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  Execut ive  Summary 

 
A previous desktop study highlighted the potential for combustion of end-of-life treated 
timber to deliver superior environmental and economic outcomes relative to other 
technologies1. This report presents the findings of an experimental investigation into the 
technical feasibility of the combustion of CCA treated timbers. The experimental results are 
used to quantify the potential for combustion technologies to deliver satisfactory 
environmental and economic performance.  
 
In this report we present a detailed discussion of the design of an experimental rig based on a 
tube furnace for testing the feasibility of combustion of treated timbers across a range of 
furnace temperatures and comburants2. The experimental regime for this project was 
developed to explore the complete temperature and comburant ranges stipulated in the project 
proposal. The three sets of gas compositions explored are: 

• Standard air containing 21% O2,  
• 10% O2 and  
• 5% O2 

For each of these gas compositions, seven gas temperatures have been explored ranging from 
400°C to 960°C.  
 
The effects of these two sets of variables on the environmental performance of the 
combustion products are investigated in depth. To this end we present and discuss the 
analyses of all products of combustion; with a focus on developing a better understanding of 
the environmental stability of these products. We use a modified procedure based on the 
widely accepted leaching protocol, the TCLP, to infer the environmental stability of the solid 
residues.  
 
In the results section we demonstrate that there are two possible destinations for the metals 
present in CCA treated timbers. These destinations include the ash residue, as well as 
volatilization into the flue gas (followed by subsequent deposition as the flue gases are 
cooled). Mass balances for the deportment of metals between ash and condensed volatiles are 
presented. These mass balances demonstrate the effect of temperature and comburant on the 
split of various metals between ash and gas residue. Of the metals entering the system: 

• All the Copper reports to the ash 
• More than 90% of Chromium reports to the ash 
• Arsenic reporting to the ash ranges from 20% to 80% 

Further, these mass balances demonstrate that the reduction in solid waste mass is in excess 
of 98%. 
 
A complicated pattern of behaviour for the environmental stability of the solid residues was 
evident from the analyses. Of particular significance is the fact that some of the residues from 
high-temperature combustion (>1000 °C) were extremely refractory and difficult to leach. 
While this means that it is not possible to recover the metals for reuse easily, it also means 
that these materials are extremely stable and unlikely to have adverse environmental effects 

                                                 
1 These included other thermal processes such as gasification and pyrolysis, as well a bio-processing and 
composite manufacture 
2 Comburant is the term used to describe the combination of gases and fuels in combustion 
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in the short term. Additional work is required to determine the long term (decades to 
centuries) stability of these wastes. 
 
The results from the experimental work are summarized in the figures below which present 
the volatility and stability of the metals (Cr, Cu and As) across the temperature ranges 
investigated for the comburants. Volatility is an indication of the potential for the metal to 
report to the off-gas from the process. Stability is an indication of the environmental stability 
of the solids recovered from the system. In the figures Rating refers to the qualitative 
performance of the system in these indicators. Rating ranges from Low to High.  
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Volatility and Stability of Copper 

 
This result demonstrates that copper is essentially not volatile in the system. Further, copper 
present in the solid products of combustion is relatively stable. 
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Volatility and Stability of Chromium 

 
Chromium is more volatile in the system than copper; however, this volatility is relatively 
limited. Chromium in the residue is most stable for the 10% oxygen and (“standard”) air 
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cases. This result demonstrates that the region between air and 10% oxygen is the preferred 
operating region for cases where chromium stability is the over-riding consideration. 
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Volatility and Stability of Arsenic 

 
The volatility of arsenic is higher than either copper or chromium. While oxygen 
concentration has a small effect on arsenic volatility, the volatility of arsenic increases 
markedly with increasing temperature. The stability of arsenic in the aggregated solid 
residues decreases with increasing temperature. At the same time arsenic in residues from 
low oxygen concentration regimes is, in general, less stable than that from higher oxygen 
concentration regimes.  
 
From these results it is possible to infer preferred operating conditions for the thermal 
processing of CCA treated timbers. However, the interpretation of these results is not trivial 
as there are trade-offs to be accepted between, among others: 

• Efficiency of energy recovery (and thus economic performance) 
• Retention of Chromium and Arsenic in the ash 
• Stability of Chromium in the ash 
• Stability of Arsenic in the ash 

 
For these reasons it is easiest to discuss these results in the context of technology drivers: 

• If maximum energy recovery is desired then the operating conditions should be at 
high temperature with excess oxygen 

• If recovery of arsenic is desired then combustion should occur at high temperatures 
with an excess of oxygen 

• If stability of chromium in the solid residue is the over-riding design consideration 
then combustion should be conducted at medium to high temperatures with 10% 
oxygen 

• If overall metals stability is desired then combustion should occur at low temperatures 
and 10% oxygen concentration 

 
For this reason it is not possible to state explicitly the preferred operating conditions for the 
combustion of CCA treated timbers. However, this work demonstrates that it is possible to 
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determine the environmental and energy recovery potential of the technology and 
demonstrates that combustion of treated timbers has significant potential to address issues 
associated with the management of end-of-life CCA treated timbers.  
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1  Introduct ion 
 
The management of CCA3-treated timber wastes is a significant issue for the treated timber 
industry at present. This has been highlighted by the recently released APVMA4 review of 
arsenic treated timbers (APVMA, 2003). Further, this is likely to be exacerbated with the 
anticipated increase in treated timber entering the waste stream.  
 
The disposal of treated timbers to landfill equates to loss of a valuable resource. There are 
existing drives to divert material from landfill. This, coupled with the understanding that: 

• The metals with which the wood is treated are potentially mobile under landfill 
conditions 

• Decomposition of wood renders significantly more global warming potential gases 
than does combustion 

led to the proposal that the combustion of treated timber in a controlled manner recovers both 
its energy content and the CCA metals would provide significant benefit to the wood products 
industry, and contribute to the closure of the value chain around CCA, whilst producing 
environmentally stable residues. The research project presented in this report represents the 
first stage in the development of an approach to managing treated timbers that is effective and 
energy efficient, and presents an end-of-life management strategy for metals contained in the 
treated timber. The focus of this research is the combustion of these timbers at different 
conditions.  

1.1 Background 

A previous desktop study providing input to the Treated Timber Advisory Group of the (then) 
NSW Western Sydney Waste Board highlighted the thermal processing of CCA treated 
timber, with energy recovery, as a viable option for improving the resource-use efficiency of 
this material (Stewart et al, 2001). This desktop study explored, on a theoretical basis, the 
merits and issues associated with three potential options for end-of-life CCA treated timber 
management: 

• Pyro-thermal processing 
o Pyrolysis 
o Gasification 
o Combustion 

• Bio-processing  
o Production of Methane 
o Production of Alcohols 

• Co-utilisation as part-substitute fuels or raw materials for product manufacture 
o Production of building composites 
o Co-firing through thermal processes (Cement Kilns, Smelters, Power Plants) 

 
Analysis of these technologies was limited to a first order assessment guided by an 
understanding of the operating conditions of the different technologies, and the potential 
performance of the CCA metals (Cr, Cu and As) under these operating conditions. 
Environmental and (to a limited extent) economic issues and considerations associated with 
these options were discussed. These options included: 

                                                 
3 Chromated Chromium Arsenate 
4 Australian Pesticides and Veterinary Medicines Authority 
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• Determining and managing the fate of metals  
• Management of all emissions (solid, liquid and gaseous)  
• Potential for product and energy recovery from these systems 

 
The conclusion of this work was that combustion of CCA treated timbers was preferred 
because it actively separates the metals from the desired product (energy) and has the 
potential to deliver residues which are environmentally stable. 

1.2 Project Objectives 

The principal objective of this project is to investigate the thermal treatment (combustion) of 
CCA treated timber wastes, with energy and metals recovery and to determine whether it is 
technically feasible to treat these wastes thermally with an acceptable environmental and 
economic performance. 
 
The project includes a number of sub-objectives: 

• Establishment of the combustion conditions (temperature, air-fuel ratio, particle size) 
which deliver the most efficient energy recovery while still delivering environmentally 
stable by-products (ash, copper, chromium and arsenic)  

• Determination of the deportment of metals (Cr, Cu, As) in the combustion process to 
fly-ash, or bottoms ash, or as vapours in combustion flue gas 

• Investigation of the speciation of these metals in solid products, to inform design and 
operation of solid waste management practices 

• Exploration of the value of minerals processing technologies for metals’ recovery 
from flue-gas 

• Examination of the recovery of metals from solid wastes of combustion 
• Recommendations on technology selection for the overall process. 

1.3 Report Structure 

In section 2 we present a conceptual background to the thermal processing of CCA treated 
timbers. In section 3 we present the experimental rig developed for this work, and describe 
associated process control and analysis equipment. Section 4 includes all the experimental 
results and a detailed discussion. In section 5 we present our conclusions and 
recommendations.  
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2  Background 
 
In this section we present a description of treated timber combustion and highlight the 
complexities arising from thermal processing of these materials.  
 
Figure 1 includes the macro-level flows expected from combustion of treated timbers. This 
figure illustrates that there are essentially three products of combustion: 

• Combustion Gases 
• Residual ash 
• Condensed Inorganic Volatiles recovered from the Combustion Gases 

The main focus of this work is to determine the deportment of the metals present in CCA 
formulations (discussed in section 2.1 below) to these different products of combustion, and 
to determine the potential stability of these residues. The combustion conditions (discussed in 
section 2.2 below) will affect the deportment of metals to the different products of 
combustion. The individual elements of this figure are discussed below. 
 

CCA-Treated
Wood

Filtered
Volatiles

Combustion
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Ash

Losses

Leaching

Stable
Ash

Leachable
Ash

Leaching

Stable
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Figure 1: Flows and Processes in Combustion of CCA Treated Timbers 

2.1 CCA Treated Timber 

CCA is a waterborne wood-preservative. The compounds typically used are: 
• Copper sulphate as cupric sulfate pentahydrate (CuSO4.5H2O) 
• Arsenic pentoxide as diarsenic pentoxide dihydrate (As2O5.2H2O) 
• Potassium dichromate (K2Cr2O7) 

 
Treated timber products vary in their retention level in the final treated timber product. The 
desired level of retention depends upon the intended in-service application of the treated 
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timber, typical retention levels are in terms of % mass CCA/mass oven dried treated wood 
(AS 1604.1, 2000): 

• H1: Indoors, above ground – lyctid protection (elemental As: 0.035) 
• H2: Indoors, above ground – borer and termite protection (0.32) 
• H3: Outside, above ground (0.38) 
• H4: Outside, in-ground (softwood 0.63, hardwood 0.7) 
• H5: Outside, in-ground, contact with or in fresh water  
 (softwood 1.00, hardwood 1.20) 
• H6: Marine waters (softwood 2.00, hardwood 1.20) 

 
The samples used in the experiments conducted in this work were taken from recently 
produced timbers intended for below ground use. The timbers are classified as H3 timbers in 
Australia. Recently processed timbers were chosen as they retain all the metals used in 
impregnation, and thus represent a worst case scenario with respect to metals concentration. 
 
A typical total analysis for a timber sample used in the experiments is included in Table 1. 

Table 1: Composition of CCA treated timber  

Component Concentration (mass %)

Copper 0.23

Chromium 0.39

Arsenic 0.34

Carbon (total) 44.28

    Inorganic Carbon 0.07

    Organic Carbon 44.21
Hydrogen 5.07

Nitrogen 0.00

Water 9.37

Oxygen* 40.32
*Oxygen determined by difference  

 
These values are consistent with those reported by Humphrey (2002).  

2.2 Combustion and Combustion Gases 

A typical sample composition is included in Table 1. Combustion of this material results in 
the release of a number of combustion gases. These include CO, CO2, NOx and H2O. 
Changing the oxygen:fuel (or oxygen to timber) ratio, and the combustion temperature, 
changes the relative amounts of each of these gases produced. Monitoring the gas 
compositions gives an indication of the combustion regime being investigated.  

2.3 Residual Ash 

Residual ash contains the majority of the solid residues of combustion processes. Unburnt 
organic material as well as the majority of trace inorganic materials5 contained in the timber 
will report to this ash. It was expected that the three metals present in CCA formulations 
would behave differently under different combustion conditions. Copper and Chromium have 
extremely high boiling points and thus there should be limited vaporization of these metals. 

                                                 
5 Metals  
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Pure arsenic sublimes6 615oC while arsenic oxide (As2O3) volatilizes at lower temperatures7; 
for this reason it was assumed that some arsenic would report to the volatiles fraction (see 
section 2.4). Thus, at different temperatures and (to a limited extent) comburants8 the three 
metals will apportion differently between the ash and the volatiles.  
 
