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ABSTRACT  

Carbonyl compounds present in bio-oils are known to be responsible for bio-oil property changes 

upon storage and during upgrading. As such, carbonyl content has previously been used as a 

method of tracking bio-oil aging and condensation reactions with less variability than viscosity 

measurements. Given the importance of carbonyls in bio-oils, accurate analytical methods for 

their quantification are very important for the bio-oil community.  Potentiometric titration 

methods based on carbonyl oximation have long been used for the determination of carbonyl 

content in pyrolysis bio-oils. Here, we present a modification of the traditional carbonyl 

oximation procedures that results in less reaction time, smaller sample size, higher precision, and 

more accurate carbonyl determinations.  Some compounds such as carbohydrates are not 

measured by the traditional method (modified Nicolaides method), resulting in low estimations 
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of the carbonyl content. Furthermore, we have shown that reaction completion for the traditional 

method can take up to 300 hours. The new method presented here (the modified Faix method) 

reduces the reaction time to 2 hours, uses triethanolamine (TEA) in the place of pyridine, and 

requires a smaller sample size for the analysis.  Carbonyl contents determined using this new 

method are consistently higher than when using the traditional titration methods. 

INTRODUCTION 

Bio-oils derived from the pyrolysis of woody or herbaceous species are of interest for upgrading 

to higher value products, such as transportation fuels or renewable chemicals. A typical bio-oil 

contains large amounts of aldehydes and ketones derived, primarily, from cellulose and 

hemicellulose.  It also contains phenolic compounds derived from the lignin contained in the 

biomass.  Additionally, bio-oil contains organic acids, primarily acetic, derived from the acetyl 

groups on the hemicellulose.  The combination of phenolic compounds and aldehydes in an 

acidic medium leads to condensation reactions upon storage of the phenol/formaldehyde type, 

resulting in highly cross-linked and unreactive polymers.
1
   

Diebold identified the presence of carbonyls as one of the sources of bio-oil instability.
2
 Oasmaa, 

et al. also tracked this instability in bio-oil and showed that carbonyls are one of the reactive 

species in bio-oils.
3
 In a later study, Oasmaa et al. showed that decreases in carbonyls correlates 

with the increase in viscosity during aging.
4
  Ben, et al. tracked changes in carbonyl content 

during aging using 
13

C NMR.
5
 In all these instances, the importance of carbonyls affecting the 

instability of bio-oil during storage and during actual processing is highlighted. It is worth noting 

that, while a viscosity test is commonly used to measure the aging of bio-oil, no standardized 

method exists for measuring aging. Attempts at standardizing a stability test based on viscosity 
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measurement have resulted in a large variation in results.
6
 It is therefore necessary to develop a 

technique that can quantitatively measure carbonyl content in bio-oils. 

Hydroxylamine hydrochloride has long been used to analyze ketones and aldehydes.  Bryant and 

Smith noted that hydroxylamine hydrochloride reacts with ketone and aldehyde compounds 

according to the reaction presented in Scheme 1.
7
  They heated a mixture of hydroxylamine HCl 

in ethanol and pyridine in ethanol at 100°C for 2 hours, followed by titration of the pyridine 

conjugate base with sodium hydroxide.  Bryant and Smith noted problems arising from the use of 

sterically hindered ketones and aldehydes that result in the inability to attain complete oximation 

of the hindered ketones and aldehydes.   

Nicolaides applied this method to pyrolysis oils using potentiometric titration.  The reactions 

were carried out at room temperature with stirring for up to 10 hours.
8
  The oximation reaction is 

reversible but the addition of pyridine forces the equilibrium to the right.  The pyridinium 

hydrochloride formed was titrated with NaOH.  Unused hydroxylamine HCl is a weak acid and 

is also titrated. Nicolaides demonstrated that this method was uninfluenced by the presence of 

organic acids.  Pyrolysis oils can contain a relatively high concentration of organic acids (3-25 

wt%)
9
 derived from the deacetylation of xylan.  Acetic and formic acid represent 80 – 90% of the 

total organic acids present in bio-oils.
10

  These acids had no bearing on the carbonyl 

determination. It is worth noting that the carbonyl titration method developed by Nicolaides is 

relatively common in the literature.
4, 8, 11-13

 

Zakas
14

 and Faix
15

 developed a method using triethanolamine with hydroxylamine HCl for 

determining carbonyl groups in lignins. In both of these methods, the titration occurred at 80°C.  

Triethanolamine was added as a buffer and to force the reversible oximation reaction to 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 4

completion. Triethanolamine reacts with the liberated HCl and the remainder is titrated with 

standardized HCl.  Unlike Nicolaides, Faix included a correction for the acid content present in 

lignin samples. 

