hydrolysates, including aromatic acids and aldehydes.208  Similarly, inhibitor removal by 

the method of overliming has shown to remove furfural, 5-HMF and acetic acid from 

biomass hydrolysates.202, 203   

In this chapter, we discuss findings of the bioabatement study conducted in 

collaboration with Dr. Nancy Nichols of the Fermentation Biotechnology Research Unit 
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(National Center for Agricultural Utilization Research, USDA-ARS, Peoria, Illinois), and 

compare the effectiveness of bioabatement via C. ligniaria to the effectiveness of 

overliming and ammonia-conditioning for removal of lignocellulosic degradation 

products from dilute-acid hydrolysates. It is important to point out that ammonia-

conditioning has not been previously reported as a method for mitigating inhibitors in 

hydrolysates.  However, scientists at NREL (Golden, CO) have recently become 

interested in its effect on the concentrations of potentially-inhibitory degradation products 

in hydrolysates.  Experimental details on sample preparation and the measurement of 

degradation product concentrations in untreated, overlimed and ammonia-conditioned 

hydrolysate were presented in Chapter 3. Herein, these data are utilized to calculate the 

percentage change in concentration caused by each treatment process, relative to the 

untreated condition, enabling a comparison with similar data resulting from bioabatement 

with C. ligniaria.  Experimental details for the bioabatement study are given below. 

 

Experimental Section 

Bioabatement of Hydrolysate 

The experiments concerning bioabatement of lignocellulosic degradation products 

in dilute-acid hydrolysates of corn stover were performed by Dr. Nancy Nichols at the 

Fermentation Biotechnology Research Unit (National Center for Agricultural Utilization 

Research, USDA-ARS, Peoria, Illinois).  A detailed description of the experiment is 

presented in reference 51.  Briefly, a corn stover hydrolysate was prepared by dilute-acid 

pretreatment (0.7% H2SO4 [w/v] sulfuric acid).  The hydrolysate was subsequently 

supplemented with 0.1% (w/v) (NH4)2SO4 as nitrogen source, and inoculated with a 
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washed cell pellet from a YP-glucose culture of C. ligniaria (NRRL30616).  

Bioabatement was performed by incubating hydrolysate samples with shaking (200 rpm) 

in an Innova 4230 incubator (New Brunswick Scientific, New Brunswick, NJ) at 30 °C 

for up to 96 hours.  All incubations were performed in duplicate flasks and each 

incubation flask was sampled in duplicate for HPLC-MS/MS analysis. To control for 

possible abiotic changes in hydrolysate composition over the course of incubation, 

untreated aliquots (containing hydrolysate not inoculated with NRRL30616) were 

handled identically to the inoculated hydrolysates and sampled in parallel.  

Quantitation of Target Analytes 

After bioabatement experiments were completed, the frozen samples were sent to 

the Chambliss Laboratory (Baylor University) for HPLC-MS/MS analysis.  Upon 

thawing, samples were extracted and analyzed as described in Chapter 2.  It is important 

to point out that the bioabatement study was conducted prior to our detailed evaluation of 

matrix interference and that degradation product concentrations in the bioabatement study 

were determined for undiluted samples via internal standard calibration curves.  It was 

assumed that relative concentrations determined in this manner would be meaningful due 

to the similarity of the sample matrix for inoculated and uninoculated hydrolysates (i.e., 

matrix interference for monitored analytes would be expected to be similar in both 

samples).  However, we concede that the findings reported in Chapter 3 of this 

dissertation suggest that the above assumption could be faulty in select instances.  This 

issue was not evaluated further because samples were no longer available.          