Metals stability in the ash is a significant consideration. In this project we have investigated 
this in order to determine whether it is possible to recover the three metals from the ash in 
order to recycle them; or alternatively whether it is possible to render the metals stable so that 
the ash can be disposed of to landfill. The stability of the metals in the ash will be affected 
both by comburant and combustion temperature.  
 
We have used three different sets of leaching processes to determine the environmental 
stability of the ash residues. The first was a distilled water leach to determine the amount of 
material which was extremely mobile. The second was a dilute acetic acid leach, and the third 
a mini-TCLP process. These procedures are discussed further in section 3.3.3.  

2.4 Filtered Volatiles 

As Figure 1 implies the volatile products of combustion are the most difficult to capture. In 
combustion processes some unburnt organics report to the volatile fraction. As was mentioned 
above, some arsenic is also expected to report to this volatile stream. In order to capture any 
volatile arsenic it is necessary to cool the stream below the arsenic oxide volatilization 
temperature of approximately 320oC (Helsen et al , 2003). The environmental stability of the 
resulting precipitated solids needs to be determined. The same analytical procedures for 
ascertaining environmental stability described above were used.  
 
 
 

                                                 
6 Phase transformation from a solid to a gas 
7 Helsen et al (2003) report As in volatiles at temperatures of as low as 320oC  
8 Comburant is the term used to describe the combination of gases and fuels in combustion 
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3  Experimenta l Apparatus and Procedures 
 
This section of the report describes the experimental rig designed and built for the project; 
and details the procedures used to analyse the products of combustion obtained from the 
apparatus. The rig was designed to investigate the complexities outlined in section 2, 
specifically the effect of combustion temperature and comburants on: 

• Metals deportment between the different combustion products 
• Stability of metals in both the residual ash and the volatile fraction 

3.1 Combustion Regimes Investigated 

The experimental regime for this project was developed to explore the complete temperature 
and oxygen concentration ranges stipulated in the project proposal. The three sets of gas 
compositions explored are: 

• Standard air containing 21% O2,  
• 10% O2 and  
• 5% O2 

 
For each of these gas compositions, seven furnace temperatures have been explored: 

• 513°C,  
• 601°C,  
• 707°C,  
• 809°C,  
• 915°C,  
• 1027°C,  
• 1072°C  

These gas temperatures at the surface of the wood sample relate to the furnace temperature 
and combustion rate in a complex manner. The gas enters the furnace tube cold and is heated 
up as it passes through the tube towards the sample location. Calculations, show that the gas 
temperature rises to ~100 °C of the furnace temperature by the time it reaches the sample. 
Thus the range of furnace temperatures explored in this work corresponds to a range of bulk 
gas temperatures at the sample of 400-960°C. The actual temperature at the sample surface is 
complicated by heat release due to combustion of the sample. This effect depends on the gas 
flow rate, oxygen concentration, and sample size and reactivity, as well as on the geometry 
and heat transfer characteristics of the sample holder.  Exploring these complexities in detail 
was beyond the scope of this project but it is important to note that the primary variables of 
gas (or furnace) temperature and oxygen concentration are coupled in their impact on the 
local conditions experienced at the sample surface and in the boundary layer surrounding the 
sample. Our use of constant, large sample dimensions and constant gas flow rates serves to 
minimize these effects while providing a clear reference point for the comparison of results at 
different furnace temperatures and oxygen concentrations. 
 
Six runs were performed at the majority of the temperatures and oxygen concentrations. For 
some combinations of temperature and oxygen concentrations, more than six runs have been 
conducted to ascertain reproducibility of results. A total of 206 runs were completed. This 
total includes additional burns conducted to produce larger amounts of ash sample required 
for additional leaching tests (see discussion in section 3.3.3). 
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3.2 Apparatus 

The main consideration when designing the experimental apparatus was to ensure that the 
bulk oxygen supply would not limit the combustion rate. In order to ensure that this was not 
the case, it was necessary to calculate: 

• The heat transfer to the gas from the furnace walls 
• The mass transfer from the gas to the spherical sample  
• The stoichiometry of wood combustion 

across the combustion regimes described above. The main function of these calculations was 
to determine the desired superficial velocity of gas passing the surface of the sample. This is 
not a trivial exercise as the density of gases change significantly with temperature. These 
calculations are detailed in Appendix 1; they were used to size the gas delivery and 
management systems of the apparatus. 
 
The resulting experimental rig is illustrated in Figure 2. The configuration of the rig was 
adjusted during the experimental element of this project.  
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Figure 2: Experimental Apparatus 

 
The temperature and gas flow rate through the furnace was adjusted to obtain a consistent 
superficial gas velocity passed the wooden sphere for all experimental runs.  
 
A procedure for the operation of this rig is included in Appendix 3. 
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3.3 Analytical Procedures 

The procedures described here are one of the outputs of the project as some adjustments to 
established methods have been made in order to meet the specific requirements of this project. 
Complexities arising in the analysis of the products of combustion are described in Section 3 
of this report.  

3.3.1 Sample Preparation and Analysis 

A bulk sample was made available by Auspine (the industrial partners in this project). This 
sample consisted of six recently treated CCA treated wooden poles, each 12.5 cm in diameter 
and 1 m in length. The poles were from the same batch of timber, and were thus considered to 
have the same chemical composition, with respect to their wood and CCA composition. Initial 
attempts were made to form reconstituted cylindrical samples from sawdust obtained by 
machining these poles. The rationale for this was that it would reduce sample variability 
significantly. However, it was not possible to deliver samples of adequate structural integrity.  
 
For this reason the samples used in the experimental work were spheres which were obtained 
by turning sections of the bulk sample on a wood lathe. Care was taken to ensure that the 
spheres were turned from material which could be considered representative of the bulk 
sample material. The size of these samples ranged between 25-30mm in diameter and particle 
mass ranged between 3 and 5g. However, the compositional variability in these samples was 
found to be significant, as discussed in section 4.1 of this report.  
 
At least six runs were conducted at each temperature and oxygen concentration and then 
combined to form a composite sample. This was done for two reasons: 

• To overcome high sample variability, as discussed further in section 4.1 
• To ensure that all analyses for a certain oxygen concentration and furnace temperature 

were performed on the same ash (i.e. part of a composite sample as a single burn did 
not produce enough ash for all of the required tests). 

 
The ash content and volatile matter of these samples was determined by thermogravimetric 
analysis (TGA); and a TC/TOC/TIC analyzer was used to determine the total carbon, total 
organic carbon and total inorganic carbon content. Samples were also digested completely 
using a Wood Digestion protocol (as described in Appendix 2) which solubilised the elements 
and compounds within the respective samples. The arsenic, chromium and copper 
concentrations in the resulting solutions were be determined by Inductively Coupled Plasma-
Mass Spectrometry Atomic Emission Spectroscopy (ICP-AES). 

3.3.2 Analysis of Combustion off-gases 

The combustion gases were cooled to below 40°C prior to analysis. The water content of the 
furnace off gas was measured using an absolute humidity meter and a micro GC. The micro 
GC was also used to determine the concentrations of carbon dioxide and carbon monoxide in 
thee gas.  

3.3.3 Analysis of ash 

The analyses conducted on the ash were intended to determine: 
• Total mass of metals reporting to the ash (to inform the calculation of “Residual Ash” 

in Figure 1) 
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• Potential environmental stability of ash (to inform the split between “Stable Ash” and 
“Leachable Ash” in Figure 1) 

To this end, two sets of analyses were conducted on the residual ash 
 
The first set of analyses were conducted to obtain a total analysis of the metals in the ash, to 
this end a total digest of the ash was conducted. This process is described in Appendix 4 as 
the Bomb Method. This process used perchloric acid and nitric acid as leachants at 180oC for 
a significant amount of time to completely digest the samples. The reason for selecting this 
procedure was that some of the residual ashes were extremely resistant to digestion (this is 
discussed further in section 4.3 of this report). The resulting liquids were analysed using ICP 
AES to determine total metals (As, Cr and Cu). 
 
The second set of analyses focused in determining the environmental stability of the residual 
ash. A combination of tests was used to inform the environmental stability of the residual ash. 
These were: 

• Deionised Water Leach (DW) 
• Dilute Acetic Acid Leach (DAAL) 
• Mini TCLP9 Leach (mTLCP) 

 
All leaching tests were designed to determine the equilibrium concentration of metals in the 
leaching fluid. This consideration governs the length of time that the leaching fluid is in 
contact with the solid sample. 
 
A Deionised Water Leaching test was conducted in the same solids mass to liquids volume 
ratio as Dilute Acetic Acid Leach (one part ash to 1000 parts deionised water). This procedure 
gives an indication of those metals which would mobilize immediately from the ash.  
 
The Dilute Acetic Acid leach was based loosely on the TCLP process in that the leaching 
fluid selected was the same as that used in the TCLP, namely a weak solution of acetic acid 
buffered with sodium hydroxide. The reason for focusing on TCLP type tests is that it is the 
protocol which legislators are most likely to use when evaluating the environmental stability 
of the solid wastes from the process. The protocol used for the Dilute Acetic Acid Leach is 
included in Appendix 2 of this report. The solids mass to liquids volume ratio was 1:1000. 
 
The Dilute Acetic Acid Leach delivered some unexpected results. For this reason a Mini 
TCLP Leach was conducted on another batch of residual ash samples. This leaching protocol 
is described in Appendix 2. Essentially it uses the same ratio of 1:10 ash to liquid as is 
required by the TCLP as stipulated by the US EPA; however, the total mass of material 
available is smaller than that required by a complete TCLP (100g).  
 
The liquids filtered from the total digests as well as the three different leaching processes 
were analysed using ICP to determine total metals (As, Cr and Cu). 

                                                 
9 Toxicity Characterisation Leaching Protocol 
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3.3.4 Analysis of Filtered Volatiles 

The filtered volatiles recovered from the off-gases in the 0.8µm filter (as illustrated in Figure 
2) were analysed using the same set of protocols as for the ash samples. Keeping these 
samples separate from the ash samples allowed us to determine the deportment of the metals 
between the residual ash and the combustion off-gas. The filter papers from the runs were cut 
into thirds before being combined in order to deliver representative combined samples.  
 

3.4 Reporting of Results 

For ease of reference Figure 1 has been reproduced here as Figure 3 and annotated to include 
a nomenclature for streams. The quantities reported for each set of analyses conducted in this 
work is the explained in terms of this nomenclature. In this figure all acronyms refer to mass 
of the metal in the stream. 
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Figure 3: Combustion Processes Including Stream Names 

 
The equations based on this nomenclature are presented below and used in calculating the 
results included in section 4. Arsenic is used as an illustration; equivalent calculations are 
conducted for both Copper and Chromium. 
 
In section 4.3.1 we introduce Feed Recovery to Ash, this is calculated using the equation: 

feed

ash

As

As
  Ash toRecovery  Feed =  
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A double normalization called Retention is developed and discussed in 4.3.1, this quantity is 
calculated using: 
 





















=

feed

feed

ash

ash

Cu

As

Cu

As

RetentionArsenic  

 
It should be noted that: 

feedash CuCu =  

Proportion of Component in Ash Solubilised is used in section 4.3.2. This proportion is 
defined for each leaching protocol as follows: 

ash

DW
DW

As

As
  ed SolubilisAsh in Component of Proportion =  

 

ash

DAAL
DAAL

As

As
  ed SolubilisAsh in Component of Proportion =  

 
To better explain the results discussed in section 4.3.2 we also use the proportion of Feed 
Recovered to the Leachate: 

feed

DW

DW
As

As
  Leachate to Recovered Feed of Proportion =  

 

feed

DAAL

DAAL
As

As
  Leachate to Recovered Feed of Proportion =  

 
 
Ultimately in section we define the proportion of the Feed Stabilised in the Ash: 

feed

DWash

DW
As

AsAs
  Ash in d StabiliseFeed of Proportion

−
=  

 

feed

DAALash

DAAL
As

AsAs
  Ash in d StabiliseFeed of Proportion

−
=  
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4  Results and Discussion 
 
In this section we present and discuss the results obtained from the complete set of 
experiments conducted for this project. The discussion starts with an indication of the 
variability of the samples used in this work. This is followed by a discussion of the 
combustion gas results. The deportment of the metals to the residual ash, and the potential 
environmental stability of these ashes is presented. This is followed by the results pertaining 
to the volatile samples. In summary we present a table which gives an indication of the 
volatility of the metals at different temperature conditions, and contrasts this information with 
the potential environmental stability of these metals. 

