
Abstract 

 

FU, QIRONG. Studies on the Pyrolysis of Chromated Copper Arsenate-Treated Wood: 
Analytical Methodology and Optimization. (Under the direction of Dr. Dimitris S. 
Argyropoulos and Dr. David C. Tilotta). 

 

Low temperature pyrolysis offers a feasible option for wood waste management and the 

recovery of a variety of useful chemicals. The effect of Chromated Copper Arsenate (CCA) 

wood preservatives on the yield and composition of various pyrolysis products was 

investigated in the present research. A novel quantitative 31P NMR methodology has been 

developed to quantify levoglucosan and levoglucosenone from the pyrolysate of CCA-treated 

and untreated wood. The CCA treatment on wood had a significant effect on the amount of 

main carbohydrate derived degradation products of tar. In particular, a higher yield of 

levoglucosan can be obtained compared to that from untreated wood. Phosphoric acid has 

proven to be an efficient catalyst to favor levoglucosenone formation. The pyrolysis of 

CCA-treated wood in the presence of phosphoric acid gave rise to high yields of 

levoglucosenone, which demonstrated the potential for a new pathway in the rational use of 

CCA-treated wood waste. Pretreated wood with metal compounds has demonstrated that 

K2Cr2O7 and CuSO4 salts promote the formation of levoglucosan. The CrO3 treatment was 

found to favor the formation of levoglucosenone. A kinetic study of the pyrolysis of 

CCA-treated wood by thermogravimetric analysis has shown that CCA components have a 

significant influence on the thermal decomposition behavior of CCA-treated wood, which 



accelerate the weight loss of wood and the oxidation of the char. 
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1. INTRODUCTION 

 

1.1 Background 

 

Waterborne preservatives can prevent wood decay from insects and fungi. Chromated copper 

arsenate (CCA) is a common wood preservative that contains chromium, copper and arsenic 

salts. Based on different ratios of active salts (CrO3, CuO, As2O5) in the preservatives, CCA 

can be divided into three categories: type A, B and C. CCA-treated wood is generally used for 

outdoor uses, such as telephone poles, decks, fence posts, boat docks and wooden playgrounds. 

Because arsenic-laced preservatives are considered a health risk, the Environmental 

Protection Agency (EPA) released an announcement in 2002 to phase out the use of wood 

preservatives that contain arsenic for any wood products destined for consumer use in the 

future, thus promoting the search for new alternative wood preservatives [1]. The prospects for 

disposal of the residual CCA-wood are alarming, however, since industry experts estimate that 

75 billion feet of CCA-treated boards are in current use nationwide [2]. Thus, the waste 

management of secondary consumer use CCA-treated wood has escalated into a challenging 

problem in the US. 

 

Environmentally friendly recovery and/or disposal technologies need to be developed for the 

large amounts of CCA-treated lumber waste that will come online. Because landfill costs are 

rising and arsenic can leach from CCA-treated wood exposed to landfills, this landfill disposal 
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technology is not an acceptable option. Burning CCA-treated wood waste can generate and 

release highly toxic smoke and fumes into the environment. It has been reported [3-5] that 8 to 

95% of arsenic (As(III)) is volatilized upon burning of CCA-treated wood. Conventional 

pyrolysis systems (fixed bed, batch or grate; fluidized bed; rotary kiln, etc.) operate at 

temperatures that are too high to prevent the release of poisonous arsenic. On the other hand, 

the pyrolysis of CCA-treated wood at low temperatures may be a promising approach to the 

growing disposal problem, since low temperatures and no oxidizing agents are used [6], which 

may reduce metals loss compared to combustion. The recombination and agglomeration of 

metals in the residue char allow the possibility of using a dry separation (pneumatic centrifugal 

separation) to recover the metals, which makes the metal recycling process complete and 

therefore environmentally friendly. 

 

Pyrolysing the CCA-treated wood waste is not only a feasible disposal approach, but also a 

pathway to recover valuable chemicals such as levoglucosan (LG), levoglucosenone (LGO), 

hydroxyacetone and hydroxyacetaldehyde. The pre-treatment of wood samples with inorganic 

additives has a significant influence on the pyrolysis product distribution. The presence of Na, 

K, Li and Ca salts during the thermal decomposition of cellulose has been shown to drastically 

reduce the formation of LG and induce formation of high char and low tar yields [7-10]. In 

contrast, other metal ions (particularly the transition metals) especially promote tar formation 

and enhance the yield of LG [9]. It has been pointed out that some transition metal ions have 

the ability to form complexes with phenols and interact with lignin in the wood, which 
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decreases the interference by lignin in the conversion of cellulose to LG [9]. The pre-treatment 

of phosphoric acid on cellulose is known to promote dehydration and depolymerization 

reactions and favor the formation of LGO [11, 12]. 

 

In the following sections, literature accounts are presented for the chemistry and kinetic 

behavior of Cu-Cr-As compounds, hazard assessments, and disposal technologies for CCA 

treated wood waste. The mechanisms of thermal degradation of carbohydrate and lignin are 

illustrated. The effect of phosphoric acid treatment, metal ions and of salts on wood pyrolysis 

is introduced. Since the 31P NMR technique plays an important role in our study, the principles 

of 31P NMR spectroscopy and its application in wood chemistry are also described in this 

section. 

 

1.2 Chromated Copper Arsenate (CCA) - treated Wood 

 

1.2.1 Overview of CCA-treated Wood 

 

Lumber in contact with the ground and/or in outdoor environments can be attacked by insects, 

fungi, and bacteria that cause deterioration, decay, and rot. Depending upon its use and the 

local environmental conditions, unless lumber is treated with a preservative, it will generally 

sustain damage within 3 to 5 years. This damage shortens the useful life of wood structures 

(e.g. playground equipment or decks), and may lead to physical safety hazards. According to 
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industry sources, pressure-treated wood can last 10 to 20 times longer than untreated wood in 

the same application [13]. 

 

Over the centuries, various practices have been used to protect wood from attacks by insects 

and fungi. In the past 70 years, chemical methods of wood preservation have become 

increasingly popular. Chemical preservatives used in wood can be divided into two major 

groups: organic (or oilborne) and inorganic (or waterborne). Organic preservatives include 

pentachlorophenol, creosote, and coal tars, while inorganic preservatives include chromated 

copper arsenate (CCA), ammoniacal copper arsenate (ACA), and acid copper chromate 

(ACC). Wood preserved with organic chemicals is generally not available for use by the 

general public. Virtually all treated wood available in retail outlets for use by the general 

public is preserved with inorganic chemicals, most commonly with CCA. CCA preservatives, 

introduced in the 1930’s, have been the main chemical formulation used for pressure-treated 

wood. CCA is composed of chromic oxide, cupric oxide, and arsenic pentoxide at different 

proportions and divided into three categories (Table 1.1) [14]. As recently as 2001, CCA was 

used in about 98% of the pressure-treated wood produced for residential uses. Each of the 

components of CCA preservative serves a specific purpose; copper is an effective fungicide 

and arsenic is an effective insecticide, while chromium serves to bind the chemical 

preservative to the wood. 
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Table 1.1 The active ingredients in waterborne CCA preservatives 

 CCA-A CCA-B CCA-C 
CrO3 (%) 65.5 35.3 47.5 
CuO (%) 18.1 19.6 18.5 
As2O5 (%) 16.4 45.1 34.0 

 

1.2.2 The Chemistry and Kinetic Behavior of Cu-Cr-As Wood Preservatives 

 

Commercial chromium-copper-arsenates are manufactured and prepared in different forms – 

powders, pastes, and solutions – to facilitate the handling required by the end use for which 

they are intended. In addition, commercial CCA preparations are manufactured from different 

CuII, CrVI, and AsV compounds, and within limits their proportions may be varied according to 

the brand name. Thus copper can be used as CuO or CuSO4·5H2O, chromium as CrO3, 

Na2Cr2O7, or K2Cr2O7, and arsenic as As2O5 of different H2O crystallization contents [15]. 

 

The mechanism and kinetic behavior of the fixation of a mixture of CuII/CrVI/AsV to wood, 

cellulose, lignin and their model compounds have already been investigated by Pizzi et al. 

[15-21]. The complexation of CCA with wood is described as follows:  
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x Only in the absence of As or when As concentration is very low. 

95% of the system of a normal CCA is composed of CuCrO4 + CrAsO4 after the reaction of 

CCA with wood. 

 

The kinetic behavior of CrO3 alone in its reaction with wood has been elucidated [16, 17]. 

Various reactions take place between CrO3 and the lignin and cellulose in wood. CrO3 reacts 

with cellulose in a two-step reaction: the first step is an adsorption of CrVI onto the cellulose to 

form CrVI/cellulose activated complexes. The second step is a CrVI→CrIII reduction taking 

place on the cellulose surface. The CrVI adsorbed by cellulose appears mainly to be reduced to 

CrIII. The reaction of CrVI with lignin has been shown to be the composition of the three 

successive reactions of Cr2O7
2-, HCrO4

-, and CrO4
2- with the guaiacyl units of lignin. 

Insoluble and stable CrVI/lignin complexes in which chromium maintains its hexavalent 

oxidation state are formed. The fixation of CrO3-derived compounds on wood has been 

explained as the combination of the various reactions investigated. The results indicate that 

60% of Cr is fixed irreversibly to the lignin of wood as CrVI and 40% is weakly bound, 

HCrO4
−

Cu2+/lignin complexes

HCrO x
4
−

CrAsO4 
Cr2(OH)4CrO4

Cu2+ 

CuCrO4 Stable CuCrO4/lignin complexes 
CrAsO4/lignin complexes

inorganic CrAsO4 precipitates on cellulose 
inorganic precipitates on cellulose 

/lignin complexes
x 

Cu2+/cellulose complexes

physically adsorbed on wood constituents 

CCA 
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probably just precipitated, on the cellulose surface as CrIII of which small amounts can be 

released in a water medium. The CrVI lignin complexes are very stable and CrVI will not be 

released to the outside environment under any circumstances (such complexes are insoluble in 

water, in moderately concentrated alkali and acids, as well as in several organic solvents). 

These are the complexes which impart water repellency and improved dimensional stability to 

the wood. CrIII/cellulose complexes are stable to a considerably lesser degree than the lignin 

complexes. It is more likely that CrIII is only physically adsorbed by the cellulose. 

 

For a Cr6+/Cu2+ system in its reaction with wood [19], approximately 20% of the copper is 

fixed to the guaiacyl units of lignin in the form of copper chromate; the remaining copper 

forms complexes with cellulose and mainly with the guaiacyl units of lignin. Copper chromate 

is present as Cu(H2O)2(guaiacol)CrO4(guaiacol) complexes, and CuCrO4 bridges between 

different guaiacyl units of the lignin network appear to be likely. 

 

For a Cr/As system in its reaction with wood [18], chromiumIII arsenate complexes with the 

guaiacyl units of lignin. An initial increase in the rate of reduction CrVI→CrIII by the 

carbohydrate fraction in wood is ascribed to the catalytic effect of the arsenic. 15% of the total 

As, not having reacted with Cr, is probably coordinated with lignin or cellulose in the wood in 

the form of fairly soluble complexes that do not easily release As into the system because their 

ligands (lignin and cellulose) are solids already out of solution. 
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1.2.3 Pressure Treatment of Wood with CCA Preservatives 

 

In almost all cases related to exterior residential applications, including playground equipment 

and decks, wood is preserved through a manufacturing process called “pressure treating”. 

Through this pressure-treated method, the chemical preservative is easy to infiltrate the 

cellular structure of the wood. The CCA treatment of wood can be accomplished by either the 

Bethell (full-cell), Lowry (empty-cell) or Rüping (empty-cell) process [22, 23]. In the full-cell 

method, both cell wall and lumen are filled with the chemical, while the objective of 

empty-cell process is to retain preservative in only the cell wall. In cases where the largest 

retention of preservative is desired, the Bethell process is usually employed. This process 

results in high retention, but not necessarily deeper penetration than that of other processes. In 

a typical Bethell process, the treatment begins with an initial vacuum to evacuate air from the 

autoclave. Thereafter, the preservative is introduced into the autoclave and forced into the 

wood when the pressure is increased to 140-150 psi for several hours. Once the pressure time 

is completed, the preservative is drained from the autoclave, and then a vacuum is applied to 

clean the excessive chemical left on the surface of the timber. The Lowry process is generally 

used when the product will require the retention of a fairly large amount of preservative. The 

Rüping process is designed to obtain the most thorough penetration while leaving a minimum 

amount of preservative in the wood [23]. These two processes are same as the Bethell process 

but with no initial vacuum; they allow initial air in the wood at the beginning of treatment. 

Later, the preservative is forced into the wood when the pressure is increased to 140-150 psi 
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and held for several hours. Next the pressure on the autoclave is relieved before applying a 

final vacuum to clean the excessive chemical on the surface of the timber similar to the 

process of the full-cell method [24]. 

 

1.2.4 Hazard and Risk Assessments 

 

CCA is a mixture of chromic oxide, cupric oxide, and arsenic pentoxide. Among the three 

metallic constituents, i.e., chromium, copper and arsenic, arsenic is the most toxic. The 

principal exposure to arsenic from CCA-treated wood in playground equipment occurs 

through transfer of wood surface residues to a child’s hands and subsequent hand-to-mouth 

transfer that can occur from directly putting hands or fingers in the mouth, and also from 

indirect transfer to food or toys, which are then placed in the mouth [25]. In addition to oral 

exposure, arsenic residues transferred from the wood to the skin (e.g., hands, arms, legs) may 

be absorbed through the skin, contributing to exposure. Further, arsenic from CCA-treated 

wood may leach or wash off the wood onto the surface below the playground structure [26]. 

Children playing near or beneath the play structure could contact the playground surfacing 

materials, soil, or ground cover. As with arsenic residues transferred directly from the wood 

surface, arsenic in the contaminated ground materials could be ingested through 

hand-to-mouth contact, or could be absorbed through the skin. Other pathways of exposure to 

CCA residues are possible, such as through contact with residential decks, porches, picnic 

tables, or fences, direct mouthing of handrails or other surfaces. 
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1.2.5 Alternative Preservatives to CCA 

 

CCA-treated wood was phased out in 2003, which has promoted the development of new 

alternative wood preservatives. There are several possible substitutes for CCA-treated wood: 

wood treated with other chemicals; naturally resistant wood (e.g., cedar and redwood); plastic; 

and composite lumber. A number of potential chemical substitutes for CCA are currently in 

use and expected to replace CCA as common wood preservatives. The two most likely 

replacements for CCA are ammoniacal copper quaternary (ACQ) or copper boron azole 

(CBA). These two chemicals do not include arsenic, chromium, or any other chemicals 

considered toxic by the EPA. The copper component still remains in the wood preservatives 

and is an effective fungicide to inhibit the fungal growth. ACQ is similar to CCA in durability, 

range of use, and mechanical properties. Lee et al. [27] revealed that wood treated with ACQ 

was effective in resisting attack by brown rot fungi, white rot fungus and termites, which was 

similar to those results found for CCA-treated wood. 