 Zakas found that reaction times with hydroxylamine HCl of up to 500 hours at room 

temperature could be required for hindered carbonyls.  At 20°C carbonyls in the β and γ position 

on the phenyl propane unit of lignin react rapidly, but carbonyls in the α position could take up to 

500 hours to react. Zakas and Faix also determined that certain organic acid groups with a low 

pKa can react with the triethanolamine, giving a falsely high carbonyl content.  A correction 

factor for these reactions was included in the method they developed. 

The goal of this publication is to demonstrate the application of the Zakas/Faix method to the 

carbonyl analysis of pyrolysis oils and compare it to the Nicolaides method that is commonly 

used for this type of analysis.  We will demonstrate that the acid correction utilized by Faix and 

Zakas is unnecessary and that the Nicolaides method as currently used severely underestimates 

the carbonyl content of pyrolysis oils.  

EXPERIMENTAL 

Modified Zakas/Faix method  

NH2OH·HCl (23g, Sigma-Aldrich) was dissolved in 200ml of water and diluted to 1 l with 

absolute ethanol to make a 0.3N solution in 80% ethanol.  Triethanolamine (TEA) (74g, Baker) 

was dissolved in 40g of water then diluted to 1 l with ethanol to make a 0.5N solution of TEA in 

96% ethanol. 
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100 to 120mg of bio-oil was weighed into 5 ml Reacti-vials that are equipped with a conical 

magnetic stirrer. 0.5ml of dimethylsulfoxide (DMSO, Baker), 2ml of 0.3N hydroxylamine 

hydrochloride (NH2OH·HCl) solution and 2ml of 0.5N TEA solution were added to the samples.  

The reaction vessel was tightly sealed and placed in a 27 well heater block preheated to 80°C.  

The reaction was heated with stirring for 2 hours. The sample was not purged with inert gas prior 

to analysis.  Each sample was analyzed in triplicate and each sample group includes a blank 

(Blank A) of DMSO, TEA and NH2OH·HCl solution, also performed in triplicate.   

After 2 hours, the samples were removed from the heater block and allowed to cool.  Following 

reaction, the solution was quantitatively transferred to the titration cup with ethanol (four 5ml 

aliquots) and water (one 5 ml aliquot) to make an 80% ethanol solution and titrated against a 

standardized HCl solution (0.10M) by pH titration.  The equivalence point occurs around pH 3.5. 

Titration of the samples should be performed as quickly as possible and samples should not be 

allowed to stand overnight.  Formation of TEA·HCl can change the results if the samples are 

allowed to stand for more than 8 hours. 

The carbonyl content (wet basis) is calculated from equation 1: 

��������	
������	 
����� � =
������
�� ∗ �       (1) 

where a, a0 = volumes of 0.1 N HCI (mL) used for titration in sample and the blank, respectively 

N = titer of 0.1 N HC1 

wt = weight of oil (g) 
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A detection limit has not yet been established but is estimated to be near 0.1 mol/kg for these 

proportions. 

Modified Nicolaides method 

NH2OH·HCl (9g) was dissolved in 20ml of water and then diluted to 250ml to make a 0.5N 

solution of NH2OH·HCl in 92% ethanol.  Pyridine (10g) was diluted to 500 ml with ethanol to 

make a 0.25N solution in 100% ethanol. 

A sample of from 1g to 3g of bio-oil is weighed into a bottle with a magnetic stirrer inside.  The 

amount of sample used should be chosen so that 30% to 60% of the NH2OH·HCl is unreacted. 

The pyridine solution (20ml) was added followed by 10 ml of the NH2OH·HCl solution.  The 

bottle was tightly sealed and placed on a magnetic stirplate to vigorously stir for 12 to 18 h.  The 

sample was not purged with inert gas prior to analysis. After stirring, the sample was 

quantitatively transferred to a 100 ml volumetric flask and made up to 100 ml with 100% 

ethanol. 

The carbonyl content (wet basis) is calculated from equation 2: 

��������	
������	 
����� � =
�∗�∗�
��          (2) 

where a = volume of 0.1 N HCI (mL) used for endpoint of the titration of the sample  

N = titer of 0.1 N HC1 

wt = weight of oil (g) 

Solvent spiking of oil samples 
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To test the acid correction step resulting from acetic acid that is found in pyrolysis oils, weighted 

amounts of acetic acid were added to oak pyrolysis oil samples at room temperature. Glacial 

acetic acid was added to 1g of bio-oil, 4-BBA and water in concentrations of from 50mg to 

400mg (5 to 30 wt/wt%).  The samples were thoroughly mixed and kept cold until analyzed. The 

samples were then treated and titrated as described. 