4.1 Sample Variability 

The non-uniform internal structure of wood leads to a non-uniform internal distribution of 
copper, chromium and arsenic in CCA treated timber. Repeated digestions of samples of the 
bulk wood sample showed a significant scatter in the concentrations leading to a large 
standard deviation around the average percentage mass of each metal. Table 2 shows the mass 
percentage of various constituents of the wood in terms of the data range. 

Table 2: Indication of Sample Variability 

 
Component Mass Percent

Copper 0.14 - 0.29

Chromium 0.17 - 0.49

Arsenic 0.18 - 0.37

Volatiles 83

Fixed Carbon 15

Ash 0.90 - 2.10

≈
≈

* 

* 

* 

* As metals  
In terms of the metals, the large scatter translates to averages and standard deviations as 
follows:  

• [As]av = 0.266% (standard deviation = 0.07%) 
• [Cr]av = 0.350% (s=0.09%) 
• [Cu]av = 0.221%(s=0.05%) 

 
These large standard deviations, relative to the average concentrations, signify that average 
concentrations of metals in the wood cannot be used to find trends in the ash digestion data, 
especially when analyzing ash derived from small amounts of wood such as used in these 
experiments. Instead, the ratios of metals in the wood were found to be much more constant 
and are shown below with respect to copper for reasons that will become evident when 
discussing ash analyses (included in section 4.3): 

• [As]/[Cu] = 1.21 (s=0.06) 
• [Cr]/[Cu] = 1.58 (s=0.05) 

 
Every attempt was made to reduce the uncertainty inherent in the experimental results through 
duplication of runs, aggregation of samples and the normalization described above. The 
extremely low standard deviations presented above as direct result of these efforts. 
 
These ratios, when combined with the added information that copper does not volatilize, can 
be used to calculate the concentrations of the metals in the wood. Original masses of arsenic 
and chromium in the wood can be calculated by substituting the analyzed masses of copper in 
the residual ash into the appropriate ratio. 
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4.2 Combustion Gas Results 

Analyses of the combustion gases from the experimental rig have been completed for CO2, 
and H2O. Figure 4 and Figure 5 have been included to illustrate typical CO2 and H2O results. 
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Figure 4 CO2 results for six runs conducted at 707oC (Furnace temperature) in air 
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Figure 5: H2O results for six runs conducted at 915oC (Furnace temperature) in air; 

comparison of Micro-GC and humidity meter results 
 
In general the amount of CO and unidentified hydrocarbons/tars formed during combustion 
increased with decreasing temperature and decreasing oxygen concentration. However, these 
were primarily formed during the initial stages of the experiment (i.e. during devolatilisation 
and subsequent incomplete oxidation of volatile components as illustrated in Figure 6). The 
actual amount of CO produced was not monitored as the experimental procedure was 
optimised to monitor the changes in the CO2 concentrations during the course of the 
experiment. 
 
These results reflect the fact that combustion occurs in two stages, devolatilisation and 
combustion of the volatile components, followed by combustion of fixed carbon. A complete 
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set of results for one temperature and oxygen concentration is included below (there are 128 
such sets of results).  
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Figure 6: Proportion of Volatiles Recovered at Different Oxygen Concentrations 

 
 
The combustion of the fixed carbon component of the feed could be described using either: 

• a shrinking core model with 
o diffusion controlling or 

o reaction controlling 

• constant particle size with ash diffusion controlling. 

Figure 7 has been included to illustrate the fit between these models and the recorded data. 
 
The scatter of data means that it is not possible to state which mechanism was being followed. 
This is one area for fruitful research and we hope to resolve this in the remaining project time.  
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Figure 7: Comparison of results for six runs conducted at 809oC (Furnace temperature) in 

air with different combustion models 
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4.3 Residual Ash Results 

These results were obtained using the protocols described in section 3.3.3 of this report.  

4.3.1 Total Digestion 

The residual ash generated at the highest temperature proved to be extremely stable and 
resistant to acid digestion. Digestion of the ash generated at 960°C (furnace temperature of 
1072°C) has not been successful. Only 45% to 65% of the total mass of residual ash was 
digested in spite of significant efforts to dissolve the material. Figure 8 shows the calculated 
percentage recoveries of metals to the residual ash based on the average concentrations of 
metals in the wood. 
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Figure 8: Percentage Recovery of Feed Metals to Ash 

 
As discussed above, the variability in sample composition changes and obscures trends in the 
graphs and leads to incorrect calculated percentage recoveries of upwards of 130%. These 
graphs show that it is likely that arsenic volatilization increases with increased temperature, 
but further conclusions cannot be drawn.  
 
In order to render these results more interpretable, the concept of retention is introduced. This 
concept is based on the observation that the ratios of the metal concentrations in the wood 
sample are much more constant than the concentrations themselves. Retention is a double 
normalization based on the assumption that copper does not volatilize (i.e. that the measured 
mass of copper in the ash is equal to the mass of copper originally present in the wood 
sample). This assumption is validated by the fact that no copper was found in any other 
samples collected from the experiments.  
 
The equations used to calculated retention for Chromium and Arsenic are: 
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These retentions have been calculated and are illustrated in Figure 9. 
 

0.00

0.25

0.50

0.75

1.00

400 600 800 1000 1200

Furnace temperature (C)

R
e

te
n

ti
o

n
 (

%
)

Arsenic - Air

Arsenic - 10% oxygen

Arsenic - 5% oxygen

Chromium - Air

Chromium - 10% oxygen

Chromium - 5% oxygen

 
Figure 9: Retention of Chromium and Arsenic in the Residual Ash 

 
The effect of temperature on arsenic and chromium retention is relatively clear. As the 
furnace temperature increases the amount of arsenic retained in the residual ash decreases. 
The amount of chromium retained in the ash remains relatively constant for all temperatures.  
 
The effect of oxygen concentration on retention is not as obvious. While there are no definite 
trends in retention due to the effect of oxygen concentration, two observations can be made: 

• Arsenic appears to be less volatile at 5% oxygen.  
• More chromium volatilises in air than for the other oxygen concentrations 

 
The information contained in Figure 8 and Figure 9 is used to inform the volatility element of 
the final summary of results included in Figure 23, Figure 24 and Figure 25 in section 4.6. 
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4.3.2 Deionised Water Leach and Dilute Acetic Acid Leach 

Figure 10 shows the results of the leaching tests for the ash samples generated in air; Figure 
11 and Figure 12 show the same for 10% oxygen and 5% oxygen respectively. 
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Figure 10: Solubility of Metals in DW Leach and DAAL from Residual Ash Samples for Air 
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Figure 11: Solubility of Metals in DW Leach and DAAL from Residual Ash Samples for 10% 

Oxygen Experiments 
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Figure 12: Solubility of Metals in DW Leach and DAAL from Residual Ash Samples for 5% 

Oxygen Experiments 

The ash produced by the air and 10% oxygen runs behaved slightly differently from the ash 
produced in the 5% oxygen runs. For both air and 10% oxygen, arsenic was least leachable in 
the medium temperature ash and most leachable in the high temperature ash creating almost a 
parabolic shape in the figures. Chromium was most leachable in the low temperature ash and 
least leachable in the high temperature ash with a fairly steady decline in between. The burns 
conducted at 5% oxygen produced ash which leached arsenic with a more steady increase 
with increasing temperatures and actually leached more chromium from the high temperature 
burns. 
 
Figure 13 shows the mass percentage of arsenic recovery to the DAAL leaching fluid and 
Figure 14 shows the mass of arsenic remaining in the ash after the DAAL. 
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Figure 13: Recovery of Arsenic to DAAL Leaching Fluid  
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Figure 14: Arsenic remaining in ash after DAAL 

 
The percentage of arsenic remaining in the ash after the DAAL leaching test has a similar 
decreasing trend with increased temperature as in the retention graph with the exception that 
all three oxygen concentrations overlap. The percentage recovery of arsenic to the leaching 
fluid is high at low temperatures with a second peak found during the runs conducted with a 
furnace temperature of 915°C. This means that low temperature ash and mid to high 
temperature ash will leach the largest amounts of arsenic into the leaching fluid; the 
difference is that less arsenic remains in the high temperature ash.  
 

4.3.3 Mini TCLP Leach 

To further study the leaching behaviour of the ash, a second set of leaching tests with a mass 
ratio of one part ash to ten parts TCLP leaching fluid (mTCLP as described in section 3.3.3) 
was conducted. The results of these tests suggest a dependence of the mobility of the metals 
on the ratio of leaching fluid to ash. Figure 15, Figure 16 and Figure 17 compare the 
concentrations of the arsenic, chromium and copper in the leachate of the tests conducted for 
three temperatures. 
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Figure 15: Comparison of Arsenic Leaching in DAAL and mTCLP tests 
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Figure 16: Comparison of Chromium Leaching in DAAL and mTCLP tests  
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Figure 17: Comparison of Copper Leaching in DAAL and mTCLP tests 

 
These figures show that there is a difference in behaviour between the two sets of leaching 
tests. Part of the ash used in this second set of leaching analyses was derived from a different 
piece of wood from that which was used in all previous burns. Any additional sample 
variation introduced as a result should not however, affect the general conclusion. In the 
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second set of leaching tests, the concentration of chromium in the leaching fluid is much 
higher than the concentration of arsenic. It is likely that the percentage of arsenic leached is 
significantly reduced under the conditions of the second leaching test. A likely explanation for 
this results is that the higher solid to liquid ratio (1:10) cause a change in the pH of the 
leaching fluid and hence a change in the solubility limits of the metals (Raj et al. 1987). 
Figure 18 shows the relationship between chromium solubility and pH. A pH of 11 was 
measured after the mTCLP which is quite close to the point at which the solubility of 
chromium increases. 

 

 
Figure 18: Chromium Solubility Chart (Raj et al, 1987) 

 
This result suggests that the TCLP protocol would not reflect the actual behaviour of the ash 
in a landfill because it does not account for the variable water to solid ratios at different levels 
in the landfill. This point requires further investigation.  

4.3.4 Volatile Results 

Arsenic was the only metal found in the analyses of the volatiles. The total mass of arsenic 
present in the wood was calculated using the ratios as described in section 4.1. If it is assumed 
that all arsenic present in the ash was found through digestion, then the volatilised arsenic is 
calculated as the total arsenic in the wood minus the arsenic found in the residual ash during 
complete digestion. The volatilized arsenic is further divided into the arsenic that was 
captured on the filter, the arsenic that deposited on the pipe walls and the arsenic that was 
lost.  
 
Only 5% of the calculated mass of volatilised arsenic was found on the filter papers. At the 
end of the runs, the piping between the furnace and the exhaust was rinsed first with dilute 
acetic acid and then with ethanol. Approximately 25% of the calculated volatilised arsenic 
was found to be adhering to the walls of the pipes. Recent particle size distribution research 
conducted by the US EPA (US EPA Pers. Com, 2003) suggests that most arsenic particles 
have diameters of less than 0.5 µm meaning that it is likely that much of the volatilised 
arsenic may have passed through the filter 
 
As discussed in section 3.3.3, leaching tests were also carried out on the filter papers. The 
concentration of arsenic on the filter papers and the subsequent concentration of arsenic in the 
leaching fluids were very low and therefore intrinsic inaccuracy associated with the analytical 
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process became significant. Figure 19 shows the results from the leaching tests for the ash 
generated in air.  
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Figure 19: Results of volatile leach tests for burns conducted in air 

 
The small percentage of volatilized arsenic caught on the volatile filters and the intrinsic 
inaccuracy means that the general behaviour of the volatized arsenic must be discussed rather 
than specific trends with respect to oxygen concentration and temperature. In general, 50% to 
100% of the arsenic present on the filters was solubilized during the leaching tests.  It is not 
possible to support a complete discussion of the equilibrium distribution of arsenic using 
these results. It is for this reason that we have compared them with the work of Sandelin et al. 
(2001)10, The results obtained coincide with the thermodynamic study conducted by Sandelin 
et al. (2001) which suggests that the arsenic in the gas phase should be present as As4O6 
which is soluble in small amounts.  

4.4 Summary of Mass Balances  

Figure 20, Figure 21 and Figure 22 show the deportment of the metals and the wood to the 
ash and to the gas stream during combustion in terms of total masses and percentages11. The 
masses of chromium and arsenic were calculated by normalization to the measured copper 
concentration in the ash. As mentioned previously, copper was not found during the digestion 
of the volatile filters nor during the rinsing of the rig pipes, so it was assumed that copper did 
not volatilise. The ratios of arsenic to copper (1.21) and chromium to copper (1.58) were used 
to calculate the original amount of arsenic and chromium in the wood as these ratios were 
much more constant than the average concentrations determined in the wood digestions (this 
is discussed in section 4.1). Masses present in the gaseous waste were calculated by 
subtracting the analyzed mass in the ash from the calculated mass in the wood, thereby 
assuming that analyses performed on the ash recovered all of the metals present. 
 