 

1.2.6 Disposal Technologies for CCA-treated Wood Waste 

 

The existing and emerging technologies for managing CCA-treated wood waste include: 

recycling and recovery, chemical extraction, bioremediation, electrodialytic remediation and 

thermal destruction [28]. Many technological options to manage waste of CCA treated wood 

are summarized in Table 1.2, which have their limitations and problems. 
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Table 1.2 Existing and emerging technologies for managing CCA treated wood waste [28] 
 

Management options Barriers Prognosis 
Reuse Wood waste is bulky and inefficient to 

transport; contaminated sawdust may be 
generated 

Good for industrial products 
but of limited potential for 
residential treated products 

Refining for recycling   
·Wood based 
composites 

Issue of using metal containing and 
contaminated wood and loss of ownership of 
treated wood (product should be identified as 
one containing treated wood); landfill 
disposal is only deferred, not avoided; CCA 
tends to interfere with the adhesives 

The market is not in favor of 
using CCA wood in 
conventional wood composite 
manufacturing, questions 
about safety of workers and 
environmental problems 

·Biodegradation by 
fungi 

Part of the contaminants left in the wood and 
loss in fiber quality; absence of end use for 
extracted wood and chemicals; problems 
with contamination of the system by other 
organisms 

Not economically feasible 

· Extraction of CCA 
components 

Not 100% effective and slow; recycling of 
CCA components is not proved; not 
cost-effective at this time; high cost of size 
reduction 

Some potential for treatment of 
minor amounts of treated wood 
such as that produced as a 
by-product of milling 

· Use for mulch, 
compost or animal 
bedding 

More leaching due to increased surface area 
(less than 0.1% CCA wood causes a mulch to 
exceed risk-based direct exposure standard 
for arsenic); CCA chemical is dispersed into 
the environment; products will become 
untraceable 

Clear policies and regulation 
that prohibit inclusion of CCA 
wood in mulch should be 
developed 

Treatment and 
destruction 

  

· Wood liquefaction Only initial lab-scale experiments; only 85% 
of the CCA is removed 

Much more research is needed 
to improve, optimize and 
evaluate the process 

· Thermal destruction Advantage of energy recovery and 
significant reduction of waste volume, but 
ash is considered as hazardous waste and 
arsenic compounds are volatile 
(modifications, controls and monitoring are 
needed to meet air quality standards); 
chipping or grinding is required increasing 
the energy consumption and cost 

Potential if the metals 
collected in the ash are dealt 
with and arsenic is trapped 
from the flue gas; most 
common method in Europe but 
strong resistance in Canada; 
more favorable climate for this 
option is expected in the future 
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Table 1.2 (continued) 
 

Management option Barriers Prognosis 
· Energy and raw 
materials recovery by 
metallurgical processes 

Plant has to be well designed to scrub all 
volatile and particulate arsenic from the 
stacks; relatively low CCA concentration in 
the lumber make CCA recycling 
economically infeasible; not yet all metal 
products are transformed to usable forms 

Plant has to be well designed 
to scrub all volatile and 
particulate arsenic from the 
stacks; relatively low CCA 
concentration in the lumber 
make CCA recycling 
economically infeasible; not 
yet all metal products are 
transformed to usable forms 

Landfill disposal CCA chemical can leach from CCA wood 
(both unburned and as ash) in quantities that 
exceed regulatory thresholds; monofill 
results in the highest metal concentrations in 
the leachate compared to C&D debris 
landfill and MSW landfill; cost of landfilling 
(hazardous waste sites, lined landfills); 
shortage of landfill space 

Not a preferred option because 
it does not recover any value 
from the used product; may not 
be acceptable at individual 
landfill sites 

 

Thermochemical conversion processes are regarded as possible alternatives for the treatment 

of CCA-treated wood waste. Thermal utilization of the wood waste offers the advantage of 

providing energy and concentrating wastes for recycling or disposal (Table 1.2). 

 

There are three main thermochemical conversion processes available for converting biomass 

or wood waste to more useful energy forms: combustion (or incineration), gasification and 

pyrolysis. Combustion generates energy that has to be used immediately for heat. The product 

of gasification is a fuel gas with heating values between 5 and 20 MJ m-3, depending on the 

mode of gasification. Pyrolysis has three products: solid charcoal, pyrolysis tar and pyrolysis 
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gas, their relative amount being dependent on temperature and heating rate [28]. 

 

Extensive gas cleaning equipment is needed to capture arsenic during the incineration of 

CCA-treated wood. The arsenic trioxide dust collected in filters still poses problems with 

respect to occupational health. As far as occupational health is concerned, the use of wet 

methods to capture arsenic is preferred [28]. For high temperature gasification of CCA-treated 

wood, the arsenic may be totally converted to metallic arsenic [29]. Thus, a cleaning system 

that captures all the arsenic is a very critical point in the gasification unit. 

 

For an inert pyrolysis process to be a reasonable disposal method for CCA-treated wood, 

volatile arsenic loss has to be controlled and the solid pyrolysis product must be suitable for 

recuperating the inorganic compounds. Studies such as scanning electron microscopy coupled 

with energy dispersive X-ray analysis (SEM-EDXA) [30, 31] have shown that during 

pyrolysis the metal compounds form agglomerates, which suggests that the metals can be 

easily recuperated from the charcoal in a dry way [32]. However, arsenic losses are already 

observed for temperatures as low as 275°C [33]. Lower temperatures give rise to very slow 

wood decomposition rates and thus extremely long reaction times. Therefore, in practice, 

pyrolysis leads to non-zero-arsenic volatilization. However, the amount of arsenic volatilized 

is much less compared to gasification or incineration, and therefore the arsenic released may 

be more easily captured by chemisorption [28]. 
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Helsen discussed metal behavior during the low-temperature pyrolysis process [6, 31, 32, 

34-39], since the release of metals to the environment is highly dangerous. With respect to 

metal release, copper and chromium do not pose any problem, but arsenic is identified as the 

problematic compound. Temperature and residence time highly influence the amount of 

arsenic released during pyrolysis. All studies performed to get more insight into the 

mechanism of arsenic release lead to the same hypothesis: the reduction of pentavalent arsenic 

to trivalent arsenic is responsible for the release of arsenic. The most important conclusion is 

that limiting the arsenic release during the pyrolysis of CCA-treated wood implies that arsenic 

has to be kept in pentavalent form and thus the reduction reaction has to be controlled and 

avoided [38]. 

 

1.3 Pyrolysis of Biomass to Produce Fuels and Chemical Feedstocks 

 

Biomass represents a renewable and alternative source for the production of fuels and 

chemicals. The common way to make use of biomass energy potential is the thermochemical 

conversion method. Pyrolysis is one of the thermochemical processes. The liquid products 

obtained from pyrolysis contain many chemical compounds that can be used as feedstock for 

synthesis of fine chemicals, adhesives, fertilizers, etc. [40]. It has been demonstrated that the 

production of valuable oxygenated chemicals, such as phenols and sugars from pyrolysis oils, 

has a better market opportunity if the materials are economically separated and purified [41]. 
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1.3.1 Carbohydrate Pyrolysis 

 

Cellulose is a high-molecular-weight linear homopolymer constituted of repeating 

β-D-glucopyranosyl units joined by (1→4) glycosidic linkages [42]. The cellulose chains have 

their (1→4)-linked β-D-glucopyranosyl units positioned so that their adjacent rings can form 

hydrogen bonds between the ring oxygen atom of one glycosyl unit and the hydrogen atom of 

the C-3 hydroxyl group of the preceding ring. These hydrogen bonds hinder the free rotation of 

the rings on their linking glycosidic bonds, resulting in the stiffening of the chain. So the 

ribbon-like character observed for the cellulose macromolecules allows adjacent cellulose 

chains to fit closely together in an ordered crystalline region [43]. 

 

The pyrolysis of cellulose has been studied by a variety of methods. Several theories and 

possible mechanisms of pyrolysis have been proposed [44-48]. Pyrolytic degradation of 

cellulose proceeds through two types of reactions: a dehydration which is prevalent in the 

region of 200°C, and a depolymerization and volatilization reaction which becomes 

predominant above about 300°C. Pyrolysis of cellulose at lower temperature (below 300°C) 

involves reduction in molecular weight, evolution of water, carbon dioxide and carbon 

monoxide and formation of char. On heating at higher temperatures above 300°C, the 

molecule is rapidly depolymerized to anhydroglucose units that further react to provide a tarry 

pyrolyzate [44]. These processes are shown schematically in Figure 1.1. 
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Figure 1.1 Various stages during the pyrolysis of cellulose 

 

Pyrolysis tars show the presence of levoglucosan, its furanose isomer (1,6 

anhydro-ß-D-glucofuranose) and their transglycosylation products as the main components. 

Levoglucosan, as shown in Figure 1.2, is formed by the intramolecular substitution of the 

glycosidic linkage in cellulose by one of the free hydroxyl groups. In addition, the pyrolyzate 

contains minor amounts of a variety of products formed from dehydration of the glucose units. 

The dehydration products include 5-(hydroxymethyl)-2-furaldehyde, 2-furaldehyde, other 

furan derivatives, levoglucosenone and other pyran derivatives [44]. 

 

Formic acid from pyrolysis is derived mainly from C-1 of glucose. C-5–C-6 is the most 

important source of acetic acid. A principal source of glycolaldehyde is shown to be the 
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C-1–C-2 segment of glucose through the reverse aldol reaction mechanism. In general, acetol 

derives most from contiguous terminal carbons C-4–C-5–C-6 of glucose, and the acetol 

methyl groups often derive from a terminal carbon C-6 [46].  

 

 

Figure 1.2 Cellulose pyrolysis mechanism 

 

1.3.2 Lignin Pyrolysis 

 

Lignin is the second most abundant biomass component after cellulose and accounts for 18-40 

wt % of the dry wood, depending on the wood species [49]. Lignin is composed of 

phenylpropane units and can be converted to valuable oxygenated chemicals – phenolic 

compounds upon thermal degradation. 
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Pyrolysis of single, dimeric and trimeric model lignin compounds can determine the thermal 

stability of the intermediate compounds formed and the origin of the pyrolysis products [50]. 

A possible lignin pyrolysis mechanism via free radical species was proposed as a major route 

where alkyl hydroxyl groups in α-position are first eliminated from the propane side chain 

along with a β-ether cleavage. As a result monolignols (ρ-coumaryl, coniferyl and sinapyl 

alcohols) are generated. Hydrogen transfer from the hydroxyl group at γ-position to free 

radical species leads to the formation of formaldehyde, dimers and methoxyphenols. A 

scheme of the lignin pyrolysis mechanism according to Evans et al. (1986) [51] is shown in 

Figure 1.3.  

           

       Figure 1.3 Lignin pyrolysis mechanism (Evans et al., 1986) 
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Production of phenolic compounds such as guaiacol, syringol and their alkyl-derivatives by 

thermochemical conversion depends on the use of appropriate conditions such as small wood 

particle size, low reactor residence time, reduced pressure and moderate pyrolysis temperature 

[50]. Several studies provide various approaches for the production of phenolic compounds. 

Enkvist [52] found that pyrolysis of wood impregnated with inorganic alkaline catalysts such 

as NaOH increases the yields of particular phenols. Wu et al. [53] used inorganic catalysts 

such as Cu (II) and Fe (III) salts and oxide under mild alkaline conditions for the production of 

some guaiacyl and syringyl compounds comprising aldehyde functionalities with good 

success. Vanillin, one of the few chemicals commercially obtained from lignin, is produced by 

the alkaline oxidation of lignin. 

 

1.3.3 Pre-treatment of Wood Material with Phosphoric Acid Prior to Pyrolysis 

 

The application of catalysts and promoters in biomass conversion is an effective approach in 

changing the products’ composition and distribution. Various additives have been investigated 

to convert cellulosic materials to valuable added products. Phosphoric acids, their salts and 

organophosphoric compounds as catalysts have specific effects on cellulose. In general, 

phosphoric compounds are used as flame retardants for wood, textile finish and polymeric 

fibers in order to reduce flammability and smoke generation by lowering their weight loss rate 

and increasing their char yield [54, 55]. Since levoglucosenone was detected through the 

thermal degradation of cellulose in the presence of acidic additives such as phosphoric acid in 
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the 1970s [45, 56-58], this research area has attracted much interest. Levoglucosenone itself is 

thermally stable. However, at 550°C it tends to decompose into acetaldehyde, furfural, 

methylfurfural, and 5-methylene-3-cyclopentene-1, 2-dione [59]. LGO is an optically active 

compound with unique properties owing to its glycosidic anhydro linkage, its carbonyl and 

olefinic bond. It is a promising monomer for the chemical and pharmaceutical industry as it is 

suited for the synthesis of a variety of biologically active products [60], e.g. optically active 

sulphur and nitrogen heterocycles, as well as rare carbohydrates (nonhydrolyzable C-di- and 

C-trisaccharides - potential enzyme inhibitors).   

  

Aqueous phosphoric acid as an additive has a specific influence on cellulose. Phosphoric acid 

is less degradative for cellulose than any other mineral acids. However, during pyrolysis, 

phosphoric acid can alter the depolymerization and dehydration mechanisms of cellulose. 

Water alone, acting as a plasticizer, is assumed to enhance the segmental mobility of cellulose 

and its free volume, thereby it promotes diffusion and chemical processes [11, 61]. Thus 

aqueous phosphoric acid penetrates easily into the interfibrillar space, breaks hydrogen bonds, 

and forms oxonium ions and new hydrogen bonds. As the acid concentration is increased 

during drying at elevated temperatures, ester bonds are formed according to a multiple step 

mechanism followed by a ß-cis-elimination of phosphoric acid and double bonds arise (Figure 

1.4) [56, 62-66]. In addition, Kaur and Jain et al. [67-72] studied the thermal degradation 

properties of various cellulose phosphates by thermal analysis techniques. They found that the 

samples in general showed low decomposition temperatures, low energies of activation, and 
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high char yields. 

 

R CH2 CH2 OH P O P R CH2 CH2 O P

R CH CH2 P OH

Char  

Figure 1.4 Esterification and dehydration of cellulose 

 

1.3.4 Effect of Metal Ions and of Salts on Tar Products from Pyrolysis of Wood 

 

It is well established that the presence of inorganic chemicals has a pronounced effect on the 

formation of degradation products during the pyrolysis of polysaccharides [7, 8, 10, 73]. The 

influence of inorganics (Na, K, Li, Ca, Zn, Al) on the thermal degradation of polysaccharides 

and lignin has been of interest for centuries, primarily because many inorganic salts in 

commercial applications are known to reduce the flammability of wood. The presence of 

different sodium salts during the thermal decomposition of cellulose (at low temperatures and 

with low heating rates) has been shown to drastically reduce the formation of LG [7, 8, 10] 

and favor the formation of a relative abundance of low molecular weight aliphatic aldehydes 

and ketones, and increase the occurrence of char-forming reactions [8]. Also, K, Li and Ca can 

induce formation of high char and low tar yields [9]. Madorsky and his colleagues [74] 

showed by kinetic studies that on addition of NaCl and Na2CO3, the activation energy of the 

Δ  
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overall thermal decomposition process was substantially lowered; weight loss was lessened; 

and the amount of char was increased. They proposed that these salts catalyzed the 

dehydration of cellulose by scission of C-O bonds of cellulose, resulting in the destruction of 

cellulose hexose units and the increase of water and char yields at the expense of LG.  

 

In contrast, all of the other ions investigated (particularly the transition metals) especially 

favored tar formation and gave increased yields of LG. Ions such as Fe or Cu are incorporated 

into the biomass to catalyze pyrolytic production of LG and/or LGO. The catalysis of LG 

formation in wood may involve some interaction with lignin. Thus, it has been hypothesized 

that the presence of some metal ions, especially the transition metals, decreases the 

interference by lignin in the conversion of cellulose to LG. In this context it is noteworthy that 

such ions are renowned for their ability to form complexes with phenols and hence would be 

expected to interact with lignin in the wood [9]. 

 

Pyrolysis of lignin in the presence of small amounts of inorganic salts can cause significant 

differences in the distribution of guaiacol derivatives. The yield of pyrolysis products varies 

with different salts by pyrolyzing milled wood lignins (MWLs) from aspen and black spruce 

[75], as well as different softwoods and their dioxane-lignins [76]. 