To test for method interferences arising from carbohydrates and common solvents that may be 

present in, or added to, bio-oils, ethyl acetate, glucose, xylose, 1-butanol, 2-butanol and 2-

methylpropanol were added to 1g samples of bio-oil in adduct concentrations of 100mg to 

400mg (8 to 25 wt/wt%).  The samples were mixed thoroughly, stored under cold conditions and 

treated as described. 

Materials and Equipment 

Both methods were tested on 500°C fast pyrolysis oil, not hot gas filtered, from oak produced by 

NREL,
16

 as well as acetovanillone (Sigma-Aldrich) and 4-(Benzyloxy)benzaldehyde (4-BBA) 

(Sigma-Aldrich) which both have a known carbonyl content.  Ethyl acetate, glucose, xylose, 1-

butanol, 2-butanol and 2-methylpropanol were also obtained from Sigma-Aldrich.  All titrations 

were performed with a Metrohm 842 Titrando automatic titrator.  

RESULTS AND DISCUSSION  

Several modifications have been made to Faix’s method for efficiency and to tailor the method to 

pyrolysis oils.  Faix specifies that the hydroxylamine HCl and TEA should be mixed prior to use.  

Fresh blanks and fresh samples of model compounds prepared from this one component mixture 

gave the expected results.  Upon standing for 24 hours, however, the solution formed a 
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crystalline material on the bottom of the flask, and the amount of acid needed to titrate the blank 

decreased significantly.  See Table 1.  

The NH2OH·HCl reaction with the TEA formed a TEA·HCl species which is insoluble in the 

ethanol solution. This makes no difference to the determination of the carbonyl of model 

compounds since a blank is performed with each set of experiments, but it could result in enough 

of a reduction of NH2OH·HCl over time to impact the results.  A simpler approach was 

developed wherein the NH2OH·HCl and TEA mixtures were added separately just prior to 

reaction. This avoids the formation of TEA·HCl and avoids complicated dilutions.  

Faix’s determination was developed for small sample sizes.  He used 80 to 100 mg of powered 

lignin.  Pyrolysis oils are thick oils that contain lignin fragments, compounds derived from 

carbohydrates and as much as 30% water. Through method modifications to tailor the method to 

bio-oils, a larger sample size was found to give more consistent results. Thus the sample size was 

increased over Faix’s method to between 100mg and 120mg, with the amount of reactants 

increased accordingly. 

Faix’s method included an acid correction for the consumption of the TEA by acidic groups in 

samples.  The Faix method was developed for lignins, which can contain some strong acid 

components depending on their origin.  In Faix’s method, the sample is mixed with TEA without 

added NH2OH·HCl.  A blank of the TEA solution is also prepared and both are treated as the 

other samples.  Any strong acid components in the sample will react with the TEA to give a 

carbonyl content that is artificially high. 

Pyrolysis oils contain only weak organic acids of which acetic acid is the most prevalent.  Bio-oil 

that had been previously tested using Faix’s method was spiked with glacial acetic acid ranging 
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from 0 to 28% by weight.  The model compound 4-BBA was also spiked with acetic acid from 0 

to 30% by weight. As can be seen in Figure 1, once corrected for the dilution of the sample, the 

acid correction in the Faix method made no difference for bio-oils.  Results for both the oil and 

4-BBA were not significantly different after the acid correction titration was applied. This 

simplifies the method as it pertains to pyrolysis oils and allows for greater sample throughput.  

Zakas determined that the pyridine/ NH2OH·HCl method was a slow reaction with lignins, 

requiring up to 500 hours of stirring to reach completion. This was largely due to steric 

hindrances in the lignin which greatly slowed the oximation reaction. Model compounds with a 

simpler structure gave values within expected ranges independent of the two methods used.  

However, when the Faix and Nicolaides carbonyl methods were applied to pyrolysis oils, the 

difference between the value for the carbonyl content can be as great as 50% using the usual 

reaction times of 2 hours for Faix’s method and 12 to 18 hours for the Nicolaides method.  These 

results can be seen in Figure 2. 

To test the time needed to reach parity with the Faix method, oak oil samples were prepared by 

the Nicolaides method and stirred for up to 336 hours.  Figure 2 shows that the carbonyl content 

continues to increase over time until reaction completion is reached after 2 weeks.  A sample was 

also prepared by the Nicolaides method and heated for 2 h at 80°C, which is close to the 

conditions called for by Byrant and Smith’s original method.
7
 This sample was within the range 

of the Faix method with a higher standard deviation.   