                                                 
10 The work of Sandelin et al. (2001) is the only published work which is a thermodynamic investigation of Cr, 
Cu and As during the combustion of treated timber. 
11 Note: apparent anomalies in these values are a function of rounding errors 
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Figure 20: Summary Mass Balance Results for Experiments conducted in Air12 

 

                                                 
12 Balance refers to all other stream components not explicitly accounted for 
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Figure 21: Summary Mass Balance Results for Experiments conducted in 10% Oxygen13  

 

                                                 
13 Balance refers to all other stream components not explicitly accounted for 
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Figure 22: Summary Mass Balance Results for Experiments conducted in 5% Oxygen14 

4.5 Environmental Stability 

The environmental stability of the ash can be inferred from the results of the leaching tests as 
well as the relative difficulty of digesting the ash samples (as discussed in sections 4.3 above). 
In general, the bulk stability of the ash increased with increasing temperature. The chromium 
in the ash became more stable (or less leachable), at higher temperatures. The stability of the 
arsenic was characterised by maximum stability (minimum leachability) at medium 
temperatures.  
 

                                                 
14 Balance refers to all other stream components not explicitly accounted for 
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The second leaching test conducted at a different solid to liquid ratio (see section 3.3.3) 
however suggests that the stability of the ash may be a function of the quantity and type of 
leaching fluid. It should be noted that the solubility of different metals species is a function of 
the pH of the leaching solution, and that this pH can be affected by other metals species 
leaching from the sample. This suggests that the TCLP protocol is not adequate to predict the 
behaviour of the ash in a landfill due to the varying levels of saturation at different depths as 
well as changing leachant pH.  
 
Further, it should be noted that noted that it is possible for metals to oxidise (or change their 
speciation state) with time and exposure to air/oxygen, with the most notable here being the 
oxidation of Cr3+ to Cr6+. Thus, residence time in both air and landfill fluid may also have an 
effect on the speciation of both the arsenic and the chromium, decreasing the ash stability 
over time. 
 
While it has not been possible to demonstrate that the solid residues generated by combustion 
will meet legislative requirements for disposal to general landfill, it does need to be 
recognised that combustion reduces the mass of waste significantly. Table 3 gives an 
indication of this percentage reduction in mass. The information in this table has been 
calculated from the information presented in Figure 20, Figure 21 and Figure 22. Mass 
reduction has been defined as: 
 

( )
( )

100.
In Mass

Residue  Solidof Mass - In Mass
  (%) Reduction Mass =  

 

Table 3: Reduction in Solid Waste Mass 

Oxygen Concentration Temperature Mass In Solid Residue Mass Reduction

 (
o
C) (g) (g) (%)

Air 513 23.86 0.331 98.6

1027 27.07 0.388 98.6

10% Oxygen 513 22.18 0.346 98.4

1027 29.38 0.427 98.5

5% Oxygen 513 22.37 0.422 98.1

915 22.47 0.252 98.9  
 
Observations on environmental stability have been used to inform the stability element of the 
final summary of results included in Figure 23, Figure 24 and Figure 25 below. 

4.6 Summary of Results 

Table 4, Figure 23, Figure 24 and Figure 25 summarise the results of the experimental regime. 
They present the volatility and stability of the metals (Cr, Cu and As) across the temperature 
ranges investigated for the different oxygen concentrations. In this context volatility is an 
indication of the potential for the metal to report to the off-gas from the process, deporting to 
either the solids gathered on the filter, or to the gases released from the system. Stability is an 
indication of the environmental stability of the solids recovered from the system. This 
includes both the residual ash and the volatiles gathered on the filter. In the figures Rating 
refers to the qualitative performance of the system in the indicators as identified in Table 4. 
Rating ranges from Low to High. The heights of the axes are equivalent and direct 
comparison of the height of the bars between the figures is possible.  
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Table 4: Summary Volatility and Stability Results 
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Figure 23: Volatility and Stability of Copper 

 
This figure demonstrates that copper is essentially not volatile in the system and reports to 
only the residual ash. Further, copper present in the solid products of combustion is relatively 
stable. It should be noted that maximum copper stability occurs at medium temperatures for 
the 5% oxygen case, is not affected by temperature for the 10% oxygen case, and occurs at 
highest temperatures for the case of air. 
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Figure 24: Volatility and Stability of Chromium 

 
Chromium is more volatile in the system than copper. However, this volatility is relatively 
limited. Figure 24 shows that chromium is most volatile when combustion takes place in the 
presence of air, and least volatile when combustion takes place with 10% oxygen. As was the 
case with copper the stability of chromium in the ash residues changes more significantly. It is 
most stable for the 10% oxygen case. This result demonstrates that 10% oxygen is the 
preferred operating region for cases where chromium stability is the over-riding 
consideration. 
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Figure 25: Volatility and Stability of Arsenic 
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The results obtained for arsenic are in marked contrast to those obtained for copper and 
chromium. As was expected, the volatility of arsenic is higher and the stability of arsenic is 
lower than is the case for both copper and chromium. The volatility of arsenic increases 
markedly with increasing temperature, oxygen concentration has a small effect on arsenic 
volatility. Arsenic stability in the solid residues decreases with increasing temperature. 
However, it should be recognized that the arsenic concentration in residues from low oxygen 
concentration regimes is, in general, lower than for the higher oxygen concentration regimes.  
 
From these results it is possible to infer preferred operating conditions for the thermal 
processing of CCA treated timbers. However, the interpretation of these results is not trivial 
as there are trade-offs to be made between, among others: 

• Efficiency of energy recovery (and thus economic performance) 
• Retention of Chromium and Arsenic in the ash 
• Stability of Chromium in the ash 
• Stability of Arsenic in the ash 

 
For these reasons it is easiest to discuss these results in the context of technology drivers: 

• If maximum energy recovery is desired then the operating conditions should be at high 
temperature with excess oxygen 

• If recovery of arsenic is desired then combustion should occur at high temperatures 
with an excess of oxygen 

• If stability of chromium in the solid residue is the over-riding design consideration 
then combustion should be conducted at medium to high temperatures with 10% 
oxygen 

• If overall metals stability is desired then combustion should occur at low temperatures 
and 10% oxygen concentration 

 
In section 5 these results are discussed further in the context of the project objectives. 
 
The partitioning of arsenic, chromium and copper between the residual ash and volatiles 
observed in this study was similar to the partitioning found in previous studies of both 
combustion and pyrolysis. Specifically, arsenic volatilization tends to increase with increased 
temperature (from 15% to 77% in this study) while chromium and copper volatilization tends 
to be low and constant through the temperature range. Dobbs and Grant (1978) found that 
24% of the arsenic volatilized when the CCA timber was combusted in open air and 59% was 
volatilized when an increase in comburant oxygen concentration caused an increase in 
combustion temperature. Negligible amounts of chromium were volatilized for both sets of 
experimental conditions. McMahon et al. (1986) conducted a series of combustion 
experiments with varying residence times and found that on average 22% of the arsenic 
volatilized at 415ºC and 70% at 1000ºC. Temperature appeared to have little effect on the 
volatilization of copper and chromium. Green (2000) reported that between 40-60% of the 
arsenic volatilized in a temperature range between 600 and 1100ºC during indirectly heated 
gasification-liquifaction (IHG/L) with very little volatilization of chromium and copper. 
Three pyrolysis studies also gave similar results in terms of arsenic volatilization. Hata et al. 
(2003) found that arsenic volatilization started at approximately 200ºC and that 50% of the 
arsenic was volatilized by 500ºC. High temperature pyrolysis experiments conducted by Lida 
et al. (2004) between 600 and 900ºC determined arsenic volatilization of 33% to 46%, 
chromium volatilization of 36% to 57% and copper volatilization of 13 to 30%. Helsen et al. 
(2003) examined low temperature pyrolysis and reported that 14% of the arsenic would 
volatilize by 320ºC along with 10% of the copper and chromium.  
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Few studies have previously looked at the relationship between the temperature of thermal 
treatment and the leaching characteristics of the ash. Most leaching studies of CCA ash have 
concentrated on the TCLP protocol, which was not practical for this study due to the small 
mass of ash generated. As discussed previously, this makes direct comparison difficult as the 
conditions of the leaching test have a large effect on the concentration of metals in the 
leachate. A leaching study conducted by Solo-Gabriele et al. (2002) on CCA ash created in an 
open burn suggested that chromium is relatively stable in the ash whereas arsenic is unstable. 
The same result was found by Fehrs et al. (1996). We obtained broadly similar results in the 
DAAL test but the opposite result occurred in the mTCLP probably due to pH effects (see 
section 4.3.4). The pyrolysis study conducted by Lida et al. (2004) found that the TCLP 
leachate concentration of arsenic was above 200 mg/L and increased with increasing 
temperature while the concentration of chromium decreased from 78 mg/L to 17 mg/L and the 
concentration of copper stayed roughly constant near 100 mg/L for the temperature range 
from 600 to 900ºC. The increase in stability of chromium matches the results of the DAAL 
but the decrease in the stability of the arsenic occurs through the temperature range in which 
the DAAL found a maximum stability. 
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5  Conclusions and Recommendat ions 
 
In this section the results presented in section 4 are discussed in the context of the project 
objectives and sub-objectives included in section 1.2.  

5.1 Preferred Combustion Conditions  

In this work we have investigated a range of combustion conditions including different 
oxygen concentrations and different gas temperatures. Efficient energy recovery and 
operability of a combustor will be favoured in excess air at the upper range of gas 
temperatures examined here (above 900 °C). Overall, our results show relatively little effect 
of oxygen concentration on the stability of the CCA components in the ash, although 
chromium stability is higher after combustion in 10% O2 than for combustion in either 5% or 
21% O2.  
 
The effect of temperature is complex. Higher temperatures promote the volatilisation of 
arsenic and lead to decreased stability of arsenic in the total ash (volatile plus residual). At the 
highest temperatures studied, when essentially all the arsenic has been volatilised, the residual 
ash is highly stable and resists even very aggressive chemical treatment.  
 
Copper is not volatilised in our experiments. It reports exclusively to the residual ash in which 
it is generally stable.  
 
Chromium is generally the most stable of the CCA components in the ash, although its 
stability is compromised after combustion under low oxygen conditions.  
 
While no single set of combustion conditions has been suggested (i.e. those conditions which 
represent the minimum trade-off between energy recovery and metals stability), this is not 
because it is not possible to inform such a decision, but rather that the policy environment is 
not well enough defined at present to explicitly define the drivers for end-of-life management 
of CCA treated timbers. Once the policy position is clarified, it will be possible to determine 
preferred operating conditions which minimize trade-off between energy efficiency and solids 
management.  
 
Recommendation: 

• The results presented in this report are the findings of a first order set of laboratory 
experiments. The effect of particle size and metals presence on combustion processes 
should be investigated in more detail. Further clarification of policy in this area is 
necessary before combustion operating conditions can be selected.  

5.2 Deportment and speciation of metals for environmental stability 

We have detailed the deportment of the metals to the different products of combustion and 
demonstrated that deportment differs for each metal. Complete mass balances are included in 
section 4.4.  
 
Determination of the speciation of the metals proved extremely complex, this mainly because 
the leaching of the metals from the solids has the potential to change their speciation. Further 
complexity was added by the fact that the solubility of different metals species is a function of 
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the pH of the leaching solution, and that this pH can be affected by other metals species 
leaching from the sample. It was also noted that it is possible for metals to oxidize with time 
and exposure to air and/or oxygen. Complete speciation of the metals present in the solid 
residues from the process was thus extremely complex. 
 
However, it is possible to use the results of the study to inform the design and operation of 
solid waste management practices. The potential mobility of the metals has been quantified 
using an accepted leaching protocol (the TCLP). Copper present in the leachant is below legal 
requirements, while Chromium and Arsenic both exceed legal requirements. As a first 
assessment it could be stated that it would be necessary to dispose of the solid residues of 
combustion to a certified landfill site. However, as was noted in section 4.3.2, the use of the 
TCLP to determine the stability of the residues from the system is not necessarily adequate. 
Further work is required to determine the potential environmental impact associated with the 
management of the solid wastes. 
 