 

As well as added salts, 0.2-0.5% inorganic substances (K, Ca and Mg) in natural wood [77], 

can catalyze the pyrolysis of wood. When the samples are washed by acid to remove the 
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inorganics before pyrolysis, the yield of levoglucosan can be enhanced drastically, as 

demonstrated from the pyrolysis of cellulose, wood and newsprint [78, 79] as well as of some 

pulps [80]. Also, the char yield from the pyrolysis of wood can be reduced by acid washing 

[81]. 

 

1.4 31P NMR Analysis 

 

Nuclear magnetic resonance (NMR) was discovered independently by Bloch and Purcell in 

1946. Since then, the development of NMR techniques has led to the opening of whole new 

branches of physics, chemistry, biology and medicine. 

 

1.4.1 Principles of NMR [82] 

 

The NMR phenomenon is based on the fact that nuclei of atoms have magnetic properties that 

can be utilized to yield chemical information. Quantum mechanical subatomic particles 

(protons, neutrons and electrons) have spin. In some atoms (e.g. 12C, 16O, 32S) these spins are 

paired and cancel each other out so that the nucleus of the atom has no overall spin. However, 

in many atoms (1H, 13C, 31P, 15N, 19F etc) the nucleus does possess an overall spin. These 

mechanical spin phenomena are associated with angular momentum. This angular momentum 

is characterized by a nuclear spin quantum number, I such that, 
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nI
2
1

= , where n is an integer 0, 1, 2, 3...etc.  

Those nuclei for which I=0 do not possess spin angular momentum and do not exhibit 

magnetic resonance phenomena. The nuclei of 12C and 16O fall into this category. Nuclei for 

which I=1/2 include 1H, 19F, 13C, 31P and 15N, while 2H and 14N have I=1. 

 
 

Figure 1.5 Energy levels for a nucleus with spin quantum number 

 

From quantum mechanics, the nuclear magnetic moment of a nucleus will align with an 

externally applied magnetic field of strength Bo in only 2I+1 ways, either with or against the 

applied field Bo. For a single nucleus with I=1/2 and positive γ, only one transition is possible 

between the two energy levels (Figure 1.5). The energetically preferred orientation has the 

magnetic moment aligned parallel with the applied field (spin m=+1/2) and is often given the 

notation α, whereas the higher energy anti-parallel orientation (spin m=-1/2) is referred to as β. 

The rotational axis of the spinning nucleus cannot be orientated exactly parallel (or 

anti-parallel) with the direction of the applied field Bo but must precess (motion similar to a 

gyroscope) about this field at an angle (Figure 1.6), with an angular velocity given by the 
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expression: 

ωo = γBo 

Where ωo is the precession rate which is also called the Larmor frequency. The γ 

magnetogyric ratio (γ) relates the magnetic moment μ and the spin number I for a specific 

nucleus: 

γ = 2πμ/hI 

Each nucleus has a characteristic value of γ. For a proton, γ = 2.674x104 gauss-1 sec-1. This 

precession process generates an electric field with frequency ωo. If we irradiate the sample 

with radio waves (in the MHz frequency range) the proton will absorb the energy and be 

promoted to the less favorable higher energy state. This energy absorption is called resonance 

because the frequency of the applied radiation and the precession coincide or resonate. 
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Figure 1.6 

 

The orientations that a nucleus’ magnetic moment can take against an external magnetic field 

are not of equal energy. Spin states which are oriented parallel to the external field are lower 

in energy than in the absence of an external field. In contrast, spin states whose orientations 

oppose the external field are higher in energy than in the absence of an external field. 

 

Where an energy separation exists there is a possibility to induce a transition between the 

various spin states. By irradiating the nucleus with electromagnetic radiation of the correct 

energy (as determined by its frequency), a nucleus with a low energy orientation can be 

induced to "transition" to an orientation with a higher energy. The absorption of energy during 
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this transition forms the basis of the NMR method. 

 

1.4.2 The Application of 31P NMR in Wood Chemistry 

 

For the identification and quantification of functional groups in lignins, an NMR active 

nucleus other than proton and carbon — phosphorus provides novel and rapid routes to 

elucidate new structural information for these heterogeneous biopolymers [83, 84]. 

Phosphorus-31 is 100% naturally abundant and the sensitivity of a 31P NMR experiment is 

only about 15 times less than that of a proton NMR experiment. The range of 31P chemical 

shifts is more than 1000 ppm for a variety of phosphorus compounds and the average line 

width is about 0.7 Hz [85]. Various types of organophosphorus compounds give signals within 

narrow ranges, characteristic of the oxidation state of the phosphorus nuclei. Furthermore, the 

details of stereochemical structure can be revealed based on the relationships between 

phosphorus chemical shifts and structure [86, 87]. All of these factors meet the criteria for 

lignin structural analysis, involving the sensitivity of the nuclei in an NMR experiment, the 

availability of suitable derivatizing reagents and the ease of obtaining quantitative 

derivatization under mild conditions. 

 

The application of 31P NMR for the analysis of biopolymers found in woody tissue has been 

developed very well [83, 84, 88-94]. Much effort was taken to detect the functional groups 

present in lignocellulosic substances with the 31P NMR technique. Solution 31P NMR can be 
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used to analyze soluble lignin and carbohydrate samples after phosphitylation with 1,3,2 

dioxaphospholanyl chloride or its tetramethyl analogue [90]. This is a powerful method to 

determine the three principal forms of phenolic hydroxyls present in lignins i.e. 

p-hydroxyphenyl, guaiacyl, and syringyl structures. In addition, primary hydroxyls, 

carboxylic acids, and the two diastereomeric forms of arylglycerol-beta-aryl ether units 

(β-O-4 structures) present in lignins can also be quantified from a single 31P NMR experiment. 

For the structure elucidation of carbohydrate samples, the 31P NMR spectrum showed 

characteristic signals for the alpha and beta anomers and the epimeric forms of 

monosaccharides. 
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2. Research Objectives 

 

Low-temperature pyrolysis of CCA-treated wood is investigated in this study, with a focus on 

the recovery of valuable chemicals (e.g. levoglucosan, levoglucosenone). There are three 

major objectives in the present study: (a) Pyrolysis of CCA-treated wood under different 

conditions (temperature, time and acid catalyst); (b) Mechanistic studies related to the 

influence of various metals on the pyrolysis of CCA-treated wood; (c) Developing a novel 

quantitative 31P NMR methodology relevant to this effort. 

 

The first part of this research involves the low-temperature pyrolysis of CCA-treated wood to 

obtain valuable chemicals (Chapter 3). The pretreatment of wood with phosphoric acid is 

studied to obtain a high yield of levoglucosenone (Chapter 4). The second part of this research 

focuses on the mechanistic studies. The influence of various metal treatments on the pyrolysis 

of wood (including pyrolysis fractions and tar components) is investigated (Chapter 5). 

Thermogravimetric analysis gives a comprehensive understanding of the pyrolytic behavior of 

CCA-treated wood (Chapter 6). The third part of this research provides a novel quantitative 

31P NMR methodology to quantify levoglucosan and levoglucosenone from the pyrolysate of 

CCA-treated and untreated wood. In addition, the structure of pyrolysis tars is elucidated by 

using the developed quantitative 31P NMR methodology (Chapter 3). 
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3. 31P NMR QUANTIFICATION OF PRODUCTS OBTAINED FROM 

ANAEROBIC PYROLYSIS OF CCA-TREATED WOOD
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3.1 Abstract 

 

Low temperature pyrolysis offers a feasible option for wood waste management and the 

recovery of a variety of useful chemicals. In this study, the effect of chromated copper 

arsenate (CCA) wood preservatives on the yield and composition of various pyrolysis 

products was investigated over the temperature range of 275-350°C. In this effort, we 

described the quantification of levoglucosan (LG) and levoglucosenone (LGO) from the 

pyrolysate of CCA-treated and untreated wood using a novel quantitative 31P NMR 

methodology. Since these two dehydration products can be considered as markers describing 

the progress of wood pyrolysis, this work has relevance to wood liquefaction and/or 

gasification and pyrolysis technologies. A series of pyrolysis experiments showed that the 

CCA treatment on wood had a significant effect on the amount of main carbohydrate derived 

degradation products of tar. The levoglucosan yield in tar from treated wood increased while 

the hydroxyacetaldehyde and the hydroxyacetone yields decreased. Most metals stay in the 

char. The release of arsenic was up to 25% at the pyrolysis temperature of 350°C for 30 

minutes. 

 

3.2 Introduction 

 

Waterborne preservatives can prevent wood decay caused by insects and fungi. Chromated 

copper arsenate (CCA) was one of the common preservatives containing copper, chromium, 
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and arsenic salts. The active ingredients in CCA preservative have CrO3, CuO, As2O5 

compounds. There are three different categories of CCA preservative (type A, B and C) 

according to different ratios of active ingredients. CCA-treated wood is generally used 

outdoors for structures such as telephone poles, decks, fence posts, docks and wooden 

playgrounds. Because arsenic-laced preservatives are considered a cancer risk, the 

Environmental Protection Agency released an announcement in 2002 to phase out the use of 

wood preservatives that contain arsenic for any wood products destined for consumer use in 

the future, thus promoting the search for new alternative wood preservatives [1]. Yet, the 

current industrial landscape is grim since industry experts estimate that 75 billion feet of 

CCA-treated boards are in use nationwide [2]. Thus, the disposal of hazardous CCA-treated 

wood waste has escalated into a challenging problem in the US. 

 

The pyrolysis of CCA-treated wood at low temperature is a promising approach to the growing 

disposal problem [3]. Pyrolysis is thermal decomposition of biomass at high temperatures 

(greater than 200°C) in the absence of oxygen. The end product of pyrolysis is a mixture of 

solids (char), liquids (tar), and gases (methane, carbon monoxide and carbon dioxide). L. 

Helsen discussed metal behavior during the low-temperature pyrolysis of CCA-treated wood 

[3-11] since the release of metals to the environment is highly dangerous. It was found that 

most copper and chromium still stayed in the pyrolysis residue, but the fate of arsenic showed 

a marked difference. Pentavalent arsenic can be reduced to trivalent arsenic, which causes the 

release of poisonous arsenic into the environment. Reactor temperature and residence time can 
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be controlled to reduce the amount of arsenic released during pyrolysis [4]. Furthermore, it is 

feasible to extract valuable chemicals (e.g. LG, LGO, hydroxyacetone and 

hydroxyacetaldehyde) from pyrolysis of CCA-treated wood at low temperature with the 

purpose of minimizing metal release and maximizing production of pyrolysis oils. To our 

knowledge, there has been little research focused on the pyrolysis products from CCA-treated 

wood. The related research was done by S. Wehlte et al., who investigated the impact of wood 

preservatives CCB (chromium, copper, boron) on the flash pyrolysis of biomass and analyzed 

the liquid compounds in pyrolysis tar [12]. Thus, we performed pyrolysis experiments in our 

study to investigate the effect of CCA preservatives on the yield and composition of tar 

products. 

 

The application of 31P NMR for the analysis of biopolymers found in woody tissue has been 

developed very well [13-21]. Much effort was taken to detect the functional groups present in 

lignocellulosic substances with 31P NMR technique. Solution 31P NMR can be used to analyze 

soluble lignin and carbohydrate samples after phosphitylation with 1,3,2 dioxaphospholanyl 

chloride or its tetramethyl analogue [19]. This is a powerful method to determine the three 

principal forms of phenolic hydroxyls present in lignins i.e. p-hydroxyphenyl, guaiacyl, and 

syringyl structures. In addition, primary hydroxyls, carboxylic acids, and the two 

diastereomeric forms of arylglycerol-beta-aryl ether units (β-O-4 structures) present in lignins 

can also be quantified from a single 31P NMR experiment. For the structure elucidation of 

carbohydrate samples, 31P NMR spectrum showed characteristic signals for the alpha and beta 
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anomers and the epimeric forms of monosaccharides. 

 

The present research was designed to provide a preliminary overview of the low-temperature 

pyrolysis of CCA-treated wood, since this work to our knowledge has not been heretofore 

accomplished. Pyrolysis tar was recovered and used as a source of chemicals. In addition, pure 

LGO was obtained and confirmed by 31P NMR. 31P NMR was also applied to elucidate the 

structure of pyrolysis tar and gave quantitative analysis of the yield of LG and LGO. 

 

3.3 Experimental 

 

3.3.1 Material 

Untreated and CCA-treated (Type C) southern pine wood are used in this study. The active 

ingredients in this CCA preservative have the following compositions (based on a 100% 

oxide): 47.5% CrO3, 18.5% CuO and 34.0% As2O5. The milled wood powder has a particle 

size between 0.1-0.2 mm and a moisture content of 8%. 

 

3.3.2 Pyrolysis 

The pyrolysis of wood samples was carried out in a Kugelrohr short-path distillation apparatus 

(Figure 3.1). The sample weight was 3g for each trial. The vacuum pressure was controlled at 

7 mmHg. The thermal treatment was performed in the range of 275-350°C. The duration of the 

pyrolysis process varied from 30 min (for 350°C) to 1hr (for 275°C, 300°C, 325°C). The end 
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product – char was collected in the first flask, while the tar was collected in two consequently 

connected receiving flasks (B) and condensed with ice-water (0°C) for further analyses. The 

distillate was condensed with dry ice-acetone at -70°C in the first trap (E). Two replicates for 

pyrolysis of wood samples were run at each temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Kugelrohr short-path distillation apparatus (A. Heated air-bath; B. Receiving flasks; 

C. Joint connection and a hose connector; D. Motor drive; E. Traps) 
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3.3.3 Analytical Methods 

3.3.3.1 GC/MS Analysis 

Qualitative tar analysis was performed using a Hewlett Packard G1800B GCD system with a 

DB-1701 (J&W) capillary column (60m × 0.25mm i.d., 0.25µm film thickness). Helium was 

used as carrier gas with a constant flow of 1.0 ml/min. The oven temperature was programmed 

from 45°C (4 min isothermal) to 235°C at a heating rate of 3°C/min and then continuously 

increased to 260°C at another heating rate of 10°C/min. The oven temperature was held at 

260°C for 6 min. The detector and the injector were kept at a constant temperature of 280°C 

and 250°C, respectively. 

 

3.3.3.2 GC/FID Analysis 

Quantitative tar analysis was performed on a Hewlett Packard HP6890 series GC system 

using a DB-1701 (J&W) capillary column (60m × 0.25mm i.d., 0.25µm film thickness) and an 

isothermal temperature profile at 45°C for the first 4 min, followed by a 3°C/min temperature 

gradient to 270°C and finally an isothermal period at 270°C for 7 min. Helium was used as a 

carrier gas with a split ratio of 1:20 and a constant flow of 1.0 ml/min. The detector and the 

injector temperatures were 280°C and 250°C, respectively. For the sample preparation, 70mg 

of tar was weighted and dissolved in 5ml acetone. Fluoranthene was used as an internal 

standard. Two replicates for each sample were injected for the quantitative analysis. 
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3.3.3.3 31P NMR Analysis of Tar 

31P NMR spectra were obtained on a Bruker 300MHz/67MM NMR spectrometer. Preparation 

of solvents and derivatizing reagent can follow the procedure described in [19]. For the tar 

phosphitylation step, 30mg of tar was weighted and then dissolved in the solvent mixture of 

400μl pyridine and 250μl CDCl3. The 100μl internal standard (N-hydroxynaphthalimide) was 

then added, followed by 50μl relaxation reagent (chromium acetylacetonate) and the 

phosphitylation reagent (150μl 2-chloro-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaphospholane). 