 
 
 
 

119 



 

Results and Discussion 
 

Analytical Observations from Bioabatement using C. ligniaria 
 

Previous work has demonstrated that bioabatement strategies employing C. 

ligniaria significantly improve the fermentability of dilute-acid pretreatment 

hydrolysates.208   Specifically, Strain NRRL30616 was shown to metabolize furfural and 

5-hydroxymethyl furfural (HMF) present in corn stover hydrolysates.208  Both furfural 

and HMF are known fermentation inhibitors.7-9  In this work, C. ligniaria NRRL30616 

was isolated from furfural-contaminated soil and selected for its ability to metabolize 

furfural, HMF, and ferulic acid as sole carbon and energy sources, and to tolerate the 

mixture of inhibitory compounds present in dilute-acid pretreatment hydrolysate.226    

Previous work was extended in the present study by assessing the ability of strain 

NRRL30616 to remove a number of additional pretreatment side-products (e.g., aromatic 

acids, aliphatic acids, and aldehydes) from hydrolysate. 

To access the effectiveness of strain NRRL30616 for removal of potential 

inhibitors from dilute-acid pretreatment hydrolysates, the concentration of lignocellulosic 

degradation products was monitored by HPLC-MS/MS during the incubation of an 

inoculated corn-stover hydrolysate.  Degradation products which exhibited a significant 

change in concentration during incubation (relative to an uninoculated control) are 

contained in Table 4.1.  These degradation products (contained in Table 4.1) represent 

approximately half of the 37 compounds monitored by HPLC-MS/MS.  Note that a 

majority of these compounds were removed almost completely (> 90%) by the end of the 

incubation period for the inoculated sample.  In comparison, the concentration of these 

same compounds typically varied by less than 50% for the uninocuated sample.  Abiotic  
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Table 4.1. Percent change in concentration of degradation products during 96 h of growth 
Coniochaeta ligniaria NRRL30616 (Reprinted with permission from reference 51) 

 
 Hydrolysate Hydrolysate 
Compounds inoculated with  uninoculated with  

NRRL30616 NRRL30616 
 
cis-aconitic acid 280a -55 

3,5-dihydroxybenzoic acid -100 -42 

3,4-dihydroxybenzoic acid -96 -60 

3,4-dihydroxybenzaldehyde -95 -59 

ferulic acid -97 -41 

2-furoic acid -95 -33 

4-hydroxyacetophenone -99 -49 

4-hydroxybenzeldehyde -100 -43 

4-hydroxycoumaric acid -100 -52 

lactic acid -68 -30 

levulinic acid -79 -34 

malonic acid 67a -8 

methylmalonic acid 218a -100 

salicylic acid -98 -45 

Syringaldehyde -84 -48 

syringic acid -98 -49 

vanillic acid -91 -51 

vanillin -99 -35 

a  These compounds increased in concentration over 96 hours of incubation 
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decrease of compounds in the uninoculated hydrolysate could be due to precipitation, 

volatilization, or chemical reactions occurring during the incubation.  Of the remaining 

compounds (i.e., those not listed in Table 4.1), the concentrations were essentially 

unchanged or decreased equally over 96 hours of incubation in both inoculated and 

uninoculated hydrolysates.  

Work by Ingram et al. examined the inhibitory effects of several classes of 

compounds present in hydrolysate on an ethanol producing E. coli strain and showed that, 

in general, toxicity correlates with hydrophobicity of compounds within each class.227-229  

Aldehydes have the most severe inhibitory effect on microbes, and alcohols and aromatic 

acids also act as inhibitors. The inhibitory effects of furfural and 5-HMF are synergistic 

in combination with other compounds.7, 227  NRRL30616 removed compounds 

representing all of these classes from a hydrolysate resulting from dilute-acid 

pretreatment of cornstover (Figure 4.1).  A few compounds, including furoic acid, 

salicylic acid, vanillic acid, and 3,4-dihydroxybenzoic acid, transiently increased in 

concentration before decreasing by 96 h (Table 4.1 and Figure 4.1). Some tricarboxylic 

acid (TCA) cycle intermediates (cis-aconitic acid, malonic acid and methylmalonic acid) 

also increased.  These trends may be due to metabolic intermediates arising in culture 

supernatants, before being further metabolized by C. ligniaria. 