Given the lack of clarity on acceptable trade-offs between environmental drivers, and energy 
recovery discussed in section 5.1 above, it is not possible to define in extremis the 
technologies necessary to manage the wastes from the system, as it is not possible to state 
explicitly the preferred operating conditions. However, adequate information has been 
gathered to inform this decision once policy is clarified.  
 
The potential to recover metals from the solid wastes has been investigated. It was surprising 
to find that the ash residues are relatively refractory in some cases, making them extremely 
difficult to leach (as described in section 3.3.3). As a first order assessment it can be stated 
that the potential to recover metals from the residues is limited. However, the mass balances 
included in section 0 and the metals mobilities described in section 4.6 suggest that the 
potential does exist to explore the recovery of Arsenic from the system in more detail.  
 
Recommendations: 

• The speciation of the minerals in situ in the solid residues should be investigated in 
more detail using non-extractive surface analysis 

• Further attention needs to be paid to the applicability of the TCLP to ascertaining the 
environmental performance of metals bearing wastes; additional tests such as the 
Sequential Leaching Protocol and the WET15 methodologies should be investigated. 
This needs to be undertaken in conjunction or with input from the relevant authorities 

• A better understanding of the political will or desire to recycle metals needs to be 
gained before recovery of metals for reuse be pursued 

5.3 Potential Management of Residues 

Given the observations already made in this section about the complexities arising due to the 
inability to target a specific combustion regime, it is not possible to specify in detail the 
technologies required to manage the residues from the system. However, it should be noted 
that the concentration of the arsenic in the flue gases is considerably lower than that 
customarily managed by the minerals processing industry. This concentration will decrease if 
the feed to combustion is a combination of treated and untreated timbers. Further 
investigation of the effect of concentration on the operability of arsenic management 
technologies is required.  

                                                 
15 Whole Effluent Toxicity, a leaching protocol being investigated by the US EPA to replace/compliment TCLP 
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The ash residues from the system contain concentration of metals in the same order of 
magnitude as those typically managed by the minerals processing industries. Once the 
complexities described in section 5.2 have been addressed the management of these materials 
should be routine.  
 
Recommendation: 

• The management of arsenic in the flue gas be investigated in more detail once 
operating conditions are better defined  

5.4 Conclusions 

While it has not been possible to specify the technology to be used for the combustion of 
CCA treated timber this work has demonstrated that it is technically feasible to use thermal 
treatment processes for the management of end-of-life treated timbers. The environmental 
performance of the wastes from the process can be quantified and adequately managed. More 
detailed development of the technology is merited.  
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  Appendix  1: Experimenta l Considerat ions, Apparatus and 

  Laboratory Procedures 

 
 
1.1  Heat transfer to the furnace feed gas 
 
One of the problems arising from the use of low gas flow rates is the reduction in the heat 
transfer from the walls of the furnace tube, which can be assumed to be at the same 
temperature as the furnace itself, to the gas, as a result of the flow being laminar.  Under 
laminar flow conditions the average heat transfer coefficient can be determined using the 
Sieder-Tate relation (Welty et al. 2000): 
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where: 
 

Nu Nusselt number, dimensionless 
Pe Peclet number, dimensionless 
D tube diameter, m 
L tube length, m 
µb viscosity evaluated at the arithmetic mean bulk temperature, Pa.s 
µw viscosity evaluated at the wall temperature, Pa.s 

 
The Nusselt and Peclet numbers are defined as follows: 
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where: 
 
 h heat transfer coefficient, W.m-2.K-1 
 D particle diameter, m 
 k thermal conductivity, W.m-1.K-1 
 ρ density of the gas (air), kg.m-3 
 v8  bulk gas (air) velocity, m.s-1 
 cp specific heat capacity of gas (air), J.kg-1.K-1 
 
In Equation 11 all the properties aside from mw are evaluated at the bulk temperature.  
Equation 11 can be used to estimate the average heat transfer coefficient from the walls of the 
furnace tube to the air.  It is thus possible to estimate the temperature of the air once it reaches 
the CCA-treated wood sample, using: 
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where 
 
 Tl Temperature at l, K 
 Ts temperature at the surface, K 
 To temperature at the inlet, K 
 L distance, m 
 υ gas velocity at the inlet, m.s-1 
 
According to the dimensions of the equipment specified, the sample will be located at a height 
of about 150 mm from the base of the heated zone; hence the heated length of the furnace 
above the sample, i.e. l, will be about 0.460 m.  The temperature of the air at this point can 
thus be calculated using an iterative technique in which the outlet temperature is guessed, and 
then this temperature is used to calculate the gas phase properties and the resulting outlet 
temperature.  The calculated temperature can then be used to revise the estimated temperature 
at the outlet until convergence is required.  The results of these calculations and the calculated 
temperature of the gas reaching the sample, as a function of the furnace wall temperature, are 
listed in Table 5. 
 

Table 5: Results of calculations used to determine the temperature of the air reaching the 
CCA-treated wood sample (Qfeed = 30 λ.min-1 STP, dtube = 25.4 mm, Tinlet = 290 K) 

 
Twall Tbulk h Tl 

(K) (K) (W.m-2.K-1) (K) 

573 313.69 5.89571 337.4 
673 322.74 5.86477 355.5 
773 332.35 5.85606 374.7 
873 342.62 5.86575 395.2 
973 353.70 5.89174 417.4 
1073 365.73 5.93300 441.5 
1173 378.89 5.98936 467.8 
1273 393.42 6.06135 496.8 
1373 409.61 6.15026 529.2 
1473 427.82 6.25821 565.6 

 
From the results listed in Table 5 it is clear that the low gas velocities (laminar flow) result in 
low heat transfer coefficients.  This in turn results in the gas temperature of the sample being 
much lower than the furnace wall temperature, and much lower than the desired combustion 
temperatures.  It was thus necessary to pack the upper region (preheating zone) of the furnace 
to attain the required gas temperatures. 
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1.2  Mass transfer to a sphere  
 
The mass transfer from a sphere to a gas, or vice versa can be determined using the Froesling 
Equation (Welty et al., 2000): 
 

 3
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1

ScRe552.02Sh +=  (5) 

 
where: 
 

Sh Sherwood number, dimensionless 
Re Reynolds number, dimensionless 
Sc Schmidt number, dimensionless 
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where: 
 
 kc mass transfer coefficient, m.s-1 
 D particle diameter, m 
 DAB diffusivity of A in B (O2 in air), m2.Pa.s-1 
 ρ density of the gas (air), kg.m-3 
 v8  bulk gas (air) velocity, m.s-1 
 µ viscosity of gas (air). 
 
The Reynolds number was calculated assuming that the desired velocity past the particle, at 
the combustion temperature, was 1 m.s-1.  The effect of temperature on the diffusivity was 
estimated using (Welty et al., 2000): 
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The remaining physical parameters the gaseous stream at temperatures ranging from 673.15 K 
to 1273.15 K were calculated from curves fitted through tabulated data obtained at 
temperatures ranging from 250 to 1000 K (Welty et al., 2000), i.e. assuming:16 
 
 94-1.0008315

ABT,air T79.354=ρ  (10) 

 
 5326

T,air 1094.2T1080.6T1075.2 −−− ×+×+×−=µ  (11) 

 
The calculated physical parameters at the different proposed combustions temperatures are 
shown below in Table 6. 
 

Table 6: Physical parameters of the gas, and the estimated mass transfer coefficient as a 

function of the combustion temperature 

 

Tgas DAB ρgas µgas Re Sc Sh kc 

(K) (m2.Pa.s-1) (kg.m-3) (Pa.s)       (m.s-1) 

673.15 6.775E-05 0.524213 3.33E-05 400 0.9384 12.802 0.0341 
773.15 8.340E-05 0.456358 3.62E-05 321 0.9500 11.716 0.0385 

873.15 1.001E-04 0.404051 3.84E-05 267 0.9504 10.869 0.0428 

973.15 1.178E-04 0.362499 4.02E-05 229 0.9408 10.190 0.0472 

1073.15 1.364E-04 0.328693 4.13E-05 202 0.9223 9.636 0.0517 

1173.15 1.559E-04 0.300653 4.20E-05 182 0.8956 9.177 0.0563 

1273.15 1.762E-04 0.277019 4.21E-05 167 0.8614 8.794 0.0610 

 
The ratio of the superficial gas velocity to the mass transfer coefficient listed in Table 6 can 
be used to provide an indication as to whether or not the system would be mass transfer 
limited; i.e. whether the mass transfer boundary layer is in the vicinity of the particle, or at the 
entrance to the furnace tube.  For non-mass transfer limited conditions: 
 

 1
k

v

c

>>∞  (12) 

 
These ratios, and the required volumetric flow rate of the air to the process at STP, assuming 
a 2-inch diameter furnace tube are listed in Table 7. 
 

                                                 
16 The extrapolation necessary above 1000 K was assumed to be sufficiently accurate for the purpose of 
estimating the mass transfer effects. 
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Table 7: Superficial gas velocity: mass transfer coefficient ratio at an inlet superficial gas 

velocity of 1 m.s-1 

 
Tgas kc V8

gas/kc Qgas
STP  

(K) (m.s-1)   (λ .min-1) 

673.15 0.0341 29.28 49.35 

773.15 0.0385 26.00 42.96 

873.15 0.0428 23.35 38.04 

973.15 0.0472 21.17 34.13 

1073.15 0.0517 19.33 30.95 

1173.15 0.0563 17.76 28.31 

1273.15 0.0610 16.39 26.09 

 
From Table 7 it is apparent that a superficial gas velocity of 1 m.s-1, in a 2-inch diameter 
furnace tube, requires volumetric air flow rates of up to 53.84 λ.min-1m, at STP.  However, as 
most experiments will be carried out at temperatures in excess of 800°C (1073.15 K), a 
maximum flow rate, at STP, of 30 λ.min-1 was chosen.  This resulted in a minimum 
superficial gas velocity to mass transfer ratio of 19.565, at an operating temperature of 
673.15 K.  This ratio is much greater than 1, which indicates that the combustion of the wood 
would not be mass transfer limited. 
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1.3  Stoichiometric combustion of a cylindrically shaped reconstituted wood sample 
 
The composition of wood, on a dry basis, is listed in Table 8 and the composition of CCA is 
listed in Table 9. 
 

Table 8: Composition of wood (University of Technology Vienna, 2000) 

 

Element Mass % 

C 52 

H 42 

O 6 

 

Table 9: Composition of CCA (after Stewart et al., 2000) 

Compound Mass % 

CuO 20 

CrO3 50 

As2O3 30 

 

Naturally occurring wood has a specific gravity of about 0.6.  If the reconstituted cylindrical 
samples are compressed until a similar density is achieved, then the mass of each particle to 
be burnt will be about 7.72 g.  If the following assumptions with regard to the combustion 
reactions are made, viz. 
 

i) the moisture content of CCA-free wood is 10% (Woods and Hall, 1994),  
ii)  the CCA content of the wood on a dry basis is 1.2% (Stewart et al., 2000), 
iii)  the carbon combustion efficiency is 99% (NREL, 1998), 
iv) the ratio of CO2 to CO produced is 286 (NREL, 1998), 
v) all the H is converted to water vapour, 
vi) the O in the wood is a source of oxygen for the combustion process, 
vii) the O in the bound CCA compounds is not available for the combustion of the 

wood, and 
viii)  the CuO, CrO3 and As2O3 are present in the ash and or volatiles in the same form 

as in the bound CCA compounds 
 
then the mass balance based on the above assumptions is as depicted in Table 10. 
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Table 10: Stoichiometric mass balance based on assumptions regarding the reaction of wood 

with air 

 
Element INPUTS OUTPUTS 

 Wood Air ash/vol gas 

 g g g g 

 C 3.57  0.04  
 O 2.88 9.82   

 H 0.41    

 Cu 0.01  0.01  

 Cr 0.03  0.03  

 As 0.02  0.02  

 O in 

 CCA 0.03  0.03  

 Water 0.76   4.47 

 N2  32.32  32.32 

 CO    0.029 

 CO2
17    12.91 

 7.72 42.14 0.13 49.73 

TOTAL 49.86 49.86 
 

                                                 
17 The CO2 concentration of the air was assumed to be negligible for the purposes of this calculation.  It 
cannot however be considered to be negligible when estimating the CO2 content of the gas to be analysed using 
the micro-GC’s. 
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1.4  Experimental Equipment 
 
The rig consists of three parts, the air supply system, the reaction system and the gas analysis 
system.  A diagrammatic representation of the experimental rig is shown in Figure 26. 
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Figure 26: Diagrammatic representation of the CCA-treated timber combustion rig 

 
 
Air Supply System 

 
Compressed air source at a pressure of 100 psig (6.80 barg) was used.  Passed through a 
Deltech Airmate model 150 air filter for oil removal before being passed through a Deltech 
Airmate 130 air filter packed with molecular sieve for moisture removal.  The latter reduced 
the dewpoint of the air stream from -7°C to about -40°C.  The dried air then passed through a 
further filter for the removal of particulates down to 0.01 µm.  The pressure of the air was 
then regulated to 4 barg using a pressure regulator. 
 