Finally, the solution was transferred to an NMR tube and ready for analysis. The 

phosphitylation reaction with tar samples is depicted in scheme 1: 

R OH Cl P

O

O
+ P

O

O
OR HCl+Pyridine/CDCl3

250C  

Where R = Residues of phenols, alcohols, aldehydes, sugars, carboxylic acids 

Scheme 1 

 

For the quantitative analysis of LG with 31P NMR, we made the baseline correction after 

running phase and calibration step for the spectrum. In the baseline correction step, we clicked 

on the “def-pts” button in the menu and chose several points in the valley between the peaks in 

the spectrum to get a new baseline. Following this procedure, the contributions of any other 

compounds can be removed when quantifying the yield of LG. 
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3.3.3.4 Metal Analysis 

The metal (Cr and Cu) content of CCA-treated wood and pyrolysis char were determined by 

atomic absorption spectrometer PERKIN-ELMER 2380. Analytical wavelengths were 

357.9nm for Cr and 324.8nm for Cu. The As content of CCA-treated wood and pyrolysis char 

were analyzed by inductively coupled plasma (ICP) spectrometer PerkinElmer Optima 

2000DV. The samples for metal analysis were prepared according to the reflux method 

provided by L. Helsen [5]. This method is to make the sample dissolve completely in nitric 

acid without loss of elements. 0.1 g of dried wood powder was put into a conical flask 

equipped with a water cooler, and 10 ml of HNO3 was added. The flask was then heated on a 

heating plate until the sample was dissolved completely. The concentration of Cr, Cu and As 

in CCA-treated wood is shown in Table 3.1. 

Table 3.1 Concentration of Cr, Cu and As in CCA-treated wood 

Chromium (%) Copper (%) Arsenic (%) 
0.45 0.27 0.44 

 

3.3.4 Preparation of LGO 

Avicel microcrystalline cellulose (MCC, PH-105, 20 microns average particle size) was 

pyrolysed in the Kugelrohr short-path distillation apparatus (350°C, 30min). The tar was 

collected in two sequentially connected receiving flasks. Pure LGO was obtained by 

separating the tar with CombiFlash chromatography (254 nm UV wavelength). A 12-gram 

RediSep® normal-phase silica gel column was used. The elution was programmed 
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isocratically for 5 min with 100% CH2Cl2 followed by a gradient from 0 to 30% ethanol in 9 

min at a flow rate of 40 ml/min and finally an isocratic period for 3 min. Pure levoglucosenone 

was further confirmed by GC-MS, 1H, 13C and 31P NMR. 

 

3.4 Results and Discussion 

 

3.4.1 Quantification of Tar Products from Pyrolysis of CCA-treated Wood and 

Untreated Wood 

 

Yields of pyrolysis fractions of untreated wood and CCA-treated wood, as a function of 

temperature, are shown in Table 3.2. The total recovery (the sum of the yield of tar, distillate 

and char) from pyrolysis was around 90% at the temperature between 300°C and 350°C. The 

yields of the pyrolysis tar from CCA-treated wood were similar to those from untreated wood. 

Higher yields of tar can be obtained at higher temperatures. Correspondingly, the yield of char 

was found to decrease with the increase of temperature, which indicated more raw materials 

turned into tar products. The recovery percentages of Cr, Cu and As in the pyrolysis char from 

CCA-treated wood are presented in Figure 3.2. Most Cr and Cu accumulated in the char at 

different pyrolysis temperatures and duration times. The fate of arsenic makes a big difference. 

16.4% Arsenic was already released when CCA-treated wood was pyrolysed at 275°C for 1hr. 

With the increase of temperature, pyrolysis at 350°C for 30 min would result in arsenic release 
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of 24.8%. Similar observations have also been reported by L. Helsen [6], who studied the 

release of metals during the pyrolysis of CCA-treated wood. 

 

 Table 3.2 Yields of pyrolysis fractions of untreated wood and CCA-treated wood (wt. % 

based on water-free wood) 

275°C 300°C 325°C 350°C Fractions 
CCA Untreated CCA Untreated CCA Untreated CCA Untreated 

Tar 14.6 14.5 34.9 29.2 46.4 46.0 57.7 59.6 
Distillate 7.9 7.7 11.0 10.7 12.4 12.1 4.6 3.0 
Char 73.6 73.3 46.3 52.8 30.6 28.2 30.2 28.5 
Total 
recovery 

96.1 95.5 92.2 92.7 89.4 86.3 92.5 91.1 

0

20

40

60

80

100

275 300 325 350

Temperature (oC)

%

Cr Cu As
 

Figure 3.2 Recovery percentages of Cr, Cu and As in pyrolysis char from CCA-treated wood 
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Table 3.3 Yields of tar compounds from pyrolysis of untreated and CCA treated wood (wt. % 
based on water-free tar)  

275°C 300°C 325°C 350°C Compound name 
CCA Untreated CCA Untreated CCA Untreated CCA Untreated 

1 Hydroxyacetaldehyde 0.63 1.44 1.75 5.47 1.80 4.42 1.34 3.07 
2 Acetic acid  0.80 1.05 1.72 1.86 1.67 1.67 1.92 1.87 
3 Hydroxyacetone  0.52 0.83 0.74 1.57 0.72 1.37 0.75 1.36 
4 2-Furaldehyde  0.21 0.26 0.58 0.40 0.68 0.31 0.70 0.34 
5 Furfuryl alcohol  0.09 0.43 0.08 0.76 0.12 0.56 0.11 0.37 
6 Furan- (5H)-2-one  0.22 0.51 0.41 1.39 0.44 1.20 0.40 1.10 
7 Phenol  0.03 0.02 0.03 0.03 0.04 0.03 0.04 0.04 
8 Guaiacol  0.12 0.13 0.47 0.40 0.54 0.39 0.60 0.41 
9 o-Cresol  0.02 0.03 0.06 0.07 0.06 0.07 0.06 0.05 
10 p-Cresol  0.05 0.06 0.05 0.06 0.06 0.07 0.07 0.07 
11 levoglucosenone  0.50 0.36 1.37 0.56 1.19 0.28 0.87 0.19 
12 4-Methyl guaiacol  0.22 0.29 0.41 0.61 0.55 0.64 0.59 0.65 
13 2, 4-dimethyl phenol 0.14 0.15 0.20 0.25 0.17 0.22 0.09 0.13 
14 4-Ethyl-guaiacol  0.05 0.08 0.07 0.09 0.09 0.10 0.10 0.12 
15 Eugenol 0.18 0.22 0.25 0.30 0.23 0.23 0.21 0.22 
16 5-(hydroxy-methyl)-furaldehyde-(2)  1.66 1.83 2.21 1.41 2.03 1.12 2.01 0.99 
17 Catechol 0.42 0.63 0.46 0.67 0.43 0.63 0.42 0.62 
18 Isoeugenol 0.34 0.69 0.39 0.90 0.38 0.58 0.36 0.51 
19 Vanillin 0.39 0.65 0.46 0.52 0.38 0.41 0.33 0.35 
20 Acetoguaiacone 0.31 0.41 0.25 0.30 0.22 0.24 0.20 0.23 
21 Guaiacyl acetone 0.49 0.81 0.38 0.55 0.34 0.42 0.36 0.45 
22 Levoglucosan 8.14 0.98 12.88 1.57 13.90 3.77 14.66 4.86 

 

 

 

 

 

 

Figure 3.3 Gas chromatogram of pyrolysis tar from CCA treated wood (350°C) 
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Figure 3.4 Yield of some carbohydrate derived products in pyrolysis tar from untreated and CCA treated wood 
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Figure 3.5 Yield of some lignin derived products in pyrolysis tar from untreated and CCA treated wood 

 

The gas chromatogram of pyrolysis tar from CCA treated wood (350°C) is shown in Figure 3.3 

and the quantified tar products are listed in Table 3.3. As can be seen from this Table, the tar 

compositions are qualitatively the same, but their quantitative differences are significant 

between untreated and CCA treated wood. A large proportion of tar compounds come from 

carbohydrate thermal degradation. The yield of carbohydrate derived products shown in 

Figure 3.4 varied considerably with the treatment of CCA compounds. The main degradation 

of carbohydrate began at 300°C. Thus, the yield of most of tar products was lower at 275°C, 
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which can also be reflected from the lowest yield of tar and the highest yield of char at this 

temperature (Table 3.2). 

 

Levoglucosan is the major carbohydrate thermal decomposition product [22]. Its yield 

increased with temperature. The amount of LG derived from CCA treated wood was higher 

than that from untreated wood in the whole temperature range. Especially at 350°C, LG yield 

from CCA treated wood was around three times higher than that of untreated wood. This is 

also in agreement with the similar findings of S. Wehlte et al. [12] who studied the impact of 

CCB wood preservatives on the flash pyrolysis of biomass. Their work showed that the LG 

yield in the pyrolysis liquid from the CCB-treated softwood increased by a factor of around 

six compared to the untreated wood. As shown in Figure 3.4, the amount of LGO from CCA 

treated wood was also higher than that of untreated wood in the whole temperature range 

between 275°C and 350°C. 

 

In contrast, the CCA treatment did not promote the formation of hydroxyacetaldehyde and 

hydroxyacetone. As shown in Figure 3.4, the yield of hydroxyacetaldehyde from untreated 

wood decreased from 5.5% at 300°C to 3.1% at 350°C while that value from CCA treated 

wood remained at around 1.5% in the same temperature range. The yield of hydroxyacetone 

showed the same trend with that of hydroxyacetaldehyde in the whole temperature range. 

There is not much difference in the amount of acetic acid between the untreated and CCA 

treated wood. There is a lumped trend for the yield of LGO, hydroxyacetaldehyde and 
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hydroxyacetone in these data. A maximum yield is attained at 300°C, which is due to an 

increase in the rate of volatile formation from primary degradation reactions. Then, as the 

temperature increases, a weak thermal stability and secondary vapor-phase degradation may 

cause a decrease in the amount of these products [23]. The continuous increase in the yield of 

LG correlating with increase in temperature confirms that LG originates from the primary 

decomposition of depolymerized cellulose. 

 

These data show that CCA treatment has a significant effect on carbohydrate degradation 

products, including LG, LGO, hydroxyacetone and hydroxyacetaldehyde. CCA favors the 

depolymerization by transglycosylation to get a higher yield of LG. Hydroxyacetaldehyde and 

hydroxyacetone originate from carbohydrate ring fragmentation reactions in the untreated 

wood. Most of hydroxyacetaldehyde comes from the C-1–C-2 segment of glucose through the 

reverse aldol reaction mechanism. Hydroxyacetone derives most from contiguous terminal 

carbons C-4–C-5–C-6 of glucose [22]. 

 

Guaiacols and phenols come from lignin thermal degradation. Isoeugenol, catechol and 

4-methyl guaiacol make major contributions to the yield of lignin derived products. The CCA 

treatment presents no significant effect on lignin decomposition as shown in Figure 3.5. The 

yield of some products, such as isoeugenol, 4-methyl guaiacol, eugenol, and catechol 

decreased slightly with the CCA treatment. 
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3.4.2 Confirmation of LGO in 31P NMR 

 

 

 

 

 

 

 

 

Figure 3.6 1H NMR spectrum of LGO in CDCl3 

 

 

 

 

 
 

 

 

 

 

Figure 3.7 13C NMR spectrum of LGO in CDCl3 
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Figure 3.8 31P NMR spectrum of LGO 

 

The 1H NMR spectrum (Figure 3.6) and 13C NMR spectrum (Figure 3.7) of LGO match very 

well with references in the Spectral Data Base System (SDBS). This implies that LGO 

obtained via the chromatographic separation had high purity. The pure LGO only gave a sharp 

signal at 135.8 ppm in the 31P NMR spectrum (Figure 3.8). Thus, it can be confirmed that the 

peak shown at 135.8 ppm in the 31P NMR spectrum of tar from pyrolysis of MCC (Figure 3.11) 

is from LGO. 

 

3.4.3 Quantitative Analysis of Tar with 31P NMR 

 

A typical 31P NMR spectrum of tar from the pyrolysis of CCA-treated wood is shown in 

Figure 3.9. In this spectrum, the integration ranges for different groups are: total aliphatic -OH 

groups, 149.6-145.0 ppm; total phenolic -OH group (except one peak at 141.3 ppm), 

143.8-137.4 ppm; total -COOH group, 135.5-134.3 ppm. Internal standard 

N-hydroxynaphthalimide gives a sharp signal at 153.8 ppm. Two sharp signals around 148.1 

136138140142144146148150152154 ppm

IS 
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and 146.6 ppm are assigned to the phosphitylated hydroxyls from levoglucosan. After 

integration with the internal standard, the relative intensities of these two signals are around 

1:2. There are three hydroxyl groups in one LG unit. Thus, one signal at 148.1 ppm in the 

spectrum comes from the -OH group on C-2. Another signal at 146.6 ppm comes from the 

-OH groups on C-3 and C-4. Levoglucosenone gives rise to a small signal at 135.8 ppm. 31P 

NMR of pure levoglucosan and levoglucosenone samples were also run to confirm their 

chemical shifts on the spectrum. The corresponding 31P NMR spectrum of tar from pyrolysis 

of untreated wood is shown in Figure 3.10. Considerably reduced signal intensities at 148.1 

and 146.6 ppm were obtained, which shows that the LG content of tar from CCA-treated 

wood was higher than that of untreated wood. The qualitative 31P NMR spectrum of tar from 

pyrolysis of microcrystalline cellulose is shown in Figure 3.11. There are not many signals 

present in the spectrum. A large amount of total aliphatic alcohols are generated, including LG, 

hydroxyacetaldehyde, hydroxyacetone, furfural, furfuryl alcohol etc. The small signal at 141.3 

ppm in the spectrum from untreated wood and its corresponding CCA-treated wood has not 

been confirmed yet, but it is possible that this peak comes from carbohydrate derived 

degradation products, which can be seen in Figure 3.11. 
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Figure 3.9 31P NMR spectrum of tar from pyrolysis of CCA treated wood 

 

 

 

 

 

 

 

Figure 3.10 31P NMR spectrum of tar from pyrolysis of untreated wood 
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Figure 3.11 31P NMR spectrum of tar from pyrolysis of microcrystalline cellulose 
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P NMR spectrum of tar from pyrolysis of untreated wood (pretreated with 4% H3PO4) 

 

A typical 31P NMR spectrum of tar from pyrolysis of untreated wood pretreated with 4% 

H3PO4 is shown in Figure 3.12. It showed that the yield of levoglucosenone increased 
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drastically while the amount of levoglucosan decreased. Phosphoric acids as catalysts change 

the depolymerization and dehydration mechanisms during pyrolysis, which promotes the 

formation of LGO converted from LG. A proposed mechanism was drawn by Y. Halpern for 

the acid-catalyzed transformation of LG to LGO [24]. According to the mechanism, the third 

step shows a 1, 2-hydride shift from carbon 3 to the carbenium center at carbon 2, forming a 

more stable hydroxycarbenium ion from the secondary ion initially formed at carbon 3 as 

indicated in Scheme 2. 
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Scheme 2 

For quantitative analysis, the amount of LGO can be directly obtained by the integration with 

internal standard in the spectrum. The results are shown in Table 3.4. Compared to GC-FID 

analysis (Table 3.3), quantitative determination from 31P NMR can obtain the same results as 

the yield of LGO. 
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Table 3.4 Yield of levoglucosenone from 31P NMR and GC-FID analysis (wt. % based on water-free tar) 

Sample (350°C) 31P NMR (%) GC-FID (%) 
CCA (no acid-treated)  0.5 0.9 
CCA (2% H3PO4) 6.2 7.2 
CCA (4% H3PO4) 22.3 20.8 
Untreated (no acid treated) 0.1 0.2 
Untreated (2% H3PO4) 18.5 18.4 
Untreated (4% H3PO4) 24.8 24.7 

 

Table 3.5 Quantitative analysis of levoglucosan with 31P NMR and GC-FID (wt. % based on water-free tar) 