Analytical Observations from Overlimed and Ammonia Conditioning 

Previous work investigating the effect of overliming and ammonia-conditioning 

on analytical concentrations of degradation products is limited.  Studies conducted on a 

limited number of lignocellulosic degradation products have shown that overliming 

decreases the concentrations of furfural, 5-hydroxymethylfurfural, acetic acid, and  
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Fig 4.1. Fate of select degradation products in dilute acid corn stover hydrolysate 
inoculated with C. ligniaria NRRL30616. (A) Furfural (□), 2-furoic acid (●) and HMF 
(○). (B) 4-Hydroxybenzaldehyde (●), 3,4-dihydroxybenzaldehyde (○), vanillin (□) and 
syringaldehyde (∆). (C) Ferulic acid (○), vanillic acid (●), 4-hydroxycoumaric acid (□), 
salicylic acid (■) and 3,4-dihydroxybenzoic acid (▲). (Reprinted with permission from 
reference 51) 
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levulinic acid.8, 21  It has also been observed that overliming generally results in a 

decrease of total phenolics (measured by titration) from dilute-acid and steam-explosion 

pretreatment hydrolysates.199, 203  However, Martinez et al. monitored several phenolic 

compounds (including 4-hydroxybenzoic acid, vanillic acid, syringic acid, vanillin, 

syringaldehyde and ferulic acid) by HPLC-UV and found that overliming had no effect 

on the concentrations of these compounds in dilute-acid hydrolysates.202  The effect of 

overliming on the analytical concentrations of a wide variety of individual lignocellulosic 

degradation products has not been previously investigated.  In addition, the evaluation of 

ammonia-conditioning as a potential strategy for removal of inhibitory compounds is a 

novel component of this study.   

Tables 3.2, 3.3 and 3.4 in Chapter 3 comprise the analytical concentrations of 

various lignocellulosic degradation products found in ammonia-conditioned hydrolysate 

(ACCS), overlimed hydrolysate (OLCS) and an untreated hydrolysate (UTCS) resulting 

from dilute-acid pretreatment of corn-stover.  To enable a comparison of effect of 

overliming and ammonia conditioning with bioabatement, Table 4.2 presents the percent 

change in concentrations of monitored degradation products that result from overliming 

and ammonia conditioning.  Note that small changes in analyte concentration may not 

constitute differences resulting from hydrolysate treatment (i.e, overliming or ammonia 

conditioning).  Plant decomposition via chemical pretreatment and the analytical protocol 

used to monitor degradation products both have inherent variability, and in our 

experience, analytical concentrations determined for replicate pretreatments (conducted 

using an identical protocol) can vary by as much as 20% for a given analyte.    
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Table 4.2. Percent change in concentration of degradation products upon overliming  
and ammonia conditioning of dilute-acid corn stover (UTCS) hydrolysate  

 
 
Overliming  Ammonia  

Compounds (OLCS sample) Conditioning 
(ACCS sample) 

 

2,5-dihydroxybenzoic acid 19 9

2-furoic acid 16 20

3,4-dihydroxybenzaldehyde -14 -13

3,4-dihydroxybenzoic acid -8 9

4-hydroxyacetophenone -10 -11

4-hydroxybenzaldehyde -16 -25

4-hydroxybenzoic acid 51 12

4-hydroxycoumaric acid 72 92

adipic acid 72 17

benzoic acid 142 -47

caffeic acid 53 19

cis-aconitic acid 908 624

ferulic acid 393 51

fumaric acid 22 6

gallic acid -37 -23

glutaric acid 25 34

homovanillic acid 18 4
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Table 4.2. Percent change in concentration of degradation products upon overliming  
and ammonia conditioning of dilute-acid corn stover (UTCS) hydrolysate (cont’d.) 

 
 
   Overliming     Ammonia  

Compounds    (OLCS sample)        Conditioning 
    (ACCS sample) 

 

itaconic acid 56 96 

lactic acid 34 -24 

levulinic acid 105 263 

maleic acid 7 0 

malonic acid 287 0 

p-toluic acid 21 -8 

salicylic acid 12 -3 

sinapic Acid 79 0 

succinic acid 17 22 

Syringaldehyde -27 -2 

syringic acid 26 52 

trans-aconitic acid -91 -25 

vanillic acid 22 45 

vanillin -43 -25 

Percent change calculated as percent difference in concentration of analyte in overlimed 
or ammonia-conditioned sample with respect to untreated corn stover hydrolysate. 