The air at 4 barg was split into two streams.  The first stream was used as feed to the process, 
i.e. feed to the furnace, while the other stream was used to cool the gases exiting the furnace 
by dilution.  The feed rate of the gases used as feed to the process was controlled using a  
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Brooks Smart Series Model 5850S mass flow controller and the flow rate of the air used to 
cool the gases exiting the furnace was controlled using a Brooks Smart Series Model 5851S 
mass flow controller.  The flow rates themselves were adjusted and monitored using a 
personal computer running Brooks Smart Control Software. 
 
Furnace Reaction System 
 
The combustion of the CCA-treated wood samples was carried out in a non-porous 
pythagoras ceramic furnace tubes with an Al2O3 content of 60%, manufactured by W. 
Haldenwanger.  The tubes had an outer diameter of 50 mm (2-inch),18 a wall thickness of 
5 mm and a length of 1 m. 
 
The temperature of the gas and sample was heated and maintained at the required combustion 
temperature by supporting the furnace tube in a vertically aligned Lindberg/Blue model 
HTF55347C 5.1 kW 3-zone tube furnace.  Each of the three heated zones is 203 mm (8-
inches) in length; the overall heated length is 610 mm (24-inches). 
 
The temperature of the furnace was controlled by means of each of a Eurotherm model 2604 
3-way controller.  Although the furnace/controller combination allowed the temperature of the 
three zones to be controlled independently, this was not done; instead the temperature in each 
of the three zones was maintained at the combustion temperature to be used during the 
experiment being performed. 
 
The process air entered the top of the furnace and passed downwards through the furnace and 
past the sample.  The sample itself was located at the base of the lowest heating element, 
which meant that the air heating length was in the region of 584 mm.  This in itself was not 
long enough to ensure that the air temperature reached the desired, i.e. furnace wall, 
temperature, (see 1.1  Heat transfer to the furnace feed gas) so a length of glass wool was 
inserted at the top of the furnace tube to improve the rate of heat transfer from the wall of the 
furnace tube to the feed air. 
 
The wood sample was placed on a ceramic support structure, which was in turn supported on 
a ceramic filter element, 25.4 mm in diameter and 127 mm in length.19  The filter to be used is 
a monolithic flow through device based on filter elements used for removal of particulates  

                                                 
18 The decision to perform the experiments in diameter furnace tubes of this size was based on the chosen 
sample size and the feed air flow rates required to ensure that mass transfer was not limiting. 
19 The only filters available for the filtration of hot gases are made from sintered metals and ceramics.  
316 stainless steel sintered metal filters are only able to operate at temperatures up to 400°C (Sintec, 2002), and 
although Incanel sintered metal filters are able to operate at 1200°C, the structure of the filter element would 
make recovery of the particulates difficult. 
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from diesel engines.20  The filter element has a standard cell density of 15.5 cells.cm-1 
(Corning International, 1998), with individual channels open and plugged at opposite ends.  
The gas thus enters the open end (axial flow), flows through the walls (radial flow) into the 
adjacent channel and exits via the adjacent channel (axial flow).  This design results in a 
relatively compact filter element. 
 
The ceramic filter element was used to separate the solids (ash) from the volatile materials 
such as arsenic which reported to the vapour phase.  A schematic of the furnace tube and 
reaction system is shown in Figure 27. 
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Figure 27: Schematic of the furnace tube and reaction system 

 
Ceramic filters require periodic regeneration to consume or remove the particulates from the 
filter in order to maintain acceptable pressure drops over the filter.  In bag-house applications 
periodic back flushing is used.  In some applications heating of the element is also used.  In 
the work to be performed during this investigation physical removal of the ash after each 
experiment for the purposes of analysis, together with periodic back flushing and/or thermal 
regeneration is anticipated. 
 

                                                 
20 In comparison to the filter elements supplied by Corning International for this project, typical ceramic 
filter elements (candles) consist of thick walled ceramic cylinders that are closed at one end and flanged at the 
other end to facilitate attachment into a multi element structure, containing in the region of 50 to 100 candles.  
The candles are typically in the region of 1.5 meters long and 6.4 centimeters in diameter.  The thick wall 
provides rigidity and strength to the candle element.  The hot gas generally flows in through outer surface, and 
exits the element axially via the hollow central section (a cross-flow arrangement).  Together with the initial 
dimensions of the filter element itself, this requires a bulky housing for the filter element. 
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Off-gas Analysis 
 
The particulate (ash) free gas exiting the furnace needs to be cooled to below 300°C in order 
to force the arsenic vapour in the off gas to condense.  This is to be done by dilution with dry 
air; as stated above the flow rate of the air used to cool the gases exiting the furnace was 
controlled using a Brooks Smart Series Model 5851S mass flow controller.  Subsequent to 
being cooled the gas will be filtered using a 10µm filter, and then a 0.1µm final filter for 
recovery of the condensed arsenic containing compounds.  The particulate free gas will 
require further cooling, to below 80°C, prior to determination of its moisture content.  After 
determination of the moisture content the gas will de dried, cooled to below 40°C, and then 
analysed to determine the concentrations of carbon dioxide, carbon monoxide, nitrogen, 
oxygen and NOx. 
 
Humidity measurement 
 
The water content of the furnace off gas will be measured using a Vaisala DMP 248 
Dewpoint Transmitter.  This instrument uses a DRYCAP® sensor which operates on changes 
in capacitance caused by the absorption of water by a thin polymer film. 
 
O2/N2/CO/CO2 measurement 
 
The oxygen, nitrogen, carbon monoxide and carbon dioxide concentrations in the off-gas are 
to be measured using a Varian CP-2002 Micro-GC.  The Micro-GC is fitted with a PoraPLOT 
Q column for separation of the CO2 from the remaining components and a Molsieve 5Å 
PLOT column for separation of oxygen, nitrogen and carbon monoxide.  The recommended 
conditions for the above separations are listed in Table 11, and typical peaks for these 
separations are shown in Figure 28 and Figure 29. 
 
 
NOx 
 
The concentrations of NO, NO2 and NO3 in the off-gas from the furnace will be determined 
by means of an API (Advanced Pollution Instrumentation, Inc.) Model 200 
Chemiluminescent NOx analyzer. 
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Wood and ash analysis 
 
The ash and volatile matter content of the wood will be determined by Thermo gravimetric 
analysis (TGA) and a TC/TOC/TIC analyzer will be used to determine the total carbon, total 
organic carbon and total inorganic carbon content.  The wood, ash and the arsenic containing 
particulates will be digested in order to solubilise the elements and compounds within the 
respective samples.  The arsenic, chromium copper and sulfur concentrations in the resulting 
solutions will be determined by Inductively Couple Plasma-Mass Spectrometry (ICP). 
 

Table 11: Recommended Micro-GC operating conditions (after Varian, 2001, Varian, 2000) 

 
Parameter Column 

 Molsieve 5A PoraPLOT Q 

Temperature (°C) 50 65 
Carrier gas He (180 kPa) He (150 kPa) 
Injection time (ms) 100 100 
Detector sensitivity medium medium 
Sample pressure (kPa) 100 100 
Sample time (s) 5 5 
Run time (s) 100 60s 
 
 

 
 

Figure 28: Typical separation of oxygen, nitrogen and carbon monoxide achieved using a 
Molsieve 5Å column (after Varian, 2001). 
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Figure 29: Typical separation of air (oxygen/nitrogen) and carbon dioxide achieved using a 
PoraPLOT Q column (after Varian, 2001). 
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1.5  Experimental Conditions 
 
The experimental rig was designed to allow the combustion of the reconstituted CCA-treated 
wood samples to be carried out at pressures as close to atmospheric as allowed by pressure 
drop constraints downstream of the furnace itself. 
 
 
Sample Size and Shape 
 
During the initial stages of the experimental design, a decision was made to burn spherically 
shaped reconstituted CCA-treated wood samples.  This decision was based on the fact that 
heat and mass transfer to spheres are well understood.  A diameter of 1-inch was chosen as 
this size particle appeared to represent a reasonable trade-off between the resulting size of 
equipment, and the time taken for the combustion of the respective particle.21 
 
The manufacture of a die for a sphere is not a trivial issue however.  This is because it is 
difficult to exert equal pressure at all points in a radial direction, thereby ensuring a 
homogeneously compacted particle.  For this reason, it was decided to produce and combust 
cylindrically-shaped samples instead.  However, because the heat and mass transfer 
correlations for cylinders are based on the assumption of infinite length, the heat and mass 
transfer calculations used to determine experimental conditions to be used, were based on the 
assumption that the particles being used were spherical in shape.22  It can be assumed that the 
cylinder will quickly form a sphere during the combustion process. 
 
 
Gas Flow Rates 
 
The aim of the work is to determine the effect of temperature on the combustion of CCA-
treated wood.  For this reason it is necessary to ensure that the process was limited by the 
kinetics of the combustion reaction, and not by the rate of mass transfer of oxygen to the 
wood sample being combusted.  The above was done by assuming a superficial air feed rate 
to the system, and then comparing the mass transfer coefficient calculated under these 
conditions with the superficial gas velocity.  For non-mass transfer limited conditions: 
 

 1
k

v

c

>>∞  (13) 

 

                                                 
21 Calculations were however performed throughout for spherical samples with diameters of 0.5, 1 and 2-
inches.  These calculations confirmed a 1-inch sample to be most appropriate. 
22 For this reason, a diameter of and length of 25.4 mm (1-inch) was chosen. 
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where: 
 
 kc mass transfer coefficient, m.s-1 
 v8  bulk gas (air) velocity, m.s-1 
 
Calculations of this nature were carried out furnace tube diameters ranging from 25.4 to 
76.2 mm (1 to 3-inches), gas velocities ranging from 1 to 10 m.s-1, combustion temperatures 
ranging from 400 to 1000°C and (spherical) particle diameters ranging from 12.7 to 50.8 mm 
(see 1.2  Mass transfer to a sphere ). 
 
The calculations performed indicated that, at 400 C (673.15 K) a flow rate of 30 SLPM in a 
furnace tube with a diameter of 50.8 mm (2-inches) resulted in a superficial gas velocity to 
mass transfer ratio of 19.6 if a (spherical) particle diameter of 25.4 mm is assumed.  This ratio 
is much greater than 1, which indicates that the combustion of the wood would not be mass 
transfer limited under these conditions.  Higher ratios are obtained at higher temperatures; 
hence a gas flow rate of 30 SLPM was deemed sufficient for this furnace tube/particle size 
combination. 
 
Anticipated Composition of the Furnace Off-gas 
 
Prior to calculating the anticipated composition of the off-gas from the furnace, it is necessary 
to determine the amount of oxygen required for complete combustion of the reconstituted 
wood samples.  This was done by performing a mass balance on a reconstituted sample, the 
assumptions and results of the mass balance are shown in 1.3  Stoichiometric 
combustion of a cylindrically shaped reconstituted wood sample. 
 
The rate at which oxygen is transferred to the particle surface can be calculated using: 
 
 ( )surface

O
bulk
Oc

2
pO 222

CCkr4W −π=  (14) 

 
where 
 

2OW  rate of oxygen transfer to the particle, mol.s-1 

kc mass transfer coefficient, m.s-1 

pr  radius of the particle, m 
bulk
O2

C  concentration of oxygen in the bulk phase, mol.m-
3 

surface
O2

C  concentration of oxygen at the particle surface, mol.m-
3 

 
If it assumed that the oxygen mass transfer of rate controls the rate of combustion then the 
oxygen concentration at the surface of the particle can be assumed to be zero: 
 
 0C surface

O2
=  (15) 
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The values of the mass transfer rate to a sphere with a diameter of 1-inch at a flow rate of 
30 λ.min-1 at STP were used to estimate the rate of oxygen transfer to the particle, 

2OW .  In an 

attempt to simplify the necessary calculations the mass transfer rate to the cylindrically 
shaped wood particle, with d = 1-inch and l = 1-inch, was assumed to be the same as for a 
sphere, with d = 1-inch.  These results, together with the resulting estimate of the time taken 
for complete combustion of the cylindrically shaped wood particle, are listed as a function of 
the combustion temperature, in Table 12. 
 