Sample  31P NMR (%) 
(without baseline correction) 

31P NMR (%) 
(with baseline correction) 

GC-FID 
(%) 

CCA (350°C)  22.7 14.0 14.6 
CCA (325°C) 20.3 13.3 13.9 
CCA (300°C) 20.0 12.2 12.9 
Untreated (350°C) 9.7 4.1 4.8 
Untreated (325°C) 8.8 3.9 3.8 

 

The process of determining the amount of LG with 31P NMR is a little convoluted. Because 

any compound containing aliphatic -OH groups would show up in the range of 149.5-145 ppm 

at the spectrum, some signals would overlap. In order to remove the contributions of any other 

compounds in this range, we first did the baseline correction. After that, the intensity ratio of 

two signals from LG is still around 1:2. Compared to GC-FID analysis, quantification from 

31P NMR can obtain the same results as the yield of LG (Table 3.5). 
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Table 3.6 Functional group content of pyrolysis tar from untreated and CCA treated wood by quantitative 31P 

NMR (mmol/g based on water-free tar) 

300°C 325°C 350°C Functional Group Integrated Chemical 
Shift Range (ppm) CCA Untreated CCA Untreated CCA Untreated 

Aliphatic 
Alcohols 

149.6-145.0 7.97 6.36 8.53 6.75 8.53 7.08 

Condensed 
Phenols 

143.8-140.2 0.77 0.86 0.75 0.98 0.90 0.94 

Non-condensed 
Phenols 

140.2-137.4 1.28 1.67 1.35 1.63 1.32 1.67 

Total Phenols 143.8-137.4 2.05 2.53 2.10 2.61 2.22 2.61 
Carboxylic Acids 135.5-134.3 0.45 0.45 0.49 0.46 0.54 0.64 

 

The functional group content of pyrolysis tar is shown in Table 3.6. As the pyrolysis 

temperature increased, the amount of total aliphatic alcohols, total phenols and total 

carboxylic acids of tar from untreated and CCA-treated wood increased. Pyrolysis tar from 

CCA-treated wood contains a higher amount of total aliphatic alcohols compared to the 

untreated wood. For example, the aliphatic hydroxyl group content of tar from CCA-treated 

wood was 17% greater than that of tar from untreated wood at 350°C, which is attributable to a 

large amount of levoglucosan produced from CCA-treated wood. The amount of condensed, 

non-condensed phenols and total phenols show that the thermal degradation of untreated 

wood produced a higher amount of phenols. For example, a comparison of the non-condensed 

phenolic hydroxyl group content of tar from CCA-treated wood with that from untreated 

wood at 350°C indicates that the latter contained 21% more non-condensed phenolic groups. 

GC-FID analysis can also confirm the same results. The non-condensed phenolic structure 
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comes from single-ring phenolic compounds such as guaiacol, phenol, eugenol and vanillin. 

The condensed phenolic units may be due to the formation of those structures, such as 5-5´ 

biphenolic units. The amount of non-condensed phenolic units of tar is higher than that of the 

condensed phenolic units, which indicates that most lignin derived products are monomeric 

phenols. This can be rationalized on the basis that pyrolysis of lignin is known to cause the 

cleavage of aryl glycerol ß-O-4 structures [25]. Their cleavage will result in the concomitant 

increase of the free phenolic hydroxyl content of the lignin. There is no big difference in the 

amount of total -COOH groups between untreated wood and its corresponding CCA-treated 

wood. 

 

3.5 Conclusions 

 

The CCA treatment has a significant effect on the amount of the main carbohydrate derived 

degradation products of tar. The levoglucosan yield in tar from treated wood increased while 

the hydroxyacetaldehyde and the hydroxyacetone yields decreased. Most metals stay in the 

char, but arsenic released about 25% at the pyrolysis temperature of 350°C for 30 min. The 

CCA treatment has no significant effect on the lignin derived products. The yield of some 

products, such as isoeugenol, 4-methyl guaiacol, eugenol, and catechol decreased slightly. The 

31P NMR technique provides a novel and rapid route to elucidate the structure of pyrolysis tar, 

which can give a good quantitative analysis of the yield of LG and LGO in tar. The aliphatic 
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alcohol and total phenol as well as carboxylic acid groups may also be quantified by the 31P 

NMR approach. 
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4. PYROLYSIS OF CCA-TREATED WOOD IN THE PRESENCE OF 

PHOSPHORIC ACID
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4.1 Abstract 

 

The pyrolysis process and dehydration reactions of CCA-treated wood impregnated with 

phosphoric acid (2-6 wt.%) have been investigated. Phosphoric acid changes the pyrolysis 

mechanisms which tend to favor levoglucosenone (LGO) formation. The pyrolysis of 

CCA-treated wood in the presence of phosphoric acid gave rise to 22% (on water-free tar) 

LGO, which demonstrated the potential for a new pathway in the rational use of CCA-treated 

wood waste. 

 

4.2 Introduction 

 

Waterborne chromated copper arsenate (CCA) has been used to preserve wood against fungi 

and insects for many years [1]. CCA-treated wood is usually applied to outdoor uses, such as 

telephone poles, decks, fence posts, docks and wooden playgrounds. In recent years, 

CCA-treated wood has been phased out for any residential use due to the potential health risks 

associated from the leaching of arsenic-laced preservatives. Environmentally friendly 

recovery and/or disposal technologies for CCA-treated wood have been developed [2-5]. 

Low-temperature pyrolysis has shown to be a promising approach to this growing disposal 

problem [2], with the purpose of minimizing metal release and maximizing production of 

pyrolysis oils. Pyrolysis oils can be used as a source of valuable chemical products [6, 7], such 

as levoglucosan (LG), LGO, hydroxyacetone, hydroxyacetaldehyde, isoeugenol, guaiacol, 
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etc. 

 

LG and LGO are carbohydrate thermal decomposition products. LGO is a highly 

functionalized compound owing to its carbon-carbon double bond, the ketone group and the 

glycosidic anhydro linkage. LG is also an optically active compound. Thus, LG and LGO are 

attractive chiral raw materials for application in organic synthesis and the pharmaceutical 

industry. There have been many studies on the formation mechanisms of LG and LGO [8-12]. 

To obtain high yields of LG and LGO, various factors need to be considered: chemical 

composition of cellulosic materials, the addition of inorganic catalysts, and the conditions of 

pretreatment and pyrolysis. 

 

Various additives have been investigated to change the pyrolysis product distribution and 

convert cellulosic materials to valuable added products. Acid catalysts are known to promote 

dehydration reactions and favor the formation of LGO. Phosphoric acid has proved to be an 

efficient catalyst to enhance the yield of LGO from the pyrolysis of cellulosic materials 

[13-15]. In general, phosphoric compounds are used as flame retardants for wood, textile 

finish and polymeric fibers in order to reduce flammability and smoke generation by lowering 

their weight loss rate and increasing their char yield [16, 17]. Since LGO was detected through 

the thermal degradation of cellulose in the presence of acidic additives such as phosphoric 

acid in the 1970s [8], this research area has attracted much interest. Phosphoric acid has 

specific effects on cellulose. Phosphoric acid is less degradable to cellulose than other mineral 
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acids [13] and it has lower volatility than that of sulfuric acid or hydrochloric acid [18]. It is 

also well known for its swelling property resulting in easy penetration into interfibrillar 

reaction centers [19]. Thus, phosphoric acid promotes diffusion and chemical processes. 

During pyrolysis, phosphoric acid can change the depolymerization and dehydration 

mechanisms of cellulose. It has been observed [20-25] that the presence of phosphoric acid in 

cellulosic materials lowered decomposition temperatures, suppressed volatiles production and 

increased char yields. 

 

The objective of the present study is to investigate LGO and LG formation from CCA-treated 

wood that has been pre-treated with phosphoric acid, with the purpose of developing a new 

pathway in the rational use of CCA-treated wood waste. 

 

4.3 Experimental 

 

4.3.1 Materials 

Southern pine wood and its CCA treated equivalent (Type C) were used in this study. The 

active ingredients in this CCA preservative are 47.5% CrO3, 18.5% CuO and 34.0% As2O5 

(based on a 100% oxide). The milled wood powder has a particle size between 0.1-0.2 mm 

and a moisture content of 8%. Chemically pure 85% phosphoric acid was used for 

impregnation. 
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4.3.2 Impregnation with Phosphoric Acid 

Solutions of phosphoric acid (2, 4, 5, 6 wt. % based on dry wood) in methanol were mixed 

with untreated wood and CCA-treated wood (wood/acid solution = 1:5). Methanol was 

evaporated under vacuum and the impregnated material was dried over a phosphorous 

pentoxide desiccator under vacuum. 

 

4.3.3 Pyrolysis 

The pyrolysis of pre-treated wood samples was carried out under heat in the Kugelrohr short- 

path distillation apparatus (refer to Chapter 3). The sample weight was 3g for each trial. The 

vacuum pressure was controlled at 7 mmHg. The thermal treatment was carried out at 350°C 

for 30 min. The end product – char was collected in the first flask, while the distillate was 

condensed with dry ice-acetone at -70°C. Tar was condensed with ice-water (0°C) and 

collected for further analyses. 

 

4.3.4 Analytical Methods 

4.3.4.1 GC/FID Analysis 

Quantitative tar analysis was performed on a Hewlett Packard HP6890 series GC system 

using a DB-1701 (J&W) capillary column (60m × 0.25mm i.d., 0.25µm film thickness). The 

temperature program was an isothermal temperature profile at 45°C for the first 4 min, 

followed by a 3°C/min temperature gradient to 270°C and finally an isothermal period at 

270°C for 7 min. Helium was used as carrier gas with a split ratio of 1:20 and a constant flow 
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of 1.0 ml/min. The detector and the injector temperature were 280°C and 250°C, respectively. 

For the sample preparation, 70mg of tar was weighted and dissolved in 5ml acetone. 

Fluoranthene was used as an internal standard. 

 

4.3.4.2 Metal Analysis 

The metal (Cr and Cu) content of pyrolysis char was determined by atomic absorption 

spectrometer PERKIN-ELMER 2380. Analytical wavelengths were 357.9nm for Cr and 

324.8nm for Cu. The As content of pyrolysis char was analyzed by inductively coupled 

plasma (ICP) spectrometer PerkinElmer Optima 2000DV. The samples for metal analysis 

were prepared according to the reflux method provided by L. Helsen [26]. This method is to 

make the sample dissolve completely in nitric acid without loss of elements. 0.1 g of dried 

wood powder was put into a conical flask equipped with a water cooler, and 10 ml of HNO3 

was added. The flask was then heated on a heating plate until the sample was dissolved 

completely. The concentration of Cr, Cu and As in pyrolysis char from the CCA-treated wood 

pretreated with 4% H3PO4 were 82.7%, 87.5% and 74.5%, respectively. 

 

4.4 Results and Discussion 

 

Yields of pyrolysis fractions (at 350°C) of untreated wood and CCA-treated wood pretreated 

with phosphoric acid are shown in Table 4.1. The total recovery (the sum of the yields of tar, 

distillate and char) from pyrolysis was around 90%. The introduction of phosphoric acid to 
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wood results in a considerable change of the thermal decomposition mechanism which is 

demonstrated by a decrease in the amount of the volatile products (Figure 4.1). The tar 

obtained from the pyrolysis of CCA-treated wood was higher than that obtained from 

untreated wood, from which it may be concluded that the CCA treatment accelerated the 

formation of tar. Correspondingly, the amount of char increased with the increase in the 

concentration of phosphoric acid (Figure 4.2). This demonstrates that the impregnation of 

wood powder with phosphoric acid promotes dehydration reactions resulting in the formation 

of condensed structures, which can not therefore degrade further to monomeric volatile 

products [13]. It was reported that metal ions in CCA-treated wood could be extracted by 

phosphoric acid [27]. This is also one of the options to recycle the CCA components when 

managing CCA-treated wood waste [1]. In our study, the same amount of phosphoric acid was 

used to pretreat untreated and CCA-treated wood. A certain amount of metal ions can be 

removed by phosphoric acid, which would consume some phosphoric acid. That is to say, less 

acid will further react with CCA-treated wood material compared to untreated wood. 

Dehydration reactions would be reduced compared to those for untreated wood. Thus, the 

formation of condensed structures in CCA-treated wood is less than that in untreated wood. 

The char from CCA-treated wood was therefore lower than that from untreated wood. 
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Table 4.1 Yields of pyrolysis fractions of H3PO4-treated untreated wood and CCA-treated 

wood at 350°C (wt. % based on dry wood) 

— 2 % H3PO4 4 % H3PO4 5 % H3PO4 6 % H3PO4 Fractions 
(%) CCA Untreated CCA Untreated CCA Untreated CCA Untreated CCA Untreated 

Tar 57.7 59.6 40.7 36.4 36.3 19.1 26.3 13.8 20.3 12.1 
Distillate 4.6 3.0 14.7 18.0 13.2 26.6 20.1 24.6 25.6 29.8 
Char 30.2 28.5 34.7 40.9 41.3 49.8 43.7 49.3 46.2 52.0 
Total 
recovery 

92.5 91.1 90.1 95.3 90.8 95.5 90.1 87.7 92.1 93.9 
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Figure 4.1 Yield of tar from untreated wood and CCA-treated wood pretreated with H3PO4 
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Figure 4.2 Yield of char from untreated wood and CCA-treated wood pretreated with H3PO4 
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Table 4.2 Yields of tar compounds from pyrolysis of H3PO4-treated untreated wood and 

CCA-treated wood (wt. % based on water-free tar) 

— 2 % H3PO4 4 % H3PO4 5 % H3PO4 6 % H3PO4 Compound name 

CCA Untreated CCA Untreated CCA Untreated CCA Untreated CCA Untreated 

1 Hydroxyacetaldehyde 1.34 3.07 0.35 0.31 0.27 0.19 0.19 0.17 0.16 0.15 

2 Acetic acid 1.92 1.87 0.49 0.83 0.36 0.29 0.91 0.31 0.99 0.22 

3 2-Furaldehyde 0.70 0.34 0.27 0.49 0.24 0.14 0.43 0.08 0.35 0.06 

4 Furan- (5H)-2-one 0.40 1.10 0.14 0.14 0.13 0.12 0.14 0.15 0.17 0.13 

5 Phenol 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.06 0.07 0.05 

6 Guaiacol 0.60 0.41 0.23 0.24 0.25 0.22 0.24 0.20 0.30 0.18 

7 Levoglucosenone 0.87 0.19 8.17 17.73 14.14 26.40 18.29 22.74 22.25 22.94 

8 Levoglucosenone* 0.40 0.07 2.93 4.67 3.49 3.28 3.46 1.72 3.33 1.71 

9 2, 4-dimethyl phenol 0.09 0.13 0.10 0.08 0.08 0.08 0.07 0.11 0.07 0.12 

10 4-Ethyl-guaiacol 0.10 0.12 0.07 0.06 0.07 0.06 0.08 0.08 0.08 0.08 

11 Eugenol 0.21 0.22 0.09 0.10 0.10 0.13 0.11 0.16 0.12 0.18 
12 5-(hydroxymethyl)-furaldehyde-(2) 2.01 0.99 1.13 1.08 0.83 1.19 0.76 1.30 0.71 1.12 

13 Isoeugenol 0.36 0.51 0.11 0.11 0.05 0.03 0.03 0.05 0.03 0.05 

14 Vanillin 0.33 0.35 0.27 0.18 0.38 0.25 0.24 0.34 0.24 0.35 

15 Acetoguaiacone 0.20 0.23 0.16 0.06 0.11 0.08 0.10 0.11 0.07 0.13 

16 Guaiacyl acetone 0.36 0.45 0.26 0.23 0.24 0.36 0.23 0.44 0.23 0.48 

17 Levoglucosan 14.66 4.86 17.46 9.41 7.23 2.80 2.77 0.37 0.62 0.61 

18 Levoglucosan* 6.77 1.88 6.26 2.48 1.79 0.35 0.52 0.03 0.09 0.05 
* % based on dry wood. 
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Figure 4.3 Yield of some carbohydrate derived products in pyrolysis tar from untreated wood and CCA-treated 

wood pretreated with H3PO4 
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Figure 4.4 Yield of some lignin derived products in pyrolysis tar from untreated wood and 

CCA-treated wood pretreated with H3PO4 

 

The quantified pyrolysis tar products from untreated wood and CCA-treated wood pretreated 

with phosphoric acid are listed in Table 4.2. The yields of some carbohydrate and lignin 

derived products in pyrolysis tar are shown in Figure 4.3 and Figure 4.4. As can be seen in 

Figure 4.3, the LG yield reached a maximum for both wood materials at the addition of 2% 

H3PO4. For CCA-treated wood, the amount of LG increased to 17.5% and then decreased to 
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0.6% (based on water-free tar) as the phosphoric acid content rose from zero to 6%. The 

untreated wood showed a similar trend on the yield of LG. LGO is the main product of 

catalytic depolymerization resulting from the dehydrated glucopyranose cycles. Its yield rose 

and reached a maximum of 26.4% (based on water-free tar) for untreated wood at the amount 

of 4% phosphoric acid. For CCA-treated wood, the amount of LGO increased from 0.9% to 

22.3% (based on water-free tar) as the phosphoric acid content rose to 6%. 