These results clearly indicate that the Nicolaides method as currently practiced is 

underestimating the carbonyl concentration for pyrolysis oils.  These results suggest that 

determination of carbonyls by titration is much faster and accurate using a method based on that 
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developed by Faix.  Further heating of the samples using the Nicolaides method is more difficult 

given the volumes of sample used and the presence of pyridine.  

Pyrolysis oils are composed of a very wide variety of compounds, and over 300 compounds have 

been identified.
17

  Depending on the specific processing scheme, bio-oils may contain solvents 

added for handling purposes. To test interferences by compounds that may be present in 

pyrolysis oil, whether as derived from the actual pyrolysis or by addition of solvents, spiking 

tests were performed.  The oak oil was spiked with an ester (ethyl acetate), two carbohydrates 

(glucose and xylose), and an alcohol (butanol). Figure 3 shows the results for the carbonyl 

determination of the bio-oil spiked with ethyl acetate.  Following dilution correction, the 

carbonyl content is unchanged compared to the unaltered oil.   

As expected, spiking the oil with a carbohydrate results in an increase in the carbonyl content as 

can be seen in Figure 4.   

Carbohydrates are commonly oximated as part of GC/MS analysis of carbohydrate mixtures,
18, 19

 

so the lack of oximation by the Nicolaides method points to why the carbonyl content may be too 

low. The ring of the carbohydrates opens and closes at a much faster rate at higher temperatures, 

which makes the aldehyde available for oximation in both the Faix method and the 80°C 

Nicolaides method.  At room temperature the rate is too slow for efficient oximation and, thus, 

the carbonyl content of the original Nicolaides method is artificially low.  This may also explain 

the larger variance of the Nicolaides method seen in Figure 2.  The oximation would be more 

variable at room temperature.  

Figure 5 presents the results of spiking the oil with 1-butanol from 0 to 24% by weight, which 

gave an unexpected result.  The carbonyl content of the bio-oil increased significantly over the 
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original sample after dilution correction.  Butanols can be oxidized to aldehydes by using 

methods such as Collin’s Reagent
20

 or Jones’ Reagent.
21

  However the presence of such powerful 

oxidizers in the pyrolysis oil would result in rapid degradation of the oils, which has never been 

observed.  

To determine if the oil contained a previously undiscovered oxidizer, an oil was spiked with 1-

butanol, 2-butanol and 2-methylpropanol.  If an oxidizer is present in the oils, the primary and 

secondary alcohols will oxidize to an aldehyde and ketone, respectively, which would result in a 

higher carbonyl content.  The tertiary alcohol, however, should not oxidize and would not result 

in an increase in carbonyl content.  

As can be clearly seen in Figure 6, all three alcohols resulted in an increase in carbonyl content 

of approximately 25%.  Therefore, the effect is not related to the oxidation of the alcohol. 

Garcıa-Perez, et al. suggest that pyrolysis oils contain self-aggregating gel-like structures formed 

from the heavier molecular weight compounds contained in the oil.
22

 These gels may contain 

aldehydic groups that are inaccessible during the normal reaction using the Faix method.  

Addition of an alcohol as a matrix spike relaxes the gels and makes the aldehydes more 

accessible, increasing the measured carbonyl content.  

These results raise another issue, however.  The Nicolaides method is clearly underestimating the 

carbonyl content for actual samples.  The alcohol results indicate that the Faix method may also 

be underestimating the carbonyl content.  Spiking the sample with an alcohol other than ethanol 

may result in a better estimation of the carbonyl content. This may be true of other solvents as 

well.  This could also be true of the sample prior to addition of the TEA and NH2OH·HCl.  To 
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test this, samples of oil were weighed into reaction vessels and the normal 0.05ml of solvent was 

added.  The samples were then allowed to stir for 18 hours before adding the rest of the reagents.  

The data outlined in Table 2 used larger weights of solvent than in the alcohol spikes previously.  

100mg of sample was dissolved in 0.55g of DMSO or 0.4g of 1-butanol.  In the alcohol spikes, 

alcohol used was up to 0.25g of solvent per gram of oil so that the sample was largely pyrolysis 

oil.  The excess solvent may have interfered with the relaxation of the micelles.
22

  Further testing 

of the alcohol spiking and the effect on the carbonyl content is on-going. 

1-Butanol was also investigated as a replacement for DMSO as a solvent.  Figure 7 shows that 

the substitution of 1-butanol for DMSO has no effect on the determination. Replacement of the 

DMSO in the procedure increases the safety of the determination due to DMSO’s unique ability 

to pass through the skin and carry with it the other components in the reaction mixture.  