Table 12: Conditions used to estimate the time for complete combustion of a cylindrically 

shaped reconstituted wood particle with d = 1-inch and l = 1-inch 

 

Tgas V8
gas

 kc V8
gas

/kc CO 2
bulk WO 2 Combustion 

time 
(K) (m.s

-1
) (m.s

-1
)   (gmol.l-1) (gmol.s-1) (min) 

673.15 0.61 0.0278 21.87 3.80E-03 2.14E-04 23.86 
773.15 0.70 0.0332 21.02 3.31E-03 2.23E-04 22.93 

873.15 0.79 0.0389 20.26 2.93E-03 2.31E-04 22.11 

973.15 0.88 0.0449 19.59 2.63E-03 2.39E-04 21.37 

1073.15 0.97 0.0511 18.97 2.39E-03 2.47E-04 20.69 

1173.15 1.06 0.0576 18.39 2.18E-03 2.55E-04 20.06 

1273.15 1.15 0.0644 17.85 2.01E-03 2.63E-04 19.47 

 
From the results listed in Table 12 it is apparent that at a feed gas rate of 30 λ.min-1 at STP, 

1
ck

v >>∞ , hence it should be possible to operate at considerably lower feed gas rates should it 

be necessary. 
 
If the combustion rate in terms of the amount of CO2, CO and H2O produced per unit time 
during the course of the experiment is assumed to be constant, the composition of the gas 
exiting the furnace can be estimated from the mass balance shown in Table 10 and the results 
and conditions listed in Table 12.  The composition of this gas is shown in 
Table 13.  As stated earlier, the amount of CO2 entering the furnace in the feed air, viz. 
360 ppmv, is included in the amount of CO2 exiting the furnace listed in, even though it only 
constitutes in the region of 4% of the CO2.23 
 

Table 13: Composition of the off-gas exiting the furnace 

 
Tgas Component (%) 

(K) O2 N2 H2O CO2 CO 

673.15 20.08 79.14 0.78 0.96 0.0032 
773.15 20.04 79.15 0.81 0.99 0.0033 

873.15 20.00 79.15 0.84 1.03 0.0035 

                                                 
23 The amount of CO2 in air was assumed to be present in addition to the 30 slpm of O2 and N2 as this 
simplified the calculations. 
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973.15 19.97 79.16 0.87 1.06 0.0036 

1073.15 19.93 79.16 0.90 1.10 0.0037 

1173.15 19.90 79.17 0.93 1.13 0.0038 

1273.15 19.87 79.17 0.95 1.16 0.0039 

During combustion of CCA-treated timber the arsenic sublimates and reports to the gaseous 
phase.  Upon cooling of the gas below about 315°C will cause the, arsenic containing 
compounds condense on particulates present in the gas stream, or as individual droplets 
(Weast et al, 1989).  For this reason, the hot gases will be filtered to remove the entrained ash, 
before the gas is cooled by dilution with air (at room temperature).  The amount of required to 
cool the off-gas from the process was estimated using HYSYS;24 the amount of air required 
when the gas feed rate is 30 standard litres of air per minute, from the combustion 
temperature used to 300°C is shown in Table 14. 
 

Table 14: Amount of cold air required to cool the furnace gases from the reaction 

temperature to 300°C 

 
Tfurnace gas Qfurnace gas Qdilution gas 

(K) (kgmol.h-1) (kgmol.h-1) (l.min-1 @ STP) 

673.15 0.0802125 0.0299 11.16 

773.15 0.0802067 0.0604 22.55 
873.15 0.0802011 0.0914 34.12 
973.15 0.0801957 0.1229 45.88 
1073.15 0.0801904 0.1548 57.79 
1173.15 0.0801852 0.1871 69.85 
1273.15 0.0801799 0.2198 82.06 

 
The results listed in Table 14 were used to specify the flow rate of the dilution flow mass flow 
controller, viz. 100 λ.min-1 at STP. 
 
Because dilution of the off-gas from the furnace results in a reduction in the concentrations of 
the gases prior to their analysis, it is necessary to ensure that the resulting gas concentrations 
were within the detection limits of the instruments to be used for their analyses.  The 
concentrations of the respective components in the diluted furnace off-gas were also estimated 
using HYSYS.  However, unlike during the simulations performed to determine the amount 
of dilution gas required, it was necessary to take into account the concentration of CO2 in 
air.25  The results of these simulations at the respective combustion temperatures, assuming a 
furnace feed gas rate of 30 l.min-1 at STP and the dilution rates listed in Table 14, , are 
presented in Table 15. 
 
From Table 15 it is apparent that the concentrations of nitrogen, oxygen, carbon dioxide and 
monoxide are within the range of the micro-GC’s to be used.  If difficulties in the 
measurement of the above concentrations do arise as a result of, e.g. the low CO 
concentration in the diluted off-gas, it should be possible to reduce the reduce the furnace feed 
gas to the furnace by at least 50%, i.e. to 15 λ.min-1 at STP without approaching conditions at 
                                                 
24 For the purposes of this calculation the composition of air was assumed to be 21 % oxygen and 79 % 
nitrogen; i.e. the CO2 concentration was not taken into account. 
25 The air was assumed to consist of 360 ppmv, 78.97% nitrogen and 20.99% oxygen. 
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which the mass transfer becomes rate controlling; decreasing the furnace feed gas by 50% 
would result in a similar, i.e. 50%, reduction in the dilution gas flow rate, hence the 
concentrations of the CO2, CO and H2O in the cooled gas would be expected to be about 
double those listed in Table 15. 
 

Table 15: Concentration of the gases in the cooled (diluted) gas stream 

 
Tcombustion Qdilution gas Mole Percent 

(K) 
(λ .min-1 @ 

STP) 
N2 O2 CO2 CO H2O 

673.15 11.16 78.5501 20.1862 0.6997 0.0023 0.5617 
773.15 22.55 78.6415 20.3611 0.5557 0.0018 0.4399 
873.15 34.12 78.7011 20.4751 0.4618 0.0015 0.3604 
973.15 45.88 78.7431 20.5554 0.3958 0.0013 0.3045 
1073.15 57.79 78.7741 20.6147 0.3469 0.0011 0.2632 
1173.15 69.85 78.7979 20.6603 0.3094 0.0010 0.2314 
1273.15 82.06 78.8169 20.6965 0.2796 0.0008 0.2062 

 
The dewpoint meter requires the temperature of the gas being analysed to be below 80°C, the 
micro-GC on the other hand, requires the temperature needs to be below 40°C and the gas 
needs to be dry.  Once condensed arsenic has been removed, the gas thus needs to be cooled.  
The anticipated dewpoint of the off-gases listed in Table 15 at and its relative humidity at 
80°C are listed in Table 16; the relative humidity and dewpoint were determined using a 
demonstration version of PsyCalc©98 (Linric, 2002). 
 

Table 16: Relative humidity, at 80°C and dewpoint of the off-gases listed in Table 15  

 

Tcombustion Water content Relative humidity 1.1.1.1.1 Dewpoint 

(C) (g H2O.(g BDA)-1) (%) (°C) 

673.15 3.515472 1.19 -0.92 
773.15 2.751208 0.94 -3.82 
873.15 2.253308 0.77 -6.16 
973.15 1.903302 0.65 -8.1 

1073.15 1.644603 0.56 -9.77 
1173.15 1.445645 0.49 -11.14 
1273.15 1.287909 0.44 -12.44 

 
In addition to the temperature being below 40°C, the gas being analysed using the Varian 
micro-GC also needs to be dry.  However, owing to the low water content of the off-gas, this 
would not have a significant effect on the range of concentrations over which the gas 
concentrations will need to be analysed. 



PN02.1911 Combustion of CCA timbers 

Final Report 

54 

1.6  Sample preparation 
 
The sample received from Auspine consisted of 6 CCA-treated wooden poles, each 12.5 cm 
in diameter and 1 m in length.  The poles were from the same batch of timber, and were thus 
considered to have the same chemical composition, with respect to their wood and CCA 
composition. 
 
The samples used during the experimental work were produced as follows: 
 

i) the pole to be used was sawn in half (longitudinally) using a band saw, 
ii) the longitudinal section was repeatedly “shaved” (radially) using a circular saw,26 
iii)  the sawdust produced in this manner was continually collected using a vacuum 

cleaner, and 
iv) fractional shoveling (Gy, 1982) was used to reduce the sawdust to a number of 

equivalent samples, each 7.72 g in mass, and27 
v) the sawdust samples were placed in the cylindrical sample die and compressed to 

the required size in a hydraulic press. 
 

                                                 
26 The longitudinal sections produced in this manner were assumed to have the same average overall 
composition. 
27 This is the mass of sawdust (wood) required to produce a cylindrical sample with a specific gravity of 
0.6 (the same as for wood) and 25.4 mm in diameter and length. 
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1.7  Total Sample Analyses 
 
Sample analyses were commissioned through the Department of Chemical Engineering (Cu, 
As, Cr, total carbon, total inorganic carbon and total organic carbon). The aim of these 
analyses is to determine the absolute composition of the sample made available by Auspine, 
and to ratify the information sourced from literature which was used to inform the design, 
construction and commissioning of the test rig. The results from these analyses are included 
in Table 17.  
 

Table 17: CCA Treated Timber Sample Analysis 

Component Concentration (mass %) 

Copper 0.23 
Chromium 0.39 
Arsenic 0.34 
Carbon (total) 44.28 

5.4.1.1.1.1.1 Inorganic Carbon 
0.07 

5.4.1.1.1.1.2 Organic Carbon 
44.21 

Hydrogen  
Nitrogen  
Water  
Oxygen*  

*determined by difference 
 
Comparing these results with the assumptions used in the development of the experimental rig 
(presented in Table 8 and Table 9) and included as mass percentages in Table 18, the arsenic 
amount used in the development of the rig is equivalent to that present in the sample, copper 
and chromium are present in larger amounts that was assumed which will make analysis of 
samples easier than expected.  The total carbon content is slightly lower than was anticipated, 
however, this does not affect the sizing of the rig.  
 

Table 18: Feedstream composition based on Assumptions used in first order assessment 

Component Concentration (mass %) 

Copper 0.15 
Chromium 0.39 
Arsenic 0.26 

5.4.2 Carbon 
46.3 

Hydrogen 5.3 
Nitrogen* 0.0 

Water 9.8 

Oxygen 37.8 
*all nitrogen assumed to come from air 
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1.8 TGA Results 
 
A number of thermal gravimetric analysis runs have been conducted using a Perkin–Elmer 
TGA7 thermal gravimetric analyser (TGA). This information has been used to ratify the 
literature information used in designing and commissioning the experimental rig for this 
project. A sample of the results from the TGAs conducted are included below.  
 
TGA Conditions: 

Sample of 4-5mg 
Heated at 5oC/min to 120oC 
Held at 120oC for 12 minutes 
Heated at 10oC/min to 950oC 
Held at 950oC for 20 minutes. 

 
Initial runs indicated that the method used to produce the sawdust resulted in the moisture in 
the wood being evaporated.  The above was confirmed by employing a relatively slow 
temperature ramp, from 25 to 120°C, and by maintaining the temperature at 120°C for 12 
minutes.  Thereafter, the temperature was ramped at a higher rate to 950°C and maintained at 
950°C until stabilisation of the residual mass was attained; this took approximately 20 
minutes (the maximum operating temperature of the TGA is in the region of 1000°C). 
 
Results from two different combustion conditions are include in this Appendix, these 
combustion conditions equate to pyrolysis and combustion conditions: 

• Pyrolysis runs were performed in an N2 atmosphere  
• Combustion runs were performed in an air atmosphere.  

 
Figure 30 illustrates typical results from the TGAs conducted for pyrolysing and combustion 
conditions.  

 

Figure 30: Sample TGA Results 

 
From these results it is possible to infer the following about the composition of the sample 
(values quoted in mass percent): 
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1.9 Experimental Equipment 

The figure included below is a schematic diagram of the final configuration of the 
experimental rig.   

The combustion of the CCA-treated wood samples was carried out in a 40 mm ID non-porous 
ceramic furnace tube.  The temperature of the gas and sample was maintained at the required 
combustion temperature by supporting the furnace tube in a vertically aligned Lindberg/Blue 
model HTF55347C 5.1 kW 3-zone tube furnace. 