 

Acid extraction of CCA components from treated wood has been explored in previous studies. 

Many organic and mineral acids can dissolve CCA components. Several studies investigated 

the extraction of CCA components with organic acids such as citric acid, acetic acid, formic 

acid, oxalic acid and malic acid [28-31], and mineral acids such as sulfuric, hydrochloric, 

nitric, and phosphoric acids [27, 30-33]. The treatment with phosphoric acid can result in 

relatively high copper leaching and slight extraction of chromium and arsenic [27]. Kakitani et 

al. [33] also showed that 0.5N phosphoric acid can extract 24% Cr, 65% Cu and 44% As from 

CCA-treated wood at 25°C for 1 hour duration time. In addition, the higher concentration of 

phosphoric acid removed the elements more efficiently than the lower concentration. Thus, in 

our study, it is easy to understand that the initial addition of phosphoric acid can remove some 

Cu, Cr and As from CCA-treated wood. According to the metal analysis, most of the removed 

metals still stayed in the char. Thus, the amount of LGO for CCA-treated wood was lower at 

the initial addition of phosphoric acid. After that, the coordination of metal ions by the 

phosphoric acid resulted in higher yield of LGO up to 22.3%. Because the yield of tar 
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decreased with the addition of phosphoric acid (Figure 4.1), the yield of LGO (based on dry 

wood) for untreated wood decreased. But for CCA-treated wood, the yield of LGO (based on 

dry wood) increased until it leveled off at 3.4%. 

 

For other carbohydrate derived products, the yield of hydroxyacetaldehyde and 

furan-(5H)-2-one decreased drastically with the addition of phosphoric acid (Figure 4.3). 

Similar results were found for the lignin derived products (Figure 4.4). The yield of 

isoeugenol and guaiacol also decreased and indicates that phosphoric acid pre-treatment 

favors LGO formation and suppresses the production of other chemicals. 

 

4.5 Conclusions 

 

The pretreatment of wood with phosphoric acid changes the pyrolysis mechanisms and leads 

to a lower yield of tar and an increase in char formation. The yield of LG decreased at the 

addition of large amounts of phosphoric acid, while the yield of LGO increased. The pyrolysis 

of CCA-treated wood in the presence of phosphoric acid gave rise to 22% (on water-free tar) 

LGO, which demonstrates the potential for a new pathway in the rational use of CCA-treated 

wood waste. 
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5. UNDERSTANDING THE PYROLYSIS OF WOOD PRETREATED 

WITH METAL COMPOUNDS 
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5.1 Abstract 

 

The influence of several metal compounds (K2Cr2O7, CrO3 and CuSO4) on the pyrolysis of 

southern pine wood has been investigated. K2Cr2O7 and CuSO4 salts promoted the formation 

of levoglucosan (LG), especially the former giving higher yield up to 26.7%. The CrO3 

treatment induced the production of low tar and high char yields, with very low yield of LG 

and high yield of levoglucosenone (LGO). The mechanisms of these effects are illustrated 

here. Due to the formation of complex structures between Cu, Cr and lignin, the yield of lignin 

derived degradation products from pyrolysis of pre-treated wood decreased drastically 

compared to the untreated wood. 

 

5.2 Introduction 

 

The effects of metal salts on the pyrolysis of wood as well as of cellulose have been studied 

extensively. The initial motivation to investigate the influence of metals on wood has been 

focused on the development of flame-retardant compounds [1]. Many metal salts in 

applications are known to reduce the flammability and smoke generation of wood. It was 

reported [2, 3] that the addition of metal compounds generally increased the yield of water, 

carbon monoxide, carbon dioxide, and char, and decreased the yield of tar. It has been shown 

that the presence of different sodium salts during the thermal decomposition substantially 

lowers the activation energy of overall thermal decomposition process; the amount of char is 
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increased and the LG-forming reactions are suppressed [2, 4-7]. It was proposed that these 

salts catalyzed the dehydration of cellulose by scission of the C-O bonds of cellulose, resulting 

in the destruction of the hexose units and the increase of water and char yields at the expense 

of LG. 

 

Pyrolysis of lignin in the presence of metal salts can cause significant differences in the 

distribution of phenolic compounds. The yield of pyrolysis products varies with different 

inorganic substances by pyrolyzing various wood materials and lignins [8, 9]. Several 

literature accounts provide various approaches for the production of phenolic compounds in 

the presence of transition metals as catalysts [10-15]. It was found [10] that Cu (II) and Fe (III) 

salts showed better selectivity for the production of some guaiacyl and syringyl compounds 

comprising aldehyde functionalities. Mn (III) cation presented better selectivity than Co (III) 

cation for the conversion to benzoic acids and aromatic aldehydes from the oxidative 

degradation of lignin model compounds [11]. It has also been proved that cobalt, iron and 

rhodium transition metal salt complexes can effectively catalyze the production of monomeric 

phenols by the thermal degradation of lignin dimeric model compounds [12-14]. 

 

In addition, some specific transition metals promoted pyrolysis reactions. Cupric and ferrous 

ions favored tar formation and the highest yield of LG can be obtained from ferrous-treated 

wood samples [16]. Shafizadeh et al. [17] studied the effect of inorganic substances on 

cellulose pyrolysis using DTA, TG and TEA (thermal evolution analysis). It was reported that 
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pure cellulose rapidly degraded within the 325-375°C temperature range. But the addition of 

ZnCl2 to cellulose would lower the onset temperature of pyrolysis at about 200°C, with a 

broad decomposition endotherm in the 200-358°C range. 

 

The amounts of inorganic substances (K, Ca and Mg) in natural wood are between 0.2-0.5% 

[18]. When wood samples are washed by acid to remove the inorganics before pyrolysis, the 

yield of LG can be enhanced drastically [19, 20] and the char yield can also be reduced [21]. 

 

We have demonstrated that the chromated copper arsenate (CCA) treatment of wood has a 

significant effect on the amount of main carbohydrate derived degradation products (Chapter 

3). Thus, it is necessary to understand how CCA preservatives influence the distribution and 

yields of the pyrolysis products. Do the metal ions (chromium and copper) contribute to the 

influence individually, or is the coordination of these two metal compounds key to the 

pyrolysis process? In this paper, we discuss the influence of some metal compounds (CuSO4, 

K2Cr2O7 and CrO3) on the pyrolysis of pretreated southern pine wood, since this work to our 

knowledge has not been heretofore accomplished. These metal compounds are selected from 

the prescribed formula for waterborne CCA preservatives [22]. In addition, 31P NMR was 

applied to elucidate the structure of pyrolysis tar for untreated and pretreated wood. 
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5.3 Experimental 

 

5.3.1 Initial Materials 

Southern pine wood was Wiley-milled repeatedly to small particles with particle sizes 

between 0.1-0.2 mm. The wood samples used in the pyrolysis experiments have been 

oven-dried. During the drying process, the wood samples were put in a vacuum oven at the 

temperature of 40°C until a constant weight of wood samples was obtained. The moisture 

content of wood samples is 8%, a percentage obtained from the difference of mass before and 

after drying. Avicel® microcrystalline cellulose (MCC, type PH-105) with 20 microns average 

particle size was obtained from FMC BioPolymer Corporation. 

 

5.3.2 Pretreatment with Metal Compounds 

The wood powder (12 g) was immersed in a 0.05M metal salt solution (CuSO4·5H2O, 

K2Cr2O7), CrO3 acid solution or 0.05M CrO3 + 0.024M CuSO4·5H2O mixture, degassed in 

vacuum and eluted in a column with more solution (2L) to create samples containing specific 

metal ions. The treated samples were then washed with deionized water to remove any of the 

metal compounds which were not bound to the wood powder. After being washed by 

deionized water, the products were air dried. CuSO4- and CrO3-treated MCC were also 

prepared with the same pretreatment method. The pH values of the pre-treated solutions are 

listed in Table 5.1. 
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Table 5.1 pH values of the pre-treated solutions 

Pre-treated solutions K2Cr2O7 CrO3 CrO3+CuSO4 CuSO4 
pH value 3.9 1.8 1.8 3.7 

 

5.3.3 Pyrolysis 

The pyrolysis of pre-treated wood samples was carried out under heat in the Kugelrohr short- 

path distillation apparatus, as described earlier. The sample weight was 3g for each trial. The 

vacuum pressure was controlled at 7 mmHg. The thermal treatment was carried out at 350°C 

for 30 min. The end product – char was collected in the first flask, while the distillate was 

condensed with dry ice-acetone at -70°C. Tar was condensed with ice-water (0°C) and 

collected for further analyses. 

 

5.3.4 Analytical Methods 

5.3.4.1 GC/FID Analysis 

Quantitative tar analysis was performed on a Hewlett Packard HP6890 series GC system 

using a DB-1701 (J&W) capillary column (60m × 0.25mm i.d., 0.25µm film thickness) and an 

isothermal temperature profile at 45°C for the first 4 min, followed by a 3°C/min temperature 

gradient to 270°C and finally an isothermal period at 270°C for 7 min. Helium was used as 

carrier gas with a split ratio of 1:20 and a constant flow of 1.0 ml/min. The detector and the 

injector temperature were 280°C and 250°C, respectively. For the sample preparation, 70mg of 

tar was weighted and dissolved in 5ml acetone. Fluoranthene was used as an internal standard. 
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5.3.4.2 31P NMR Analysis of Tar 

31P NMR spectra were obtained on a Bruker 300MHz/67MM NMR spectrometer. Preparation 

of solvents and derivatizing reagent can follow the procedure described in [23]. For the tar 

phosphitylation step, 30mg of tar was weighted and then dissolved in the solvent mixture of 

400μl pyridine and 250μl CDCl3. The 100μl internal standard (N-hydroxynaphthalimide) was 

then added, followed by 50μl relaxation reagent (chromium acetylacetonate) and the 

phosphitylation reagent (150μl 2-chloro-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaphospholane). 

Finally, the solution was transferred to an NMR tube and ready for analysis. The yield of LGO 

compound in the tar was determined by 31P NMR. 

 

5.3.4.3 Metal Analysis 

The metal (Cr and Cu) content of pre-treated raw materials was determined by atomic 

absorption spectroscopy PERKIN-ELMER 2380. Analytical wavelengths were 357.9nm for 

Cr and 324.8nm for Cu. The samples for metal analysis were prepared according to the reflux 

method provided by L. Helsen [24]. This method ensures that the sample dissolves completely 

in nitric acid without loss of elements. 0.1 g of dried wood powder was put into a conical flask 

equipped with a water cooler, and 10 ml of HNO3 was added. The flask was then heated on a 

heating plate until the sample was dissolved completely. 
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5.4 Results and Discussion 

 

The percentages of Cr and Cu content in the pre-treated wood samples are listed in Table 5.2. 

Wood powder pretreated with 0.05M CuSO4 solution contained 0.21% Cu ions, which was 

similar to the Cu concentration (0.27%) in the commercially-prepared treated wood (Chapter 

3). Thus, in our study, 0.05M metal compound solutions were selected to pretreat southern 

pine wood powder and the pyrolysis results were compared with those from commercially 

prepared CCA-treated wood. As can be seen from Table 5.2, the Cr concentration was 2.49% 

in the CrO3-treated wood and 1.71% in the CrO3+CuSO4-treated wood, which was higher than 

the Cu concentration in the pretreated wood. This shows that the Cr ion is easy absorbed by 

the wood. 

 

Yields of pyrolysis fractions (at 350°C) of pre-treated wood and MCC are shown in Table 5.3. 

Figure 5.1 shows the yields of tar and char from pyrolysis of pretreated wood. The total 

recovery (the sum of the yields of tar, distillate and char) from pyrolysis of pre-treated wood 

was around 90%. The yields of pyrolysis tar from K2Cr2O7-treated wood and CuSO4-treated 

wood were similar to that from untreated wood. Correspondingly, the yields of char from 

pre-treated wood were found to be close to that from untreated wood. 

 

For CrO3 and CrO3+CuSO4-treated wood, however, the char yields were quite different. The 

yields of tar decreased drastically while the yields of char increased to around 50% (Figure 
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5.1). Chromic acid treatment has been used to improve wood surface properties. It has been 

reported that chromic acid-modified wood exhibits greatly improved water repellency, better 

mildew resistance, and reduced extractives staining [25-27]. Chromic acid causes chemical 

changes in the surface of wood [28]. The fixation of chromium (VI) trioxide results from the 

formation of insoluble complex salts that coordinate with free hydroxyls in the carbohydrates 

and lignin [29-31]. Because these hydroxyls are unavailable for hydrogen bonding with water, 

the wood has greater water repellency and dimensional stability [26]. Furthermore, this altered 

chemistry would result in the formation of condensed structures during the pyrolysis process. 

Cellulose and lignin can not degrade further to small molecule volatile products. Thus, in our 

trial, the yields of tar decreased while the yields of char increased. Cr-treated MCC also 

showed similar results, with low yield of tar and high yield of char. 