Finally, it is worth noting here that an inter-laboratory round robin study on bio-oil analysis, with 

five different participating laboratories, was recently undertaken on both the Nicolaides and Faix 

methods presented here.
23

 The Nicolaides method was found to have inter-laboratory variabilities 

of around 10 %RSD. The Faix method exhibited much lower inter-laboratory variabilities of 

around 5 %RSD. While both of these results are promising for the validation of a chemical 

characterization technique for bio-oil, the Faix method is clearly more reliable. It has previously 

been shown that carbonyl content may be used to track bio-oil aging,
4
 and the recent round robin 

results show that carbonyl titration can be performed reliably in different laboratories. This could 

lead to the development of a bio-oil stability test based on carbonyl content, which would avoid 

past difficulties with gauging stability based on changes in viscosity measurements.
6
 Finally, 
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similar to the work presented here, the Faix method was found to consistently give higher 

carbonyl contents than the Nicolaides method in the round robin.
  

CONCLUSION  

Carbonyl compounds in pyrolysis bio-oils are known to cause issues both during storage and 

upgrading. Given this, reliable analytical methods for their quantification are necessary. We have 

shown that a modified Faix method greatly decreases the reaction time and increases sample 

throughput, while providing more accurate and more precise results than the more widely 

accepted Nicolaides method for the analysis of carbonyls in pyrolysis oils.  Furthermore, the 

modified Faix method presented here is easier to perform and uses greener and safer reagents 

than the Nicolaides method.  The use of TEA greatly reduces the hazards of using pyridine 

solutions, and using 1-butanol as the solvent decreases the hazards over the original Faix method 

without detrimentally impacting the method. 

We have also demonstrated that the acid correction laid out by Faix and Zakas is unnecessary 

with respect to pyrolysis oils, thereby eliminating extra steps and increasing the number of 

samples that can be analyzed. A summary of the traditional Nicolaides method, the Faix method, 

and our modified Faix method can be seen in Table 3. 

As expected, the addition of esters has no impact on the carbonyl concentration while the 

addition of carbohydrate does increase the carbonyl content.  The addition of an aliphatic 

alcohol, however, also increased the carbonyl content but not by the formation of carbonyl 

compounds through oxidation of the alcohol. The increase in carbonyl content may be a solution 

phenomenon and may provide a method for further increasing the accuracy of the method. 
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FIGURES  

 

Figure 1. Samples spiked with acetic acid and corrected for acid content and sample dilution. 
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Figure 2. Carbonyls by Nicolaides method vs time as compared to Faix method. 
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Figure 3. Ethyl acetate spike for the Faix method. 
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Figure 4. Carbohydrate spike for the Faix method. 
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Figure 5. Butanol spike for the Faix method. 
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Figure 6. Primary, secondary and tertiary alcohol spike of pyrolysis oil. 
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Figure 7. Effect of solvent substitution on carbonyl determination. 

 

 

SCHEMES  

Scheme 1. Oximation Reaction. 
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TABLES 

 

 

 

Table 1. Blank HCl consumption with time. 

 

 

Solvent Stirred 18h Std. dev. Untreated Std. dev. 

DMSO 3.6700 0.1015 3.8484 0.2886 

1-butanol 3.8597 0.1185 3.9547 0.0727 

 

Table 2.  Carbonyl content of oak bio-oil (mol/kg, wet basis) after stirring in solvent for 18 h 

prior to titration. 

 

 

Method Conditions Reagents
a 

Sample weight Special conditions
b 

Modified 

Nicolaides 

21°C, 

stirring for 

12 to 300 h 

Hydroxylamine 

HCl, pyridine  

0.5 to 1.5g 12 to 18 h of stirring 

commonly used.  Sample 

size determined by 

consumption of hydroxyl 

amine during reaction.  

Determination repeated if 

consumption <20% or > 

60% 

Faix 80°C, 

stirring for 

2 h 

Hydroxylamine 

HCl, DMSO, 

triethanolamine  

0.080g Includes correction for 

acids present in sample.  

Sample size independent 

of hydroxylamine 

Time, h Volume HCl, ml Std. dev. % difference 

0 1.9279 0.0317  

24 1.7056 0.0416 -11.5 
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consumption 

Modified 

Faix 

80°C, 

stirring for 

2 h 

Hydroxylamine 

HCl, DMSO or 

2-butanol, 

triethanolamine 

0.1 to 0.15g Acid correction removed. 

Sample size independent 

of hydroxylamine 

consumption 

a. All reactions  performed in ethanol. 

b. All reactions performed without inert gas purging. 

Table 3. Summary of titration methods. 
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