The comburant entered the top of the furnace and passed downwards through the furnace and 
past the sample.  The wood sample, consisting of a 25mm diameter sphere cut from a block 
of new CCA-treated timber, is held in an Inconel® mesh cage attached to the front face of a 
hot gas filter. The filter is constructed from a chequer board-pattern diesel soot filter capable 
of trapping particles down to at least 0.1µm.  The filter element has a standard cell density of 
15.5 cells.cm-2 (Corning International, 1998), with individual channels open and plugged at 
opposite ends.  The overall diameter of the cylindrical filter candle is 25mm; its length is 127 
mm. 

The gas was cooled to below 40 ºC and passed through a 0.8 µm filter for condensed volatiles 
followed by an absolute humidity meter and a micro GC for the measurement of water 
vapour, carbon dioxide and carbon monoxide. 
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1.10 Daily operation sheet for the Furnace 

1. Set the temperature on the heater: 
The apparatus contains three heated sections: LP1, LP2 and LP3.  After turning the heater on, 
change the temperature for each section using the up and down arrow keys and the section 
toggle button (the middle of the three small buttons).  The temperature of the apparatus will 
take approximately 2-3 hours to stabilize so this must be done first thing in the morning on a 
run day 
 

2. Turn on the helium 
Open the main wall valve as well as the two column valves at the back of the GC. 
 

3. Load the software 
The three programs that must be loaded are HP Benchlink Data Logger, Brooks Smart 
Control and EZ Chrom 200.  Benchlink is on computer 1 whereas Smart Control and EZ 
Chrom are on computer 2 (see rig schematic).  Note that EZ Chrom must be loaded with the 
GC off.  
 

4. Turn on the GC and the DMP 
Monitor the temperature of the columns in [instrument status] to make sure that they do not 
initially overheat. 
 

5. Download the method 
This must be done at least half an hour before a run.  It is important to note that opening and 
downloading a method are separate actions.  Remember to check in [instrument status] to 
ensure that the temperatures and pressures are correct.  Pressure must be adjusted manually 
on the back of the GC using the knobs for column A and column B. 
 

6. Execute the runs 
Runs should be executed following the step by step instructions given in the run sheet.  A 
complete explanation of the run sheet can be found further on in the manual.  Approximately 
forty five minutes should elapse between each run to ensure that the rig has equilibrated.  For 
runs requiring nitrogen, the nitrogen should be turned on directly before the run and turned 
off directly after the run. 
 

7. Save the scans to the appropriate file name 
Go to stop scans on the scans menu.  Change the file name to the name of the run and click 
on save.  Go to [export data] on the [File] menu and export the data in .csv form to the correct 
location and name. 
 

8. Shut Down 
a) Turn off the heater 
b) Turn off the main nitrogen valve 
c) Turn off the dewpoint meter, data logger, monitors and GC 
d) Wait for approximately ½ hour 
e) Turn off the carrier gas (helium)  
f) Wait approximately 1 hour and then turn off the air 



PN02.1911 Combustion of CCA timbers 

Final Report 

59 

1.11 The Run Sheet  

 
 
The run sheet consists of steps one through six that must be completed in order to make sure 
the run is successful and that all the necessary data is collected.  In order to move on to the 
next step, all previous steps must be completed.  Before commencing with step 1, the basic 
run information and identification must be written at the top of the sheet.  This includes the 
filename which is the same for EZ Chrome and Data Logger, the time and the date, the 
temperature of the run and the time at which the scan was started.   
 
Starting the scan: 
In benchlink datalogger go to [Scan], [start scan] (f5) and initiate a run of scans timed one 
second apart or as required. 
 

Time:_________         Experiment Run Sheet     Date: ___________ 
 
Run ID:____________   Temperature:________   Method:____________ 

Filename:___________  Scan Started:________ 
 
Step 1:  Pre Experiment Check List 
 
o Temperatures have stabilized 
o Method verified and sent 
o Instrument status indicates correct pressures and temperatures 
o Filter paper weighed and placed properly 
o Most recent pressure has been entered in DMP248 
o Data logger is scanning and there are enough scans to finish the run 
o Run is to be saved to the correct file name 
o Time between runs has been entered correctly 
 
Step 2:  Record Pre-Run Data 

 
Mass of particle:________g           Ambient Pressure:______hPa  

GC Pressure:______hPa 

Mass of filter paper:________g       GC Temperature:_______C 

Diameter of particle:________mm  Gas Flow Rate:___________slpm 
 
Step 3:  Start the GC 
 
No. GC runs:_____  Time between runs:______s 

Step 4:  Record Pump On Times 

t1:_______   t2:______  t3:_______  tfinal:_______    

Step 5:  Switch Valves to Bypass Filter 

Step 6:  Record Open, Close and Switch Times 

topen:________ tinsert:______ tclose:_______ tswitch:_______ 

 
Step 5:  Record Post-Run Data 
 
Mass of ash:________g Mass of filter paper:_________g 
 
Comments: 
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Step 1:  
a. Temperatures have stabilized:  This is verified by looking at the voltage vs. 

time plots created by Data Logger as it scans.  If the lines are flat it means that 
the temperatures have stabilized. 

b. Method verified and sent: This should be done half an hour before the run in 
order to give the GC time to stabilize.  The method must first be opened in EZ 
Chrom 200.  The method is then verified under [status],[instrument status] and 
sent under [instrument], [send method]. 

c. Instrument status indicates correct pressures and temperatures: Right before 
the run it is necessary to check instrument status to ensure that nothing has 
changed. 

d. Filter paper weighed and placed properly: this check should be done from 
memory instead of actually opening the filter as temperatures have to 
restabilize every time the filter is opened. 

e. Most recent pressure has been entered in the DMP 248:  Read the Sydney 
pressure from http://www.bom.gov.au/products/IDN65091.shtml and add it to 
the pressure read on the gauge at the dewpoint meter probe outlet.  Entering 
the new pressure into the dewpoint meter is accomplished by pressing <clr>, 
followed by <enter> when Pres flashes and then using the up and down arrow 
keys and the enter button to input the numbers. 

f. Data Logger is scanning and there are enough scans to finish the run:  Scan 
procedures are typically 5000 scans long and are restarted before each run for 
ease of data handling. 

g. Run is to be saved to the correct file name: The filename must be entered into 
EZ Chrome before the run is started.  This is done in the same window as the 
runs are started. 

h. Time between runs has been entered properly:  This is done in the same 
window in which the runs are started.  Typically the time is set to 0. 

 
Step 2: Record Pre-Run Data 
Take the measurements specified.  The GC Pressure is the pressure after the dewpoint meter 
probe and the GC Temperature is read from channel 107 in Data Logger. 
Step 3: Start the GC 
Once everything else has been checked, start the GC and record the number of GC runs and 
the time between runs. 
 
Step 4: Record Pump On Times 
The time at which the GC pump turns on must be recorded for the first three runs in order to 
be able to match up GC runs with scans.  The time recorded is read from the clock at the 
bottom of the Data Logger screen that reads the time since the scans started.  The final pump 
on time of the run should also be recorded in order to make linking GC on times to scan times 
easier. 
 
Step 5: Switch Valves to Bypass Filter 
As soon as the fifth GC pump on has finished, the valves are switched so that all air bypasses 
the filter.  This is done because the soot and/or tars that are produced at the start of 
combustion can clog the filter and force a bypass later in the run thereby ruining the volatiles 
data. 
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Step 6: Record Open, Insert, Close and Switch Times 
These times are recorded to aid in data analysis.  Open is when the 2” swagelok has been 
opened, insert is when the particle has been inserted into the furnace, close is when all joints 
have been re-closed and switch is when the gas is re-routed through the filter.  For burns at 
high temperatures with excess oxygen, it is possible to switch as soon as the apparatus has 
been re-assembled but for burns at lower temperatures and for burns where the air inflow is 
mixed with nitrogen, the filter tends to clog and must be bypassed unless some time is 
allowed to lapse between insert and switch.  Figure 1 shows a chart of the approximate 
necessary elapsed times between insert and switch for the various conditions. 
 

Temperature Air 10% O2 5% O2 

1072    
1027  1:15 1:15 
915 0:20 1:00 1:30 
809 0:20 1:30 1:45 
707 1:00 2:00 2:00 
601 1:30 3:00 3:45 
513 3:00 4:00  

 
 
Step 7: 
Remove the ash and the filter paper from the apparatus.  The ash is removed by unscrewing 
the 2” swagelok and lowering the ceramic filter.  Most of the ash can be tipped out on to a 
piece of paper and the remainder can be removed by tapping the sides of the mesh basket 
and/or scraping with a metal spatula.  The filter paper is removed by unscrewing and opening 
the filter.  A new filter paper should have been weighed previously so that the filter can be re-
attached as quickly as possible to limit the time required for the temperature to re-
equilibriate.  Place them in tarred sample bottles and get their mass.   
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  Appendix  2: Analyt ica l Procedures 

 
The procedures discussed in sections 3.2 and 3.3 are defined below. 

Wood Digestion 

1. Weigh out ~ 0.1 g into a conical beaker or test tube 
2. Add 5 mL 15 M HNO3 and heat for 15 minutes at 100°C 
3. Add 10 mL concentrated HClO4 and heat for 2 hrs at 180°C 
4. If the sample is still undissolved, add 5 mL HClO4 and heat until the sample 

dissolution is complete 
5. Filter 
6. Add 5 mL concentrated HNO3 and dilute to 100 mL with deionized water  

Bomb Method 

1. Add approximately 0.025g of ash sample or 0.1g of wood sample to bomb 
2. Add 10 mL of 2:1 perchloric acid to nitric acid and screw caps on tightly 
3. Heat on a hotplate at ~ 180ºC for 2 hours and then allow to cool completely. 
4. Open bombs and add 5 mL of nitric acid 
5. Heat on a hotplate at ~ 180ºC for 10 minutes and then allow to cool completely. 
6. If orange precipitate is still present add a further 5 mL of nitric acid and repeat 5. 
7. Pour sample into a 100 mL volumetric flask and dilute to mark 

Deionised Water Leach (DW) 

1. Add approximately 0.025g of ash sample or 0.1g of wood sample to 250 mL 
Erlenmeyer flask 

2. Add 25 mL of deionised water 
3. Place flasks on one-dimensional shaker for ~18 hours. 
4. Filter and dilute to 100 mL 

Dilute Acetic Acid Leach (DAAL) 

1. Add approximately 0.025g of ash sample to 250 mL Erlenmeyer flask 
2. Add 25 mL of dilute acetic acid (5.7 mL of glacial acetic acid and 64.3 mL of 1N 

NaOH in 1 L deionized water) 
3. Place flasks on one-dimensional shaker for ~18 hours. 
4. Filter and dilute to 100 mL 

Mini TCLP Leach (mTLCP) 

1. Add approximately 0.5g of ash sample to 250 mL Erlenmeyer flask 
2. Add 25 mL of dilute acetic acid (5.7 mL of glacial acetic acid and 64.3 mL of 1N 

NaOH in 1 L deionized water) 
3. Place flasks on one-dimensional shaker for ~18 hours. 
4. Filter and dilute to 100 mL 
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  Appendix  3 : Papers, Posters and Presentat ions 

 

Papers 

Mary Stewart, Ashley Breed, Paul Williamson, Brian Haynes and Jim Petrie; Making the 

industry responsible for its own wastes - A Life Cycle view of CCA with a focus on 

final disposal; Paper presented to the FIEA International Conference; Brisbane, 2001 
Ashley W Breed, Mary Stewart, Joe M Rogers, James G Petrie and Brian S Haynes; 

Deportment and Management of metals in residues from the thermal processing of 

CCA treated timbers; paper presented at 2003 Australian Symposium on Combustion 
& The 8th

 Australian Flames Days; 8-9 December 2003, Monash University, 
Australia. 

 

Presentations  

Extended Producer Responsibility in the Treated Timber Industry: A Life Cycle view of CCA 

with a focus on final disposal; presented to the FIEA International Conference; 
Brisbane, 2001 

Combustion of CCA-treated Timbers: Technical and Environmental Considerations; 
presented to the US EPA, Durham, 2003 

Deportment and Management of Metals in Residues from the Thermal Processing of CCA 

Treated Timbers; paper presented at 2003 Australian Symposium on Combustion & 
The 8th

 Australian Flames Days; 8-9 December 2003, Monash University, Australia. 
 

Posters  

Thermal Processing of CCA Treated Timbers: Environmental and Economic Considerations; 
presented at Chemical Engineering Foundation Research Day; October, 2003 

Deportment and Management of Residues Produced during Combustion of CCA Treated 

Residues; to be presented at Environmental Impacts of Preservative-Treated Wood 
Conference; February 2004 

 