 

Table 5.2 Concentration of Cr and Cu in pre-treated raw materials 

Pre-treated samples Chromium (%) Copper (%) 
K2Cr2O7 0.23 — 
CrO3 2.49 — 
CrO3+CuSO4 1.71 0.002 
CuSO4 — 0.21 
Cu-MCC — 0.03 
Cr-MCC 0.08 — 
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Table 5.3 Yields of pyrolysis fractions of pre-treated wood and MCC at 350°C (wt. % based on 

water-free raw material) 

Fractions untreated K2Cr2O7 CrO3 CrO3+CuSO4 CuSO4 MCC Cu-MCC Cr-MCC 

Tar 59.6 58.5 22.6 32.2 59.1 83.1 74.4 64.6 
Distillate 3.0 10.5 14.0 16.0 4.4 3.2 4.4 8.1 
Char 28.5 26.3 52.6 45.3 25.0 6.8 7.7 11.9 
Total recovery 91.1 95.3 89.2 93.5 92.8 93.1 86.5 84.6 
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Figure 5.1 Yields of tar and char from pyrolysis of wood pretreated with metal compounds 
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Table 5.4 Yields of tar compounds from pyrolysis of pre-treated wood (wt. % based on 

water-free tar) 

Compound name Untreated K2Cr2O7 CrO3 CrO3+CuSO4 CuSO4

1 Hydroxyacetaldehyde 3.07 0.51 0.14 0.14 0.64 
2 Acetic acid 1.87 0.60 1.51 1.59 1.32 
3 Hydroxyacetone 1.36 0.08 nd nd 0.25 
4 2-Furaldehyde 0.34 0.32 0.23 0.22 0.32 
5 Furfuryl alcohol 0.37 0.01 nd nd 0.08 
6 Furan-(5H)-2-one 1.10 0.11 0.26 0.27 0.16 
7 Phenol 0.04 0.04 0.06 0.08 0.06 
8 Guaiacol 0.41 0.30 0.19 0.22 0.35 
9 p-Cresol 0.07 0.03 0.04 0.05 0.05 
10 Levoglucosenone 0.19 0.98 2.69 2.51 0.43 
11 4-Methyl guaiacol 0.65 0.29 0.08 0.09 0.45 
12 2, 4-Dimethyl phenol 0.13 0.08 0.06 0.06 0.05 
13 4-Ethyl-guaiacol 0.12 0.09 0.06 0.07 0.10 
14 Eugenol 0.22 0.09 0.03 0.05 0.10 
15 5-(hydroxy-methyl)-furaldehyde-(2) 0.99 1.10 0.54 0.57 0.88 
16 Catechol 0.62 0.47 0.50 0.56 0.63 
17 Isoeugenol 0.51 0.16 nd nd 0.10 
18 Vanillin 0.35 0.28 0.30 0.31 0.20 
19 Acetoguaiacone 0.23 0.13 0.23 0.19 0.13 
20 Guaiacyl acetone 0.45 0.19 0.09 0.13 0.14 
21 Levoglucosan 4.86 26.73 0.60 2.38 14.34 

nd not detected. 
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Figure 5.2 Yields of some carbohydrate derived products in pyrolysis tar from pre-treated wood 
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Figure 5.3 Yields of some lignin derived products in pyrolysis tar from pre-treated wood 
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Table 5.5 Yields of tar compounds from pyrolysis of pre-treated MCC (wt. % based on 

water-free tar) 

Compound name MCC Cu-MCC Cr-MCC 

1 Hydroxyacetaldehyde 1.16 0.13 0.11 
2 Acetic acid 1.05 0.28 0.23 
3 Hydroxyacetone 0.59 0.05 0.04 
4 2-Furaldehyde 0.76 0.10 0.14 
5 Furfuryl alcohol 0.09 0.01 0.01 
6 Furan-(5H)-2-one 0.44 0.11 0.08 
7 levoglucosenone 1.87 1.14 1.72 
8 5-(hydroxy-methyl)-furaldehyde-(2) 1.04 0.31 0.26 
9 Levoglucosan 40.59 34.16 29.81 

 

The quantified pyrolysis tar products from untreated wood and its metal compound pretreated 

wood counterpart are listed in Table 5.4. As can be seen from this Table, the quantitative 

analysis of tar compounds showed a significant difference between untreated and pre-treated 

wood. A large amount of tar fraction comes from carbohydrate thermal degradation. The yield 

of carbohydrate derived products shown in Figure 5.2, varied considerably with treatment of 

different metal compounds. The amount of LG increased drastically when wood samples were 

treated by CuSO4 and K2Cr2O7 solution, which was around three and five times higher, 

respectively, than that from untreated wood. This is also in agreement with the similar results 

of commercially prepared CCA-treated wood. The LG yield from CCA treated wood was 

around three times higher than that from untreated wood. 

 

The amount of LGO from CrO3-treated wood was fourteen times higher than that from 
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untreated wood. The pyrolysis of wood pretreated with K2Cr2O7 solution can also get a high 

yield of LGO up to 1%. In the previous study, the amount of LGO from CCA-treated wood 

was 0.87%, which was also higher than that from untreated wood. The obtained high yield of 

LGO is related to the acid conditions of pre-treated metal compound solutions. According to 

the waterborne preservatives standard, the pH of CCA-Type C preservative solutions shall be 

within 1.6-2.5 limits [22]. If a CCA treating solution has a pH value outside the stated limits, it 

can be made conforming by the addition of CCA concentrate or chromic acid. As can be seen 

from Table 5.1, all the pH values of pre-treated solutions are in the acidic range. CrO3 solution 

is an especially strong acid solution. Based on the proposed mechanism drawn by Y. Halpern 

for the acid-catalyzed transformation of LG to LGO [32] (refer to Chapter 3), it is easy to 

understand why the higher yield of LGO can be obtained from pyrolysis of wood pretreated 

with CrO3 solution. 

 

In contrast, the metal compounds treatment did not promote the formation of 

hydroxyacetaldehyde, hydroxyacetone, furfuryl alcohol and furan-(5H)-2-one, which was the 

same as the CCA treatment did. The quantified pyrolysis tar products from pre-treated MCC 

are listed in Table 5.5. As can be seen from this Table, the Cu and Cr treatment did not 

increase the yield of all of the cellulose degradation products, including LG. This shows that 

the catalysis of LG formation by metal ions may involve some interaction with lignin. It has 

been noted previously that some transition metal ions have the ability to form complexes with 



 93

phenols and interact with lignin in wood, which decreases the interference by lignin in the 

conversion of cellulose to LG [16]. 

 

The metal compound pretreatment presents a significant effect on lignin decomposition, as 

shown in Figure 5.3. The yield of main lignin derived products, such as isoeugenol, eugenol, 

guaiacol, and 4-methyl-guaiacol, decreased drastically in this trial, which was related to the 

formation of complex structures between metal ions and lignin. Cupric ions mainly (up to 

90%) react with lignin [33, 34]. CrVI has been found to form stable, insoluble polymeric 

complexes with guaiacol structure, which is due to the better charge delocalization in the 

presence of the guaiacyl-unit aromatic nuclei [35]. In such complexes chromium maintains in 

its hexavalent state [36]. The earlier studies on Cr/lignin interactions show that there are three 

types of bonds (and structures) between Cr and lignin: (a) covalent bonding between CrO4
2- 

oxygens and carbons on the α-β double bond in the aliphatic chain portion of lignin [36, 37]; 

(b) coordination bonding of Cr(VI) by the oxygens of the hydroxy and methoxy groups of the 

guaiacyl nuclei of lignin [36, 38]; and (c) the formation of ferrocene-type coordination 

complexes [39]. Since Cu and Cr form complex structures with lignin, the yield of lignin 

derived degradation products can be reduced. Furthermore, the LG yield would increase due 

to a decrease in the interference by lignin [16]. For the commercially prepared CCA-treated 

wood, the CCA treatment presents no significant effect on lignin decomposition. The yield of 

some products, such as isoeugenol, 4-methyl guaiacol, eugenol, and catechol decreased just 
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slightly with the CCA treatment. The low concentration of Cr (0.45%) in the commercially 

prepared CCA-treated wood may contribute to this result. The lower amount of Cr in 

CCA-treated wood, the less potential for the formation of complex structures between Cr and 

lignin. Then more lignin degradation products can be obtained during the pyrolysis process. 
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Table 5.6 Functional group content of pyrolysis tar from pre-treated wood by quantitative 31P NMR (mmol/g 

based on water-free tar) 

Functional Group Integrated Chemical 
Shift Range (ppm) 

Untreated K2Cr2O7 CrO3 CrO3+CuSO4 CuSO4 

Aliphatic alcohols 149.6-145.0 7.08 11.03 2.00 3.39 8.72 
Condensed 
phenols 

143.8-140.2 0.94 0.96 0.72 0.89 0.76 

Non-condensed 
phenols 

140.2-137.4 1.67 0.91 0.56 0.79 0.86 

Total phenols 143.8-137.4 2.61 1.87 1.28 1.68 1.82 
Carboxylic acids 135.5-134.3 0.64 0.21 0.44 0.55 0.34 

 

The functional group content of pyrolysis tar from pre-treated wood is shown in Table 5.6. 

Pyrolysis tar from K2Cr2O7-treated and CuSO4-treated wood contained higher amounts of 

total aliphatic alcohols compared to the untreated wood, which was attributable to a large 

amount of LG produced from pre-treated wood. CrO3-treated wood produced few aliphatic 

alcohols, which was due to the conversion of LG to LGO in the acid conditions. From the 

amount of condensed, non-condensed phenols and total phenols, it can be seen that the 

thermal degradation of untreated wood produced a higher amount of phenols, especially 

non-condensed phenols. GC-FID analysis also confirmed the same results. The pyrolysis of 

CrO3-treated wood produced fewer phenols. The total phenols content of tar from 

CrO3-treated wood was 50% less than that from untreated wood. Because of the formation of 

complex structures between Cr and lignin, not many lignin derived products would be 

released during the pyrolysis, especially non-condensed phenols. The amount of total 

carboxylic acids of tar from untreated wood was also higher than those from pre-treated wood. 
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5.5 Conclusions 

 

Treatment with metal compounds has a significant effect on wood degradation products. 

K2Cr2O7 and CuSO4 salts promoted the formation of LG, especially the former, giving a high 

yield up to 26.7%. The CrO3 treatment induced the production of low tar and high char yields, 

with a very low yield of LG and high yield of LGO. Due to the formation of complex 

structures between Cu, Cr and lignin, the yield of lignin derived degradation products from 

pre-treated wood decreased drastically compared to the untreated wood. 
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6. FOLLOWING THE THERMAL DECOMPOSITION OF CCA- 

TREATED WOOD WITH TGA
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6.1 Abstract 

 

Thermogravimetric analysis of Chromated Copper Arsenate (CCA) treated wood samples and 

its controls were performed in order to have a comprehensive understanding of the pyrolytic 

behavior of CCA-treated wood. The effects of the CCA components and the heating rate on 

the thermal decomposition behavior of such samples were investigated. The data showed that 

the CCA treatment had a significant effect on the pyrolytic decomposition behavior of 

CCA-treated wood. The temperature of initial weight loss and the temperature corresponding 

to the maximum weight loss were lowered by the CCA treatment. More specifically, it was 

found that the CCA components also accelerated the weight loss of wood and the oxidation of 

the char. In addition, the derivative thermogravimetric analysis (DTG) peak was shifted 

towards higher temperatures at higher heating rates for both untreated and CCA-treated wood. 

The influence of phosphoric acid pretreatment on the pyrolysis of CCA-treated wood was also 

investigated. The pyrolysis of wood in the presence of phosphoric acid changed the direction 

of the thermal destruction processes, causing a decrease in the amount of volatile products. 

Metal compound pretreatment on untreated wood had a significant influence on the thermal 

degradation of wood. In particular, the treatment with chromium trioxide decreased the DTG 

peak temperature and increased the final char yield. 
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6.2 Introduction 

 

CCA wood preservative contains active ingredients of chromium oxide, copper oxide and 

arsenic oxide. These compounds protect wood from rotting due to insects and fungi. 

CCA-treated wood has been used for decks, playgrounds and other outdoor uses for many 

years. Since hazardous arsenic-laced preservatives represent a health risk, a ban on the use of 

CCA-treated wood for outdoor structures in the future was enacted in 2002. Since then, a large 

amount of CCA-treated wood has been removed from service and disposed into landfills. 

With rising landfill costs and the possibility of arsenic leaching from CCA-treated wood, this 

landfill disposal technology is not an acceptable option. Among other proposed disposal 

technologies [1-4], low-temperature pyrolysis of CCA-treated wood could be a promising 

approach [1]. 

 

Thermogravimetric analysis (TGA) is a method for studying sample weight loss as a function 

of temperature under a controlled heating rate and a specific gas atmosphere. TGA has been 

widely applied to biomass to evaluate pyrolysis kinetics [5-14]. As a major representative of 

biomass, wood consists mainly of cellulose, hemicellulose and lignin. The thermal 

decomposition of small wood samples as performed in TGA indicates two decomposition 

regimes which are attributed to the decomposition of cellulose and hemicellulose [13]. 

Inorganic salts have a strong influence on the pyrolysis process as well as on product 

distribution. The influence on pyrolysis temperature is dependent on different inorganic salt 
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contents or different cations or anions [7]. Pure cellulose can undergo thermal decomposition 

by a single, first order, high activation energy, rate-determining step [5, 6, 13, 14]. Kinetic 

parameters (activation energy and preexponential factor) have been determined for the 

pyrolysis of wood materials and reflect that the chemical compositions of wood play an 

important role in the wood thermal degradation [8, 9]. 

 

TGA modeling of thermal degradation of CCA-treated wood can provide an understanding of 

the fundamental thermal decomposition processes of CCA-treated wood [15-21]. Helsen et al. 

applied TG analysis to study arsenic model compounds (pure arsenic oxides) [19] and obtain 

the derivation of a kinetic scheme for the pyrolysis of CCA-treated wood [21]. Kercher et al. 

[15] created model systems with simple inorganic oxides to investigate the thermal 

decomposition of the inorganic compounds and complexes in CCA-treated wood. It was 

found [15] that the thermal decomposition of inorganic oxides was strongly affected by the 

interaction with wood decomposition products. The highly reducing environment created by 

the inert pyrolysis of CCA-treated wood can cause arsenic volatilization below 400°C and 

copper (II) oxide reduction at 305°C. 

 

In this chapter, we provide a comprehensive thermogravimetric study of CCA-treated wood 

samples. The thermal decomposition behavior of southern pine wood and its CCA-treated 

equivalent were investigated at different heating rates and atmospheric compositions. The 

pretreatment of CCA-treated wood with phosphoric acid was evaluated by TGA. The effect of 
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individual metal ions on pyrolysis of untreated wood was also reported. 

 

6.3 Experimental 

 

Thermogravimetric analysis (TGA) was carried out using a TGA Q500 Instrument. The 

derivative thermogravimetric (DTG) signal comes from a derivative form (rate of mass loss) 

of the TG signal. The wood powder sample, approximately 10-15 mg in weight, was 

introduced into a platinum sample pan and heated to a preset temperature following a preset 

temperature profile of ramp procedure. For the ramp procedure, samples are heated at a 

constant rate from room temperature to final temperature. Atmospheric gases used came from 

compressed gas cylinders of air and nitrogen (60 ml/min). 

 

Air-dried southern pine wood and CCA-treated (Type C) southern pine wood powder with a 

particle size between 0.1-0.2 mm were used in this study. The active ingredients in this CCA 

preservative have the following compositions (based on a 100% oxide): 47.5% CrO3, 18.5% 

CuO and 34.0% As2O5. Phosphoric acid treatment and metal compound treatment of the wood 

powder were performed according to the methods described in the Chapter 4 and Chapter 5. 

The wood powder was dried in a desiccator for three days before any experiments to attain 

equilibrium moisture content. 
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6.4 Results and Discussion 

 

6.4.1 TGA of Untreated Wood and Its CCA-treated Wood 

 

In our study, inert pyrolysis of wood powder was performed in nitrogen at heating rates of 5 

and 50°C/min. Combustion was carried out in air at heating rates of 5 and 50°C/min. 

 

 

 

 

 

 

 

 

Figure 6.1 TGA of untreated wood in air and in nitrogen at 5 and 50°C/min 

 

The TGA curves of untreated wood in air and in nitrogen are shown in Figure 6.1. As can be 

seen from this Figure, the weight fraction curves are very similar for the inert pyrolysis at fast 

and slow heating rates. These curves showed three key stages: low temperature volatile loss, 

main pyrolysis, and carbonization. In the early stage, water began to volatilize and was 

completely gone at 150°C. The majority of weight loss occurred in the main pyrolysis stage, 

Untreated wood,air,50°C/min 

Untreated wood,N2,50°C/min 
Untreated wood,air,5°C/min 

Untreated wood,N2,5°C/min



 106

which was observed between 200°C and 350°C at a heating rate of 5°C/min (between 200°C 

and 400°C at a heating rate of 50°C/min). The carbonization stage occurred at a temperature 

beyond 350°C for 5°C/min (400°C for 50°C/min), with the release of remaining volatiles from 

the solid pyrolysis product. Finally, the char yields for inert pyrolysis were very similar (~12%) 

at both fast and slow heating rates. 