 

Visual inspection of the data in Table 4.2 reveals that concentrations for a 

majority of the degradation products monitored in both overlimed and ammonia-

conditioned hydrolysate are either unchanged or increased significantly upon treatment.  
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For example, 33% of the analytes monitored in overlimed hydrolysate were unchanged, 

while an additional 55% of the analytes exhibited a moderate-to-strong increase in 

concentration.  A specific explanation for the observed increase in concentration of these 

analytes is not currently known; however, they may result from further degradation of 

alternative degradation products already present in the hydrolysate, or from further 

decomposition of lignin residue that is present in the pretreatment sample.  Only gallic 

acid, trans-aconitic acid, vanillin, and syringaldehyde show a significant decrease in 

concentration as a result of overliming.  Collectively, these analytes represent 13% of the 

monitored compounds.  Similarly, only 6 of the 31 monitored analytes (benzoic acid, 

gallic acid, lactic acid, trans-aconitic acid, vanillin, and 4-hydroxybenzaldehyde) show 

significant decreases in concentration for ammonia-conditioned hydrolysates.   

A general trend in degradation-product behavior during either overliming or 

ammonia conditioning was not apparent.  Neither treatment strategy showed a preference 

towards compound class (i.e., aliphatic acid, aromatic acid, aldehyde, etc.) with respect to 

remediation or enhancement of analyte concentrations. In addition, the concentration of 

most analytes did not change in the same way (i.e., increased or decreased) in both 

overlimed and ammonia-conditioned samples.  While 3 of the 31 compounds (viz., gallic 

acid, trans-aconitic acid and vanillin) showed decreases in concentration for both 

overlimed and ammonia-conditioned hydrolysates, the behavior of several compounds 

was significantly different between the two treatments.  For example, approximately 55% 

of the monitored analytes exhibited an increase in concentration as a result of overliming 

while many of these same compounds were unchanged in the ammonia-conditioned 

sample (e.g., 4-hydroxybenzoic acid, adipic acid, caffeic acid, etc.).  Concentrations of 
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benzoic acid and lactic acid also increased in overlimed hydrolysate, but decreased in the 

ammonia-conditioned sample.   

Overall, overliming and ammonia conditioning were not observed to significantly 

remove lignocellulosic degradation products from dilute-acid pretreatment hydrolysates.  

However, as discussed above, moderate removal of select analytes does occur.  It is 

important to note that the benefit that might be obtained by decreasing the concentration 

of these analytes in hydrolysate could (and may likely) be countered by the 

accompanying increase in concentration of other degradation products. 

Conclusions 
 

Work reported in this chapter represents one example of how developed 

methodology can be utilized to inform more practical questions related to biomass-to-

bioethanol conversion.  Both bioabatement and pretreatment-conditioning processes (e.g., 

overliming) can effect an observed increase in fermentability, presumed to be a 

consequence of the removal of inhibitory degradation products.  Bioabatement with 

Coniochaeta ligniaria NRRL30616 dramatically reduced the concentrations of many of 

the lignocellulosic degradation products monitored in this study.  Bioabatement has also 

been shown to result in improved fermentability of hydrolysates.51, 208  This correlation 

suggests that some analytes removed by bioabatement may be toxic to downstream 

microbial processes.  However, it is important to recognize that many of these same 

analytes were not removed by either overliming or ammonia conditioning, yet overliming 

is also widely recognized as promoting improved hydrolysate fermentability.  Thus, the 

comparison presented here suggests that there may be additional factors that are 

responsible for observed microbial toxicity in bioconversion processes focused on 
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ethanol production.  For example, it is possible that alternative hydrolysate components 

(i.e., compounds produced during pretreatment that were not monitored in the current 

study) could be responsible for inhibitory effects.  Additionally, it is possible that 

bioabatement and overliming have additional effects on hydrolysate (beyond the ability 

to remove lignocellulosic degradation products) that have not yet been identified but also 

promote improved fermentability.  These possibilities provide strong impetus for 

continued investigations of hydrolysate composition.   
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