 

In an air atmosphere, the initial weight loss of untreated wood was the same as in nitrogen up 

through 200°C. Compared to decomposition of untreated wood in nitrogen at 5°C/min, the 

main weight loss step occurred at lower temperatures in air with the same heating rate. The 

same phenomenon also occurred at 50°C/min. These results show that wood decomposition is 

accelerated by oxygen. Char produced after the main thermal degradation stage can be further 

oxidized. Finally, the char yields for combustion TGA experiments were the same (almost 

zero) at both fast and slow heating rates. 
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Figure 6.2 TGA of CCA-treated wood in air and in nitrogen at 5 and 50°C/min 

 

The TGA tendency of the CCA-treated wood in air and in nitrogen was similar to those found 

for untreated wood (Figure 6.2). The treated wood also went through the three stages. In air, 

final char yields of fast and slow combustion were around 2%. This implied that some metals 

were left on the pan after the TGA run. Hirata et al. [16] have pointed out that almost all of the 

chromium and copper stayed in the residue char, while arsenic volatilized into the gas phase. 

The evolved amount of arsenic increased with increasing temperature. Kercher et al. [15] also 

showed that As2O5 began to volatilize at 600°C in air or in nitrogen. The thermal 

decomposition of CuO can lead to the formation of Cu2O at 800°C. Cr2O3 was very stable and 

only underwent minor reactions in the TGA experiments. 

 

 

 

CCA treated,air,50°C/min 

CCA treated,N2,50°C/min 

CCA treated,N2,5°C/min 

CCA treated,air,5°C/min 
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Figure 6.3 Comparison of TGA between untreated wood and CCA-treated wood (in air at 50°C/min) 

 

Figure 6.4 Comparison of DTG between untreated wood and CCA-treated wood (in air at 50°C/min) 

 

The TGA and DTG curves of untreated and CCA-treated wood in air are shown in Figure 6.3 

and Figure 6.4. As can be seen in Figure 6.3, the curve of the CCA-treated wood was shifted to 

lower temperatures, which showed that the CCA treatment changed the wood thermal 

Untreated wood,air,50°C/min 

CCA treated,air,50°C/min 

Untreated wood,air,50°C/min 

CCA treated,air,50°C/min 
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degradation mechanism. The temperature at the beginning of main combustion for 

CCA-treated wood was around 150°C at a heating rate of 50°C/min, which was lower than that 

for the untreated wood. After the initial weight loss step, the CCA components accelerated 

combustion. The temperature corresponding to the maximum rate of weight loss (Tpeak) was 

around 328°C for the CCA-treated wood sample, which was lower than that for untreated 

wood (Tpeak: 348°C). The copper and chromium compounds can behave as accelerators to 

degrade wood samples at lower temperatures [22]. 

 

DTG curves showed two peaks for untreated wood and CCA-treated wood combustion in air 

(Figure 6.4). The two peaks at low and high temperatures may be due to combustion of 

cellulose and char oxidation, respectively [9, 23-25]. For the first peak, the CCA treatment 

resulted in a higher weight loss rate of 1.4% than that of untreated wood of 1.2%. For char 

oxidation, Tpeak was around 367°C for the CCA sample, which was much lower than the value 

for the untreated wood (Tpeak: 480°C). Thus CCA not only accelerated the decomposition of 

cellulose, but also char oxidation. 
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Figure 6.5 Comparison of TGA between untreated wood and CCA-treated wood (in nitrogen at 

50°C/min) 

 

 

 

 

 

 

 

 

Figure 6.6 Comparison of DTG between untreated wood and CCA-treated wood (in nitrogen at 

50°C/min) 

 

Untreated wood,N2,50°C/min 

CCA treated,N2,50°C/min 

Untreated wood,N2,50°C/min 

CCA treated,N2,50°C/min 
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For nitrogen at 50°C/min (Figure 6.5), the initial weight loss of CCA-treated wood was the 

same as that of untreated wood up through 250°C, which was higher than the value obtained in 

air. These values show again that wood decomposition is accelerated by oxygen. The 

corresponding DTG curves (Figure 6.6) show that the maximum rate of weight loss occurred 

at the temperature of 359°C for the CCA-treated wood, while that value for untreated wood 

was 385°C. The CCA-treated wood had the higher weight loss rate at 1.1% compared to 1.0% 

for untreated wood. These results indicate that the CCA components promote the thermal 

degradation of wood in nitrogen. For the untreated wood, it is observed that a shoulder is 

located at the lower temperature region of the DTG curve. The lower temperature shoulder is 

associated with the decomposition of hemicellulose and the higher temperature peak is 

associated with the decomposition of cellulose [26]. For the CCA-treated wood, the shoulder 

at the low temperature region of the DTG curve has disappeared because the decomposition of 

hemicellulose and cellulose occurs in a narrower temperature range and both ranges overlap, 

resulting in a more peaked DTG curve due to the presence of CCA [17]. 
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6.4.2 Calculation of Activation Energy for Wood Pyrolysis 

 

 

 

 

 

 

 

 

Figure 6.7 DTG curves of untreated wood with different heating rates in nitrogen 

 

The DTG curves of untreated wood at different heating rates in nitrogen are shown in Figure 

6.7. DTG peak temperature shifted to higher temperatures when the heating rates were 

increased. At the faster heating rate, the retention time for samples was shorter and the 

decomposition occurred at higher temperature, causing the maximum rate curve to shift to the 

right. On the other hand, the small peaks on the left side represent the release of water vapor. 

The lower temperature shoulder in the DTG curves seems to be obvious, which corresponds to 

the pyrolysis of hemicelluloses. Akita and Kase derived a relationship in 1967 [6]: 
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Where ϕ  is the heating rate; Tm is the DTG peak temperature; n is the order of weight loss 
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reaction; A is the pre-exponential factor (collisional factor); R is the gas constant; E is the 

activation energy; Wm is the decomposable weight at the temperature Tm. The kinetic 

parameters such as the activation energy and the pre-exponential factor can be determined 

according to this derived equation. The activation energy is calculated from the slope of a 

linear plot of 1000/Tm versus the logarithms of ϕ /Tm
2 (Figure 6.8) and its values for 

untreated and CCA-treated wood are listed in Table 6.1. The pre-exponential factors are 

calculated assuming a first-order reaction, and are also listed in Table 6.1. 

 

It is interesting that the activation energies for the weight loss of wood samples were lower in 

air than in nitrogen, suggesting that thermal decomposition is accelerated by oxygen. In 

addition, the activation energies for the degradation of CCA-treated wood were higher than 

those for untreated wood in both nitrogen and air. Similar results were also obtained by Hirata 

et al [16]. 

 

The Arrhenius parameters are calculated from the DTG peak temperatures that are related to 

the thermal degradation of cellulose in the wood samples. The weight loss of cellulose during 

the thermal degradation is caused by a chain mechanism of three reactions: initiation of 

random chain-scission, depropagation to produce LG and termination between a hydroxyl 

group and an activated center from the initiation [27]. From the third reaction, the char yield 

would be increased by forming grafted and complex structures. Thus the activation energy for 

these reactions may be expressed as 
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Ew = Ei + Edep - Et                                            (2) 

Where the subscripts w, i, dep, and t denote the weight loss, initiation, depropagation, and 

termination, respectively [27]. For CCA-treated wood samples, it was found that Ew increased 

by the CCA treatments although CCA accelerated the beginning of weight loss. It was 

explained that CCA would also accelerate the termination to reduce Et over Ei and/or retard 

the propagation to increase Edep [16]. This is consistent with the results of the increase of char 

yield by the CCA treatments (Figure 6.3 and Figure 6.5). 

 

Table 6.1 Arrhenius parameters for weight loss in TG of untreated and CCA-treated wood 

Arrhenius parameters Samples Atmospheres 
E (kJ/mole) A (s-1) 

Untreated wood Nitrogen 162 1.7×1013 
 Air 143 2.4×1012 
CCA-treated wood Nitrogen 173 4.5×1014 
 Air 151 3.2×1013 
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Figure 6.8 Plots of 1000/Tm vs. Ln(ϕ /Tm
2) 

 

6.4.3 TGA of Untreated Wood and CCA-treated Wood Pretreated with H3PO4 

 

 

 

 

 

 

 

 

Figure 6.9 TGA of H3PO4-treated CCA-treated wood in nitrogen at 50°C/min 
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Table 6.2 Characteristics of untreated wood and CCA-treated wood thermodestruction in the 

presence of H3PO4

Sample H3PO4 

% 

Initial temperature of 
mass loss °C 

Temperature of maximal 
rate of mass loss °C 

Mass loss 
up to 500°C 

% 
─ 250 386 82 
2 200 298 68 
4 170 276 62 

Untreated 
wood 

10 150 271 59 
─ 250 359 78 
2 200 334 74 
4 175 286 64 

CCA-treated 
wood 

10 150 269 57 
 

TGA revealed that the impregnation of wood in phosphoric acid altered the pyrolysis 

mechanisms. Pyrolysis proceeded via predominant dehydration reactions leading to the 

decrease of the amount of volatile products. The onset temperatures and the temperatures 

corresponding to the maximum weight loss also decreased, which indicated that phosphoric 

acid accelerated the pyrolysis process (Table 6.2). As can be seen in Figure 6.9, the curves 

were shifted to lower temperatures when the amount of phosphoric acid was increased. The 

final char yields were also increased with the addition of phosphoric acid. These results are 

consistent with the observed effect of phosphoric acid as a flame retardant. It is known that 

phosphoric acid can improve the fire retardancy of wood by lowering its weight loss rate and 

increasing its char yield [28]. 

 

6.4.4 TGA of Untreated Wood Pretreated with Metal Compounds 

 

Figure 6.10 shows the pyrolysis behavior of untreated wood pretreated with metal compounds 
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and indicates the parameters (DTG max, initial temperature of mass loss, initial and final char 

yield) recorded in Table 6.3. As can be seen from this figure, the TGA curves of treated 

samples were shifted to the lower temperatures regions. Table 6.3 shows that the metal 

compounds treated woods had lower DTG maxima than the untreated wood. In particular, the 

CrO3-treated wood showed the most dramatic effect. Moreover, this wood sample produced 

the highest yield of initial char (49% at 345°C), which can further degrade slowly at higher 

temperatures, the yield decreasing to 32% at 600°C. The same phenomenon also occurred for 

the K2Cr2O7-treated wood, with the high yield of initial char and the subsequent slow 

pyrolysis of this char. The kinetic thermo-analytical studies with fire retardants and inorganic 

salts also obtained similar results. The pyrolysis processes showed apparent changes in the 

higher rate of volatilization at the lower temperatures and the increase of residual char yield 

[29]. Richards and Zheng [11], also observed effects similar to those observed in this study 

when they investigated ion exchanged and sorbed salts wood samples. It was reported that 

ferrous wood showed the most dramatic effect of the lowest breakthrough temperature and 

DTG maximum of the samples studied. 

 

Table 6.3 Thermogravimetric analysis of wood and MCC sorbed with salt solutions 

Initial char Sample DTG 
max °C 

Initial temperature 
of mass loss °C Temp °C Yield % 

Final char yield 
% (600°C) 

Untreated wood 386 250 418 23 16 
CuSO4 383 236 438 18 14 
K2Cr2O7 351 231 396 26 17 
CrO3 315 194 345 49 32 
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Figure 6.10 TGA of untreated wood pretreated with metal compounds in nitrogen at 50°C/min 

 

6.5 Conclusions 

 

The CCA treatment has a significant effect on the thermal decomposition behavior of wood 

samples. The temperature of initial weight loss and the temperature corresponding to the 

maximum weight loss were lowered by the CCA treatment. CCA components accelerated the 

weight loss of wood and the oxidation of the char. Wood thermal decomposition was 

accelerated by oxygen. For higher heating rates, the DTG peak was shifted towards higher 

temperatures for both untreated and CCA-treated wood samples. The pretreatment of wood 

with phosphoric acid changed the direction of the thermal destruction processes, leading to the 

decrease of the amount of volatile products. Metal compound pretreatment of untreated wood 

has a significant influence on wood thermal degradation. In particular, the treatment with 

chromium trioxide decreased the DTG peak temperature and increased the final char yield. 
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CrO3 treated 
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7. Future Work 

 

High yield of LG (14.7%) can be obtained by pyrolyzing CCA-treated wood at 350°C 

(Chapter 3). The question as to possible higher yields of LG so as to provide an alternative 

pathway in the rational use of CCA-treated wood waste could also be posed. The 

impregnation of CCA-treated wood with aqueous phosphoric acid solutions is a reasonable 

option. This is based on the mechanism of the interaction of phosphoric acid with 

carbohydrate, since acids can catalyze the splitting of glycosidic bonds and then promote the 

formation of LG. Therefore, future research should investigate the pyrolysis parameters 

including temperature, duration and catalyst concentration. The experiments that could be 

performed are as follows: (a) CCA-treated wood samples need be heated in an aqueous 

phosphoric acid solution at 100°C for 1hr. (b) Pretreated wood samples can be washed by 

distilled water and then air dried. Following these two steps, chromium, copper and arsenic 

components can be removed as completely as possible from the CCA-treated wood samples. 

(c) The pyrolysis of dried wood samples needs to be carried out to arrive at an estimate of LG 

and of any other products. 

 

The pyrolysis of wood materials has three products: solid char, pyrolysis tar and pyrolysis gas. 

The present research allowed for a comprehensive study of the pyrolysis tar of CCA-treated 

wood. Pyrolysis tar can be recovered and used as a source of chemicals. However, the present 

study did not make a thorough investigation on the solid char and pyrolysis gas. Therefore, 
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future research can focus on these two products. The influence of pyrolysis parameters 

(temperature and time) on the yield and composition of these two products can also be 

examined. The investigation of solid char and pyrolysis tar from CCA-treated wood together 

can give an understanding of mechanisms of pyrolysis of carbohydrates and lignin. Since most 

CCA components are still bound in the residual char (Chapter 3), residual char can not be 

directly landfilled. Therefore, future research should investigate new pathways to eliminate 

chromium, copper and arsenic from residual char, including centrifugal separation, chemical 

extraction, and biodegradation using microorganisms.  

 

In the present research a methodology for the quantification of levoglucosan (LG) and 

levoglucosenone (LGO) from the pyrolysate of CCA-treated and non-treated wood using 

quantitative 31P NMR has been developed. It was confirmed that pure LGO gave a sharp 

signal at 135.8 ppm in the 31P NMR spectrum. The absence of a hydroxyl moiety on the LGO 

molecule, however, poses questions as to the origin of this signal. Therefore, future work 

should verify the phosphitylation reaction with LGO in subsequent 31P NMR experiments. In 

Chapter 3, the small signal shown at 141.3 ppm in the 31P NMR spectrum from untreated 

wood and its corresponding CCA-treated wood has not been confirmed yet. It is, however, 

possible that this peak is derived from carbohydrate based degradation products (Figure 2.11). 

To gain a precise quantification of this unknown product, 31P NMR provides a rapid route to 

quantify it with an internal standard. In contrast, the amount of this component can not be 

quantified by GC-FID analysis without its model compound. Future work should include the 
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preparation of this unknown substance from the pyrolysate of microcrystalline cellulose and 

then its separation with flash chromatography. The purified product can be further identified 

by GC-MS, 1H, 13C and 31P NMR spectroscopy. 

 

 
 


